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ABSTRACT
Control Systems for Silicon Photonic Microring-Based Devices

Kishore Padmaraju

The continuing growth of microelectronics in speed, scale, and complexity has led
to a looming bandwidth bottleneck for traditional electronic interconnects. This has
precipitated the penetration of optical interconnects to smaller, more localized scales, in
such applications as data centers, supercomputers, and access networks. For this next
generation of optical interconnects, the silicon photonic platform has received wide at-
tention for its ability to manifest, more economical, high-performance photonics. The
high index contrast and CMOS compatibility of the silicon platform give the poten-
tial to intimately integrate small footprint, power-efficient, high-bandwidth photonic
interconnects with existing high-performance CMOS microelectronics.

Within the silicon photonic platform, traditional photonic elements can be mani-
fested with smaller footprint and higher energy-efficiency. Additionally, the high index
contrast allows the successful implementation of silicon microring-based devices, which
push the limits on achievable footprint and energy-efficiency metrics. While laboratory
demonstrations have testified to their capabilities as powerful modulators, switches,
and filters, the commercial implementation of microring-based devices is impeded by
their susceptibility to fabrication tolerances and their inherent temperature sensitivity.

This work develops and demonstrates methods to resolve the aforementioned sen-
sitivities of microring-based devices. Specifically, the use of integrated heaters to ther-
mally tune and lock microring resonators to laser wavelengths, and the underlying
control systems to enable such functionality.

The first developed method utilizes power monitoring to show the successful thermal
stabilization of a microring modulator under conditions that would normally render it
inoperational. In a later demonstration, the photodetector used for power monitoring is

co-integrated with the microring modulator, again demonstrating thermal stabilization



of a microring modulator and validating the use of defect-enhanced silicon photodiodes
for on-chip control systems.

Secondly, a generalized method is developed that uses dithering signals to gener-
ate anti-symmetric error signals for use in stabilizing microring resonators. A control
system utilizing a dithering signal is shown to successfully wavelength lock and ther-
mally stabilize a microring resonator. Characterizations are performed on the robust-
ness and speed of the wavelength locking process when using dithering signals. An
FPGA implementation of the control system is used to scale to a WDM microring de-
multiplexer, demonstrating the simultaneous wavelength locking of multiple microring
resonators. Additionally, the dithering technique is adopted to create control systems
for microring-based switches, which have traditionally posed a challenging problem due
to their multi-state configurations.

The aforementioned control systems are rigorously tested for applications with high
speed data and analyzed for power efficiency and scalability to show that they can
successfully scale to commercial implementations and be the enabling factor in the

commercial deployment of microring-based devices.
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Chapter 1

Introduction

1.1 Silicon Photonics for Next-Generation Optical Inter-

connects

The growing bandwidth needs of data applications have motivated the replacement of
traditionally electronic links with photonic links for information networks as diverse as
data centers, supercomputers, and fiber-optic access networks [20}, 2I]. As is illustrated
in Fig. the progression of time has brought photonic links to more localized scales
as the bandwidth needs at those scales have outstripped the capabilities of traditional
electronic links. However, at each progression of scale, the platform on which photonic
links manifest themselves must evolve to fit the economic and technology realities in
commercial data applications.

The next generation applications of photonic links stress the current portfolio of
optical components, rebalancing the emphasis from expensive high-performance com-
ponents towards low-cost high-volume components that can be closely integrated with
electronics. With these considerations in mind, the silicon photonics platform has re-
ceived wide attention for its ability to deliver the necessary bandwidth required at
an economy-of-scale that will be enabled by its compatibility with CMOS fabrication
processes [1§].

Within the silicon photonic platform, traditional optical components such as low-
loss waveguides [22], low-loss waveguide crossings [3], high-speed mach-zhender modu-
lators (MZM) [23], arrayed waveguide-gratings [24], and efficient high-speed photode-
tectors [4, 25] have been demonstrated. Fig. depicts several of these manifested
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Figure 1.1: Historical displacement of electronic interconnects with photonic intercon-
nects (adapted from [I]).

components in the silicon photonic platform. Leveraging the high index contrast be-
tween silicon and silicon-on-insulator, the aforementioned components have been shown
with much smaller footprints than their counterparts in more conventional optical plat-
forms. For active devices, these smaller footprints directly translate to higher energy-
efficiencies.

As depicted in Fig. [I.3] the past three decades of research in silicon photonics have
culminated in the commercial manifestation of the silicon photonic platform. Fig.
displays only a sample of organizations that are pursuing or enabling the product de-
velopment of the silicon photonic platform. The large number of organizations partially
stems from the variety of ways in which the silicon photonic platform can be manifested,
ranging from pure monolithic integration, to hybrid integration, to co-packaging solu-
tions.

While the first generation of commercialization serves as a validation of the silicon
photonic platform, it is by far not the culmination of its true potential. In particular,
the high-index contrast present in the silicon photonic platform enables the effective use
of microring-based devices. These novel microring-based devices have the potential to
dramatically push the limits of energy-efficiency and bandwidth-density achievable in a
photonic link [26]. While their novelty has attached a great deal of research attention, it

has also precluded them from the first generation of silicon photonic commercialization.
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Figure 1.2: Several examples of components in the silicon photonic platform, including

(a) low-loss waveguides (adapted from [2]), (b) waveguide crossings (adapted from [3]),
(c) germanium photodetectors (adapted from []), (d) mach-zhender modulators (MZM)
(adapted from [5]), (e) and polarization insensitive arrayed-waveguide-gratings (AWG)
(adapted from [@]).

In particular, in what also defines the scope of this dissertation, commercial
implementation requires resolving the thermal susceptibility and fabrication

offsets of this pioneering new generation of silicon microring-based devices.

1.2 Silicon Microring Devices

The following section will formally define the physical characteristics of microring res-
onator devices and their basic configurations, establishing a framework for the work
covered in this dissertation.

A microring is a traveling wave resonator consisting of a ring structure side-coupled
to a bus waveguide. A schematic showing the basic configuration of a microring res-
onator is shown in Fig. [l.4(a). The optical response of a microring resonator can
succinctly be described using the coupling coefficients, ¢ and x (with the condition that
t? + k2 = 1), and a, the aggregate round-trip loss of the microring [27, 28]. The rela-
tionship between the input, circulating, and output fields (as indicated in Fig. [I.4[a))
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Figure 1.3: Historical progression of silicon photonic technology from fundamental dis-

coveries to current product development and commercialization.

in the coupling region can be described with the matrix transformation:

t ik
ikt

‘EQ (1.1)

Ey

Eq
Es

Additionally, within the microring, F3 = ae’ E; where § = L is the round-trip
phase accumulation, with 3 as the propagation constant of the optical mode, and L

as the physical length of the ring [27]. The relationship between the input and output

Eoutput . Es . te= —q
— ) =\=)=== (1.2)
Eznput El (& —ta

The transmission of the basic ring resonator configuration can then be expressed as

fields is then given as

T:<Eoutput>2_ a® + % — 2at cos 0 (1.3)

BEinput /] 1 —a?t2 — 2at cos
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Figure 1.4: (a) Schematic showing the basic configuration of a ring resonator. (b) Config-
uration of the ring resonator with a drop port. (¢) Example spectrum of a silicon microring
resonator, identifying the full-width at half maximum (FWHM) metric. (d) Example spec-
trum of a silicon microring resonator, showing the wavelength-periodic resonances, and the

free-spectral range (FSR).

Fig. (C) evaluates the transmission spectrum in Eq. for parameters typical of
a silicon microring resonator. Indicated in the graph is the full-width at half-maximum
(FWHM) of the microring resonance, also equated as A\ in the wavelength regime. The
quality factor, @), approximated as @ ~ Ag/AM\ (where )¢ is the resonant wavelength)
is one of the important metrics for evaluating the resonator’s suitability for telecomm
applications. Other important metrics for microring resonators are the extinction ratio,
describing the suppression of the transmitted light at the resonant wavelength, and
the free spectral range (FSR), describing the wavelength spacing between successive
resonances (Fig. [1.4(d)). The resonant wavelengths occur when the optical length of

the ring is an integer multiple of the wavelength:
Ao = nesth (1.4)

m

where n.sy is the effective index, and m is an integer [29].
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Figure 1.5: (a) Microring resonator on SOI platform (adapted from [7]). (b) Lithium
niobate microring resonator (adapted from [8]). (¢) Whispering gallery-mode silica micro-
toroid resonator (adapted from [9]). (d) Microring resonator on silicon-on-sapphire (SOS)

platform (adapted from [10]). (e) Silicon nitride microring resonator (adapted from [I1]).

The generalized expressions and parameters given prior are enough to model the ba-
sic spectral characteristics of simple microring resonator systems. Additional variants,
such the additional drop-port configuration depicted in Fig. (b), can be modeled by
adding additional coupling and loss parameters as necessary [29].

As shown in Fig. the simple configuration of the ring resonator system has led
to its manifestation on a variety of platforms, including, silicon-on-insulator, lithium
niobate (LiNbOs3), silica, silicon-on-sapphire (SOS), silicon nitride (SiN), fiber, and
ITI-V materials [7, 8, 9] 10, 1T]. However, it can safely be argued that the SOI manifes-
tation of the microring resonator has received the greatest amount of attention in the
research community. The popularity of the silicon microring resonator can be partly be
attributed to its role as a component of the silicon photonic platform, and the associated
advantages of the silicon photonic platform that were discussed prior. However, there
are several key advantages of the SOI platform that aid in making silicon microring

resonators ideal for use in photonic interconnects:

1. The loss in silicon waveguides and coupling regions is sufficiently low as to achieve
Q factors high enough for essential telecomm functions such as filtering, switching,

and modulation.
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Figure 1.6: (a) Transmission spectrum of a carrier depletion microring modulator at
various applied bias. (b) Ring modulator schematic showing the possibility of either a
lateral or interdigitated diode design. (c) Ring waveguide cross-section and optical mode
distribution (adapted from [12]).

2. The high-index contrast between Si and SiOy allows high modal confinement,
in turn enabling higher bending radii in Si waveguides. The smaller achievable
microrings enable large FSRs, allowing large spectral regions of the telecomm

band to be used without repeating resonances.

3. The electro-optic free-carrier plasma-dispersion effect available on the silicon pho-

tonic platform enables high-speed microring modulators and switches.

These advantages have allowed silicon microring resonators to be manifested as
small as 1.5 pum in radius [7], and when used in conjunction with the free-carrier dis-
persion effect [30], well into the GHz-rate bandwidth. Fig. [L.6[a) illustrates the optical
resonance of the microring and its shift with applied electrical bias [12]. In their most
basic capacity they can serve as effective filters [31], switches [15], 32], and modulators
with bit-rates as high as 60 Gb/s [33] [34].

Additionally, microrings can be multiplexed along the same waveguide bus, with

each microring being offset to provide functionality for a specific wavelength. In



1.2 Silicon Microring Devices

TR —
A-source

)

) — |

),

Figure 1.7: An optical link composed of microring-based devices. A wavelength source (\-
source) is modulated by multiplexed microring modulators (doped in a diode configuration
to enable fast carrier-induced resonance shifts). A microring switch can then route the

entire set of signals appropriately before it is received by a demultiplexing array.

this manner, the microring lends itself naturally for wavelength-division-multiplexed
(WDM) operation, a common solution for multiplying the bandwidth of optical links
[35]. Fig. illustrates the multiplexing of microring modulators for the generation of
WDM optical data as well as a microring switch for fast WDM routing, with an array
of microring filters on the receive side for demultiplexing the WDM stream [31].
These silicon microring-based devices push the limits on footprint and energy effi-
ciency and provide an ideal solution for enabling low-cost WDM communication within
the silicon photonics platform. Commercially implemented microring-based optical
networks will likely be application-tailored through the optimization of such microring
characteristics as optical insertion loss, crosstalk, footprint, modulation-bandwidth, -
linearity, and -depth [26], 36, 37]. However, superseding these parameters in importance

is the issue of thermal susceptibility. For the successful migration of microring res-
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onators from academic novelty to commercial implementation, the thermal challenges

that plague silicon microring-based devices must be resolved.

1.3 Thermal Challenges for Silicon Microring Devices

Most optical devices exhibit some vulnerability to temperature changes. However, the
high thermo-optic coefficient of silicon (1.86x10~* K1) and the wavelength selectivity
of microring resonators make them especially susceptible to fluctuations in temperature
[38]. The shift in the resonant wavelength of a microring with respect to temperature

is given by

dA 8neff )\0
AR A~ 20 1.5
dT <"ff0‘ vt o )ng (15)

where \g is the resonant wavelength, n. is the effective index, o,y is the substrate
expansion coefficient, and ng is the group index [13, 39]. While not explicitly indicated
in Eq. these terms will have wavelength dependence. Because the optical mode is
tightly confined in the silicon core, and also because the thermo-optic coefficient of SiOq
(1x107° K1) is a magnitude lower than that of Si, the corresponding contribution is
omitted from Eq. Additionally, because ag,; (2.6x1076 K~! for a Si substrate) is
two orders of magnitude smaller than the thermo-optic coefficient for silicon, it can be

omitted as well [40], leaving the commonly reduced expression:

dr _ Ones do
dT 9T n,

(1.6)

The repercussions of resonance shifts on microring functionality will be dependent
on the @) of the resonance. However, for typical applications, deviations in temperature
> 1 K will render most silicon microring-based devices inoperable [4I]. This suscepti-
bility of microring-based devices is not compatible with the temperature ranges typical
of microelectronic environments. It should be clarified that it is not the absolute tem-
perature that is hazardous for microring functionality; rather, it is the relative changes
in temperature during active operation of the optical link.

Resolutions to this problem can be classified into two categories:
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1. Solutions that reduce the thermal dependence of the microring resonator (denoted

as “athermal solutions”).

2. Solutions that actively maintain the local temperature of the microring resonator

(denoted as “control-based solutions”).

In general, a significant advantage of athermal solutions is that they require no active
power consumption to implement. The disadvantages of athermal solutions are their
difficulty in fabricating, either through the incorporation of non-CMOS materials, or
additional photonic structures. In contrast, the only additional structures that control-
based systems typically require are integrated heaters and photodetectors, elements
that are readily available in a typical silicon photonic platform. However, the main
disadvantage of control-based systems is their active power consumption.

Before committing to either class of solutions, further system analysis must be given
consideration. Specifically, the laser sources driving the optical link must be evaluated.
Currently, in commercial telecommunication links, laser wavelengths are kept locked
to a fixed wavelength grid (the ITU standard). However, for the future short-reach
interconnects that silicon-photonic devices are envisioned to populate, a different class
of low-power laser sources will be required |26}, 42} [43] 44]. For athermal solutions, it will
be required that laser wavelengths are fixed to the resonant wavelengths of the microring
resonators, and that the stability of the laser wavelength can be ensured throughout
operation of the optical link. In contrast, for control-based solutions no such constraints
are needed for the initial wavelengths of the laser source, or for guaranteeing wavelength
stability. Fluctuations in wavelength are analogous to fluctuations in temperature; any
control system that corrects for temperature changes will correspondingly be able to
correct for fluctuations in wavelength as well. Ultimately, when considering the larger
system design, any power required to stabilize the laser source must be included when

weighing the advantages and disadvantages of these two classes of solutions.

1.3.1 Athermal Solutions

The goal of athermalizing silicon microring-based devices is to significantly decrease the
temperature-dependence of the microring resonance (the use of the term “athermal”
is somewhat of a misnomer because the temperature dependence is never completely

eliminated, just reduced to a tolerable level for a select wavelength range). The two

10
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dominant techniques for achieving athermalization is the use of materials with negative
thermo-optic coefficients (silicon has a positive thermo-optic coefficient) in waveguide

claddings, and embedment of the microring in a thermally balanced interferometer.

1.3.1.1 Athermalization using Negative Thermo-optic Materials

The concept of using a negative thermo-optic polymer cladding for the athermalization
of optical waveguides was first introduced by Kokobun et al [45], and has since been
adapted to silicon microring resonators. The goal of this technique is to produce an
aggregate thermo-optic coefficient for the waveguide which is zero, with the thermo-
optic coefficient defined as

on on ONeladdi ONsub
a;{f - core% + Fcladding% + Fsubstratesgi;m (17)

where I' is the modal confinement factor for the core, cladding, and substrate, as
specified [46]. The modal confinement and negative thermo-optic coefficient of the
cladding are engineered to balance the modal confinement and positive thermo-optic
coefficients of the core (Si) and substrate (SiO2). It should be noted that the wavelength
dependency is not denoted in Eq. and furthermore, only linear terms have been
included. Higher-order wavelength dependencies of the thermo-optic coefficient make it
difficult to achieve athermal behavior over a broad wavelength and temperature range
46, 7]

The high thermo-optic coefficient and modal confinement of silicon waveguides
makes it difficult to balance Eq. [I.7] such that the net thermo-optic coefficient is zero.
In addition to finding a polymer with a negative thermo-optic coefficient of the same
magnitude as Si, it is necessary to re-engineer the optical mode such that it is more dis-
tributed in the polymer cladding (a larger I';jqdding). Demonstrated methods to achieve
this have involved narrowing or thinning the waveguide, or utilizing a slotted structure
[13, 140, (48], 49, 50]. Fig. a) depicts a typical cross-section of a polymer-clad sil-
icon waveguide. As the waveguide is narrowed or thinned, more of the optical mode
is distributed in the polymer cladding. The graph in Fig. [1.8(b) quantitatively shows
this relationship, and identifies a waveguide dimension for which Eq. balances for
a particular wavelength and polymer cladding. In particular, this design was able to

reduce the temperature dependent (resonant) wavelength shift (TDWS) to -5 pm/K

11
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Figure 1.8: (a) Cross-section of a SOI waveguide with negative thermo-optic polymer
overlay. (b) Calculated wavelength temperature dependence of the TE mode as a function
of waveguide widths (adapted from [L13]).

over a range of 50 K [I3]. More recent work has established TDWS as low as 0.2 pm/K
[47].

The strict requirement on waveguide dimensions may make it difficult to consis-
tently achieve the desired athermalization given the tolerances achievable in currently
fabricated silicon photonic structures. A possible resolution to this issue is to use photo-
sensitive materials, such as chalcogenide glasses, to enable the thermo-optic coefficient
to be trimmed post-fabrication as necessary [49, [51] [52].

In addition to the difficulty in precisely tuning the thermo-optic coefficient of
the polymers, additional consideration must be given to their compatibility with the
CMOS-fabrication processes that are envisioned for the future production of silicon
photonic platforms. In particular, polymers are vulnerable to degradation, especially
when exposed to high temperatures, as would exist in certain stages of a typical CMOS-
process cycle [53]. Additionally, polymers suffer from chemical instability, UV aging,
and poor mechanical characteristics [54].

Given these detrimental characteristics of polymers, recent research has focused on
the use of titanium dioxide (TiO2) for use in negative thermo-optic coefficient cladding
material [54, 55 56, 57]. TiOg is one of the few CMOS-compatible materials that
has a negative thermo-optic coefficient (~ -1.8x107* K~!) on the same order of Si
[55]. TiOg-clad silicon microring resonators have been demonstrated to have a TDWS
< 2 pm/K over a range of 5 K, and importantly, have been shown to be capable of

current-injection induced resonance shifts (necessary for high-speed modulation) [56].

12
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The aforementioned results show that negative thermo-optic coefficient materials
can be effectively used to drastically reduce the thermal susceptibility of silicon micror-
ing resonators, making them appropriate for applications in microelectronics. However,
the difficulty in the solution lies in the incorporation of said materials, whether polymer
or TiO9, into a CMOS compatible fabrication process. Additionally, these configura-
tions must be able to fall within the fabrication tolerances of said processes (or be able
to be tuned post-fabrication). Finally, it should be noted that the required reduction
in the modal confinement of the core will have consequences on the losses of the micror-
ing in straight and bent configurations, negatively impacting such desired attributes as

footprint and Q-factor [46].

1.3.1.2 Athermalization using an Inteferometric Structure

An alternative to using negative thermo-optic materials is to embed the microring res-
onator in a thermally matched mach-zhender interferometer (MZI). It has been shown
that a silicon MZI can be athermalized by engineering the optical modes in each arm
of the MZI. Specifically, the width of the waveguides in the MZI is varied so that the
guided mode in each arm of the MZI experiences a different effective thermo-optic coef-
ficient. This is balanced against the length of the arms to produce an overall athermal
optical response for the MZI filter [58, [59]. It is possible to adapt this technique to
microring resonators by embedding the resonator in one arm of the MZI, as seen in
Fig. [1.9(a).

Fig. |1.9(c) shows that the structure can be designed such that the thermal sensitiv-
ity of the microring resonator cancels the thermal sensitivity of the MZI it is embedded
in. However, because the dependence of the phase shift of the MZI with respect to
temperature is linear, whereas it is nonlinear for the microring resonator, the resultant
optical resonance will slightly deviate and deform across a given temperature range [14].
By embedding a PN junction in the microring it has been shown that this device can
be utilized as an athermal microring modulator [60]. However, the slight deformation
and deviation in the MZI-embedded microring resonator’s optical response across the
temperature range sometimes yields atypical modulation, albeit, this may be sufficient
for some applications.

The advantage of this technique is clear, the introduction of the thermally bal-

anced MZI structure does not require the incorporation of any new layers or materials

13
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Figure 1.9: (a) Schematic of a microring resonator embedded in a thermally engineered
MZI, showing the various waveguide lengths and widths. The MZI is highlighted in blue
and the microring in red. (b) Typical transmission spectrum for such a device with a 40
pm microring radius. (c¢) Change in optical path length with temperature for the microring
and MZI. The devices are designed to have opposite and equal phase shifts with change in
temperature (adapted from [I4]).

in the fabrication of the silicon photonic structure. In contrast to the athermal solu-
tions utilizing a negative thermo-optic material, this solution can be readily integrated
using current CMOS-fabrication techniques. However, the structure still suffers from
susceptibility to fabrication tolerances, and furthermore, increases the footprint of the
microring structure. Additionally, it is non-trivial to adapt the technique to larger

microring switch fabrics [15].

1.3.2 Control-based Solutions

While the zero energy-consumption properties of athermal solutions are ideal, their
fabrication challenges impede their current deployment, and future research advance-
ments are needed to resolve the required compromises in modal confinement. For
example, typical silicon microring resonators have modal confinements as high as 0.95

[61], whereas the reviewed athermal designs can only achieve modal confinements on

14
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the order of 0.5. In order to increase the modal confinement of an athermal micror-
ing it would be necessary to find a cladding material with a negative thermo-optic
coefficient not only on the same order as the thermo-optic coefficient of silicon, but a
magnitude of order greater than it. For these reasons, athermal solutions are still a
nascent solution that needs further development before being practically applicable to
commercial implementations of silicon microring resonators. This conclusion leads to
consideration of the other class of solutions for resolving the thermal susceptibility of
microring resonators: control-based solutions.

While athermal solutions work by removing the thermal sensitivity of silicon micror-
ing resonators, control-based solutions operate by maintaining the local temperature of
the microring resonator throughout the duration of its operation. This is accomplished
through the use of an integrated heater localized to the microring resonator. Because
cooling solutions (such as peltier coolers) are prohibitively power inefficient, there is
no practical method to effectively cool microring resonators. Rather, leveraging the
periodic nature of the microrings optical resonances, the predominant solution is to use
integrated heaters to “run the microring hot” during the system initialization. Subse-
quent decreases or increases in environmental temperature can then be corrected for by
increasing and decreasing, respectively, the power delivered to the integrated heater.

In its generalized form, control systems require a method to monitor the tempera-
ture drift of the microring resonator, a feedback controller to condition the response,
and a method to adjust the local temperature of the microring resonator (the integrated
heater). Hence, there are two major components to any control-based solution, the in-
tegrated heater controlling the local temperature of the microring resonator, and the
control-system driving the integrated heater. The characteristics of each of these com-
ponents, including the power consumption and ease of implementation, can be analyzed
separately.

Because the scope of this thesis is on the control-systems driving the integrated
heaters, a thorough review of current integrated heater technology will be given, fol-

lowed by a survey of control-systems implemented by other researchers.

1.3.2.1 Integrated Heaters

Integrated heaters are resistive elements and are typically constructed from nichrome,

titanium, or doped silicon materials. Running current through these resistive structures
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Figure 1.10: Standard optimized design for integrated heaters: (a) the optical mode is
separated from the heater to avoid absorption while (b) maintaining enough proximity to
couple heat into the waveguide (adapted from [I5]).

generates heat, which can be used to tune the local temperature of the microring res-
onator. The critical metrics for integrated heaters are their tuning efficiency and their
tuning speed. While the tuning efficiency is typically given in (mW/nm) or (mW/GHz),
a more universal metric is to express the tuning efficiency as the power required to
tune the microring resonator by one free-spectral-range (FSR). The (mW/nm) metric
increases with increasing microring size, however, because the FSR of the microring
also correspondingly decrease, the (mW/FSR), also denoted as (mW/27), will remain
relatively constant across varying microring sizes [62]. This is useful for comparing
tuning efficiency results of integrated heaters on microring resonators of different radii.

The cross-sections in Fig. depicts the normal configuration for integrated
heaters, whereby a thermally grown SiOs layer of ~1 pum separates the metal heater
from the silicon waveguide [15]. The separation between the heater and silicon waveg-
uide is required to protect the optical mode (Fig. [L.10{(a)). The tuning efficiency is not
optimal as a consequence of the separation, as the generated heat has to diffuse from the
point-like source of the heater down to the silicon waveguide (Fig. [L.10(b)). While this
configuration is the easiest to implement in fabrication, demonstrated tuning efficiencies
are limited, with most results ranging around ~100 mW /FSR [I5] [63] 64}, [65], and the
best demonstration at ~42 mW /FSR with a tuning speed of 14 us [66]. These tuning
efficiencies may be sufficient for some applications, but for the applications with the
most stringent requirements on interconnect power consumption an improved tuning

efficiency will be required. Demonstrations have shown that the tuning efficiency can
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Figure 1.11: (a) FD-TD simulation of an adiabatic microring resonator. (b) Diagram of
an adiabatic microring resonator with integrated heaters (adapted from [16]).

be improved by either locating the integrated heater closer to the microring resonator
or by improving the thermal isolation of the microring.

There is an inherent difficulty in locating the integrated heater closer to the mi-
croring resonator without causing the optical mode to incur additional scattering loss.
A solution to resolving this problem is to utilize a microdisk resonator (functionality
equivalent to a microring resonator) and place the integrated heater within the inte-
rior of the resonator. However, microdisk structures also support additional optical
modes which corrupt the FSR of the resonator. The use of adiabatic microring res-
onators merges the benefits of microring and microdisk structures, allowing interior
connections to the resonator while suppressing spurious optical modes and maintaining
a small footprint [67]. Fig. a) depicts the form factor of an adiabatic microring
resonator, and the direct integration of a heater within the resonator (Fig. b))
Leveraging the intimate placement of the heater, tuning powers as low as ~20 mW /FSR
with tuning speeds as fast as ~1 us were demonstrated [16]. Additionally, it was shown
that adiabatic microring modulators could be fabricated [68]. Modulators with interior
integrated heaters have been shown to be able to produce error-free 10 Gb/s modulation
across a 60 K temperature tuning range, with comparable tuning efficiencies [69].

Another method to improve the tuning efficiency of integrated heaters is to increase
the thermal isolation of microring resonators. Ordinarily, much of the heat generated by
the integrated heater is dissipated into the surrounding oxide and substrate. To prevent
this, air trenches can be etched around the resonator structure, increasing its thermal
isolation from the surrounding environment (Fig. [1.12(a)). Using this technique, tuning

powers of 21 mW /FSR with tuning time constants < 10 us were demonstrated [70].
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Figure 1.12: (a) Cross-section of the resonator waveguide with air trenches. (b) Cross-

section of the resonator waveguide with undercuts beneath the waveguides (adapted from

7).

Further improvements in tuning efficiency can be obtained by completely thermally
isolating the resonator structure from the silicon substrate (Fig. b)) The partic-
ulars of the nanofabrication technique to achieve this physical isolation differ, and can
utilize either topside silicon under-etching [I7, [39], or backside substrate etching [62].
When isolated from the substrate, tuning powers of 2.4 mW/FSR [17], 3.9 mW/FSR
[62], and 4.9 mW/FSR [39] were demonstrated, a magnitude of order improvement in
tuning efficiency.

These record-breaking results in tuning efficiency are ideal for applications where
microring-based devices have to abide by strict power consumption requirements. How-
ever, the etch removal of the substrate may not be compatible with certain silicon pho-
tonic implementations, albeit, impressive progress has been made in extending undercut
structures at larger scales [71]. Additionally, a consequence of the thermal isolation is
that the thermal time constant is drastically increased, as high as ~170 us [I7]. This
may not be a critical parameter however, as environmental temperature fluctuations
are likely to be above the ~ms regime [72], making undercut integrated heaters appro-
priate for thermal stabilization systems. However, it should be noted that increasing
the thermal impedance of the microring resonator renders it more susceptible to op-
tical bistability effects, which can have deleterious effects on microring modulators at

sufficiently high optical input powers [73], [74].

1.3.2.2 Methods for Control-based Solutions

In order for an integrated heater to effectively stabilize the temperature of a microring

resonator it must be interfaced with control circuitry. The goal of the control circuitry
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Figure 1.13: Heuristic graphic illustrating the counterbalancing of the heat generated by
the heater against ambient temperature changes in order to keep the localized region of

the microring under constant temperature.

is to dynamically counter-tune the integrated heater against thermal fluctuations in
the ambient environment in order to maintain the local temperature of the microring
at a constant temperature (see illustration in Fig. [1.13]). In addition to thermally
stabilizing the microring resonator, this control circuitry should be able to initialize
the optical link by aligning the relevant microring resonators with their corresponding
laser wavelengths (a process known as wavelength locking).

The general scheme of this control system would be to utilize some sensing mech-
anism to ascertain thermal drifts in the microring, denoted as an error signal, and a
close-looped feedback controller to condition the error and adjust the voltage on the
integrated heater. The feedback controller in any implemented control system is likely
to be some digital or analog manifestation of a proportional-integral-derivative (PID)
controller, a robust and simple method of achieving closed-loop feedback control.

However, there is no clear consensus as to what the best method to monitor the
drift of the microring resonator is. The ideal solution is one that is low-cost and energy-
efficient, does not require additional photonic structures, is compatible with the WDM
implementation of microring resonators, immune to fluctuations in laser power, and
implementable for either passive microring resonators or active components such as
microring modulators.

Direct monitoring of the microring resonator temperature has been demonstrated
[75], however, temperature sensors may be too slow and they have not yet been demon-

strated working successfully in a control system. Rather, the predominant solutions
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rely on indirectly monitoring drifts in the microring resonator. For instance, one ex-
ample utilizes an infrared camera to image scattered light, however, this method will
likely be difficult to scale and implement in a cost-effective and compact manner [76].

Several methods utilize the optical power of the signal to infer drifts in the microring
resonator. It was shown that wavelength locking and stabilization could be achieved
by algorithmically searching for the point of minimum power transmission of a passive
microring resonator [77]. While effective, it remains to be seen whether the FPGA-
implementation can be translated to simple low-power circuitry, and additionally, the
technique may be vulnerable to Fabry-Perot artifacts in the optical path.

A method that is applicable specifically to microring modulators is to directly mon-
itor the bit-error-rate (BER) of the generated data stream [78]. Demonstrated results
showed wavelength locking and thermal stabilization of the modulator over a range of
32 K. By directly monitoring and optimizing the BER of the modulator the method
controls microring modulator drift according to the most important application metric:
the quality of the generated data.

However, monitoring of the BER is a complex procedure, requiring pattern-matching
circuitry and high-speed receivers. Essentially, this requires duplicating the receive
chain at the transmitter itself, which has consequences on the ease of implementa-
tion and overall power-consumption of the system. In addition, this method is only
applicable to microring modulators, not microrings implemented as switches or filters.

As will be elaborated on in further detail in this dissertation, the difficulty in find-
ing an efficient and straight-forward method for wavelength locking and stabilizing
resonators is a result of the symmetry of the microring’s optical resonance. A simi-
lar engineering problem is faced when the locking the wavelength of a laser to a fixed
reference gas cavity, which also possesses a symmetrical optical resonance. For that
scenario, the common and established method has been to create an anti-symmetric er-
ror signal (a derivative of the optical response) centered about the resonant wavelength
[79]. Similarly, the generation of an anti-symmetric error signal would greatly ease the
task of locking and stabilizing microring resonators.

One method to produce this desired error signal is to place the microring in an inter-
ferometric structure and utilize homodyne detection [80]. While meeting many metrics

of the ideal solution, such as its simplicity and WDM compatibility, the introduction
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of the interferometric structure may be difficult to implement with some configurations

of microring resonators, such as more complicated microring switch routers [15].

1.4 Scope of Thesis

The work in this dissertation is focused on implementing control-based solutions to
resolve the thermal and fabrication susceptibilities of microring-based devices.

As opposed to the control-based solutions highlighted in section the control
systems demonstrated in this work will be shown to form a comprehensive and complete
solution. The chapters that follow form a narrative that introduce and demonstrate
elegant methods that can be argued to meet the aforementioned metrics: low-cost and
energy-efficient, does not require additional photonic structures, is compatible with the
WDM implementation of microring resonators, immune to fluctuations in laser power,
and implementable for either passive microring resonators or active components such
as microring modulators.

Specifically, chapter [2| will introduce the application of power monitoring for ther-
mally stabilizing microring modulators. Chapter [3| will continue to advance the tech-
nique by demonstrating power monitoring using integrated on-chip components.

Recognizing the specificity of power monitoring to microring modulators, chapter
introduces the use of dithering signals for the general solution of wavelength locking and
stabilizing microring resonators. Characteristics of this technique, such as its ability to
achieve us-scale wavelength locking, are also elaborated in detail in chapter |4} Chapter
continues the narrative by showing how the use of dithering signals can be scaled to
wavelength lock a WDM microring resonator demultiplexer. In chapter[6] the dithering
mechanism is adapted to a 1x2 microring switch, demonstrating the switch’s thermally
stable operation over fluctuations as high as 20 K. Additionally, chapter [6also proposes
methods to scale such a control system to cover high-radix microring switches. Finally,
chapter [7] expounds on the additional utility of the developed control systems for use
in microring sensing applications.

Additionally, appendix [C] and [D] detail the intermodulation crosstalk and phase
modulation characteristics of microring modulators, respectively. Work performed dur-
ing the author’s tenure, and relevant to to the study of microring-based devices, but

falling outside the immediate scope of the narrative in this dissertation.
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Chapter 2

Optical Power Monitoring for
Thermally Stabilizing Microring
Modulators

This chapter reviews the author’s initial work on demonstrating a thermal stabilization
system for a microring modulator. The control system was enabled by the use of
optical power monitoring to track temperature fluctuations in the local environment
of the microring modulator. Rigorous testing using eye diagrams and bit-error-rate
(BER) measurements were used to validate the efficacy of the control system.

Notable contributions of this work:

e The general methodology of a closed-loop control system to thermally stabilize a

microring-based device.

e The adaptation of optical power monitoring to a microring modulator for the

purpose of ascertaining temperature drifts.

e Creation of a thermal test environment using a high-power external visible laser

that allows the generation of thermal fluctuations without disrupting optical cou-

pling.

e Demonstration of error-free operation of a 10-Gb/s microring modulator while is it

being subjected to thermal fluctuations that would normally render it inoperable.
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Figure 2.1: (a) Schematic outlining the testing and implementation of the control sys-
tem for thermally stabilizing the microring modulator. (b) Scanning-electron-microscope
(SEM) image of the microring modulator.

2.1 Developing a Closed-Loop Control System

In this work a general methodology to thermally stabilize a microring-based device
using a closed-loop control system was first introduced. As depicted in Fig. a), such
schemes require a monitor for observing temperature drift, a mechanism to adjust the
temperature accordingly, and a feedback controller to maintain closed-loop operation
of the system. Using the techniques of optical power monitoring and bias tuning, we
experimentally show that this general dynamic is sufficient to maintain the high data-
rate performance of a silicon microring modulator under temperature conditions that
would normally render it inoperable

The silicon microring modulator (capable of 10-Gb/s modulation) used to demon-
strate the control system was fabricated at the Cornell Nanofabrication Facility. As
pictured in Fig. a), the device consists of a 6-pm-radius microring side-coupled to
a waveguide. The microring and waveguide are designed for quasi-TE mode using a
width and height of 450 nm and 260 nm, respectively. A 50-nm Si slab surrounding the
microring was doped accordingly to produce the p-i-n structure capable of injecting
carriers into the microring, which is necessary to produce the high-speed resonance
shift required for optical modulation. Further fabrication details can be found in [61].
The thermal sensitivity of the resonance is given by Eq. With a group index of
~4 [61], the microring modulator has a TDWS of 0.07 nm/K.
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Figure 2.2: (a) The mean optical power is given as half of the power between the two
bit-states of the modulated response. (b) Measured mean optical power of the 10-Gb/s
microring-modulated optical signal versus wavelength. Eye diagrams of the 10 Gb/s sig-
nal are incrementally shown at points on the wavelength scan. The top x-axis gives the

equivalent range when sweeping the temperature.

2.1.1 Optical Power Monitoring

Optical power monitoring is an established technique commonly used in telecommuni-
cation systems. Specifically, for traditional MZMs, power monitoring can help stabilize
the DC bias required for proper OOK modulation. However, as previously espoused,
the functionality of microring-based devices is dramatically different from traditional
standing-wave devices such as the MZM.

An initial step in implementing the full control-system described prior was to first
confirm that the optical power monitoring was valid for microring modulators. As
Fig. (a) illustrates, the mean optical power is an average between the power in the
one and zero bit-states of the microring modulation. The suitability of optical power
monitoring was studied by measuring the mean optical power of the generated data
signal as the wavelength of the laser was swept (Fig. [2.2(b)). Eye diagrams of the
10-Gb/s optical signal were also recorded at incremental wavelengths, and are shown
inset in Fig. (b) While this measurement was done by sweeping the wavelength, an
identical result will be produced by sweeping the temperature, which has been charted
on the top axis of Fig. 2.2b).

The dashed red region of Fig. [2.2b) indicates a region of wavelengths (or equiv-

alent temperature deviation) where suitable OOK is generated for data transmission.
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This monotonically increasing slope can be used to detect changes in the tempera-
ture of the microring modulator. Increases or decreases in the received optical power
indicate corresponding decreases or increases, respectively, of the temperature at the
modulator. This measurement confirmed that optical power monitoring could be ex-
ploited by initially aligning the wavelength of the laser to a point on the middle of the
aforementioned slope.

Because this method requires only the mean power of the optical signal, the pho-
todetector used to monitor the signal can have a much smaller bandwidth than the
GHz-rate optical signal it is monitoring. Subsequently, this monitoring mechanism is
more opportune to be energy-efficient because the bandwidth of the slow photodetec-
tor used can be matched to the bandwidth of the thermal fluctuations afflicting the
microring modulator. Additionally, only a small tap of the optical power is required
to ascertain the mean power of the signal, minimizing the insertion loss added by the
monitoring system. Lastly, it should be noted that this method operates on the as-
sumption that over a large data set, the ratio of ‘1’ bits to ‘0’ bits does not change. For
instances where this may not be a necessarily safe assumption, encoding schemes such

as 8b/10b or 64b/66b can used to guarantee a DC-balanced data stream [81].

2.1.2 Thermal Tuning using Carrier-Injection Biasing

As per the aforementioned control system (Fig. 2.1f(a)), once a deviation in temperature
has been established, the temperature must be adjusted back to its normative value.
In section [1.3:2.7] it had been elaborated that integrated heaters were the ideal method
for controlling the local temperature of the microring resonator. While this is true,
for this demonstration there was no integrated heater built into the device, and the
alternative method of bias-tuning was used as a substitute.

Bias tuning is performed by adjusting the bias voltage (and subsequently the cur-
rent) of the electrical signal driving the microring modulator. In carrier-injection mi-
croring modulators a small forward bias current is necessary to attain optimum optical
modulation [82]. Due to the significant amounts of heat generated by carrier recombi-
nation in the diode junction, the forward bias current has the ancillary effect of altering
the temperature of the microring modulator. Hence, the bias current can be reduced
or increased to cool or heat, respectively, the microring, thus counteracting thermal

fluctuations in the ambient environment [83].
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Figure 2.3: (a) Generation of thermal fluctuations using a visible laser. (b) Measured

bandwidth of the thermal fluctuations produced by the visible laser.

2.1.3 PID controller

As shown in Fig. closed-loop operation of the control system requires a feedback
controller. In this demonstration, an analog proportional-integral-derivative (PID) con-
troller was implemented. Because the signal coming off the power monitor is slow-speed,
and subsequently the temperature adjustment is also slow-speed, the controller can be
implemented using relatively slow-speed components. The slow-speed analog circuitry
composing the feedback controller consisted of op-amps with a bandwidth of 3 MHz

and an instrumentation amplifier with a bandwidth of 20 MHz.

2.2 Generation of Test Thermal Fluctuations

The evaluation of our feedback system requires the ability to dynamically inflict tem-
perature changes on the microring modulator, akin to what the modulator would expe-
rience in a thermally volatile microelectronics environment. A traditional experimental
setup would utilize a thermo-electric cooler (TEC) to produce the desired effect. How-
ever, TECs can be limited in bandwidth, and more importantly, heating and cooling
of the entire nanophotonic chip will result in expansion and contraction of the entire
chip, and subsequently, optical decoupling when using lateral fiber coupling. To resolve
these issues, for this experimental demonstration a high-power multistripe 647-nm vis-
ible laser was used to inflict thermal fluctuations on the microring modulator. As
depicted in Fig. a cleaved multi-mode fiber is shone vertically on the microring
modulator. Transparent to SiOs9, the 647-nm light is able to pass through the SiOq
cladding after which it is absorbed by the silicon layer in the localized region of the

microring modulator.
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Through internal sinusoidal modulation of the 647-nm laser, a thermal fluctuation
is produced in the localized vicinity of the microring modulator. Because the thermal
fluctuation is localized to the microring modulator, the coupling of optical power into
the chip is not affected, thereby enabling the use of optical power monitoring.

To characterize the bandwidth of this technique a CW-laser was coupled into the
modulator chip while the modulator was in its passive state, and the laser wavelength
was tuned to the modulator’s resonance (Fig. [2.3(a)). The 647-nm laser was modulated
with a sinusoid, while the output of the chip was received on an appropriate photodiode.
The modulation produced on the photodiode (from the thermal modulation of the
resonance) was measured for frequencies up to 100 kHz (Fig. [2.3(b)). It was found
that the thermal modulation has a bandwidth of 18 kHz. 18 kHz is the modulation
bandwidth of the 647-nm laser used for the experiment, indicating that the visible laser
technique is not bandwidth-limited in the tested frequency regime (5 kHz).

The one disadvantage of using a high-power visible laser is its mode-hopping behav-
ior stemming from the large modulation of the laser current. This results in small but
fast discontinuities in the modulation of its optical power, which then produces small
but fast thermal fluctuations in the localized region of the microring resonator. Since
the control systems in our demonstration are designed for a certain frequency range,
often implementing low-pass filters to shield from external electrical noise, it can not
contend with these small but fast thermal fluctuations. As will be seen, while our
implemented control systems will be able to correct for the large thermal fluctuations
we induce, there will be resultant power penalties from not being able to contend with

these thermal fluctuations from the mod-hopping behavior of the visible laser.

2.3 Demonstration of the Control System

Our experimental setup to test the implemented control system is illustrated in Fig.
A pulsed-pattern-generator (PPG) was used to generate a 10-Gb/s non-return-to-
zero (NRZ) 27-1 pseudo-random bit sequence (PRBS) electrical signal. The 1.1-Vpp
signal was biased at 0.4 V and conditioned with a pre-emphasis circuit to enable high-
speed operation of the device [82]. A CW tunable laser was set to TE polarization
before being launched onto the chip with a power of 15 dBm. Waveguide and coupling
losses yielded a fiber-to-fiber loss of 33 dB. The OOK modulation produces additional
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Figure 2.4: Experimental setup used to test our implemented control system.

loss, yielding a recovered power ranging from —21 dBm to —18 dBm, depending on
the depth of the modulation. 10% of this microring-modulated signal was tapped for
the power monitoring. The remaining signal is then amplified and filtered before being
sent to a PIN-TIA photodetector followed by a limiting amplifier (LA). A bit-error-rate
tester (BERT) and variable optical attenuator (VOA) are used in conjunction for the
BER measurements.

As illustrates, and as previously described, a visible laser is used to inflict ther-
mal fluctuations in the region of the microring modulator. Using an optical spectrum
analyzer, we map the passive resonance shift to the visible laser at varying powers, in
order to determine the magnitude of the temperature change the microring modulator
is experiencing. From that data, we can ascertain the magnitude of the thermal fluctu-
ations at the microring modulator. In the first trial thermal fluctuations of magnitude
6 K are generated. In the second trial, the system is further stressed by increasing the
thermal fluctuations to 12 K. In both instances, the operating wavelength and visible
laser power are set such that the temperature of the microring modulator both increases
and decreases relative to its ideal operating temperature.

The portion of the 10-Gb/s optical signal tapped for power monitoring is received
on a photodiode with a bandwidth of 30-kHz. With its limited bandwidth, the pho-
todiode acts as an effective monitor of the mean power in the 10-Gb/s optical signal.
The voltage generated on the photodiode is compared to a reference voltage using an
instrumentation amplifier (20-MHz bandwidth). The error signal is then relayed to an
analog PID controller composed of op-amps (3-MHz bandwidth). The feedback signal

is then added to the bias voltage using a standard op-amp summing circuit.
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Figure 2.5: (a) The DC bias of the modulator, demonstrating how the feedback system
dynamically adjusts the DC bias to counteract thermal fluctuations of magnitude 6 K and
12 K. (b) The voltage from the TIA following the photodiode (used to monitor the optical
power) when the modulator is exposed to thermal fluctuations of magnitude 6 K, with
and without the feedback system implemented. (c¢) The voltage on the TIA following the
photodiode when the modulator is exposed to thermal fluctuations of magnitude 12 K,

with and without the feedback system implemented.

The dynamic adjustment of the DC bias is illustrated in the oscilloscope trace of
Fig. a). Without the feedback circuit, the DC bias is set at a constant 0.4 V,
whereas, with the feedback circuit, the voltage is swung dynamically to correct for the
thermal fluctuations. Fig. a) shows the system when it is subjected to both 6-K
and 12-K thermal fluctuations, with the DC bias swing larger (from 0.15 V to 0.50 V)
for the latter scenario. The effect of this action can be seen in the voltage of the
transimpedance-amplifier (TIA) following the photodiode (Fig. [2.5(b), [2.5(c)), which
is an indication of the mean power in the 10-Gb/s optical signal. Without the feedback
system the mean power fluctuates in correspondence with the thermal fluctuations.
The feedback system locks the mean modulation power to the set reference, ensuring
that the modulation is maintained throughout the duration of the thermal fluctuations.

The eye diagrams in Fig. and bit-error-rate (BER) curves in [2.7| provide valida-
tion of the control systems functionality. Fig. a) and (d) show eye diagrams of
the microring-modulated optical signal when there are no thermal fluctuations, with-

out and with the control system implemented, respectively. In this scenario, the eye
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Figure 2.6: Eye diagrams of the 10-Gb/s microring modulation when subjected to tem-
perature fluctuations of magnitude (a) 0 K (b) 6 K (c) and 12 K with no implemented
control system. Similarly, eye diagrams of the 10-Gb/s microring modulation when sub-
jected to temperature fluctuations of magnitude (d) 0 K (e) 6 K (f) and 12 K but with no
control system thermally stabilizing the microring modulator.

diagrams show similar modulation performance, and furthermore, the measured BER
curves of Fig. show only a power penalty of 0.6 dB as a consequence of implement-
ing the control system. This power penalty can be attributed to the operation of the
microring modulator at a modulation point that, while optimal for the control system,
is not optimal for the generation of optical data. It should be noted that the reference
level was set to minimize this power penalty while ensuring that there was enough of a
margin for the feedback system to operate successfully.

In Fig. b) and Fig. c) the eye diagram is shown for when the modulator is
subjected to thermal fluctuations of 6 K and 12 K, respectively, and without the control
system implemented. With thermal fluctuations of 6 K, the ensuing resonance shifts are
severe enough that the data in the optical signal becomes severely distorted (Fig. 6(b)).
When the thermal fluctuations are increased to 12 K, the distortion becomes further

exacerbated, with the majority of the optical power contained at the ‘1’ level, as the
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Figure 2.7: BER measurements of the 10-Gb/s microring-modulated signal. These mea-

surements correspond to the eye diagrams in Fig. (a), d), e), and f).

modulator is shifted completely out of the modulation region for a significant portion of
the thermal fluctuation (Fig. [2.6(c)). For both scenarios, the optical data is distorted
to a degree that no BER measurement is possible.

In contrast, Fig. [2.6(e) and Fig. [2.6(f) show that with the implementation of
the control system, the modulation of the microring modulator can be maintained,
even when subjected to thermal fluctuations of 6 K and 12 K, respectively. BER
measurements further validate this result with error-free performance (defined as a
10712 error-rate) being measured when the feedback system is implemented (Fig. .

Although the feedback system is able to maintain error-free performance in the pres-
ence of the aforementioned thermal fluctuations, there were power-penalties incurred
as the magnitude of the thermal fluctuations was increased. With thermal fluctuations
of magnitude 6 K a power penalty of 0.4 dB is measured relative to the scenario with
no thermal fluctuations (and with the feedback system implemented). When the ther-

mal fluctuations are increased to a magnitude of 12 K this power penalty increases
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to 2.4 dB. These power penalties are evident in the eye diagrams of Fig. (e) and
Fig. [2.6(f). As the magnitude of the thermal fluctuations increase the noise in the ‘1’
and ‘0’ levels also increase. This behavior is partially attributed to the mode-hopping
behavior of the visible laser generating the thermal fluctuations (see section , it is
also attributable to the DC biasing mechanism used for maintaining the temperature
of the microring. The carrier dynamics of the microring modulator are sensitive to
adjustments in the DC bias. As a result, even the small changes in DC bias caused by
the feedback system produce distortions in the modulation of the microring modulator.
As the thermal fluctuations increase in magnitude the feedback system responds by
applying larger variations to the DC bias, incidentally producing more distortion in the

modulation of the modulator, and an ensuing increase in power penalty.

2.4 Conclusion

The work described in this chapter established and demonstrated the general methodol-
ogy for thermally stabilizing a microring modulator using a closed-loop control system.
The most notable contribution of this work was in showing that error-free performance
of a microring modulator could be achieved even in the midst of thermal fluctuations,
thus showing that the thermal challenges facing microring-based devices could be re-
solved without resorting to athermal solutions.

The creation of a thermal testbed (using the visible laser) was an important achieve-
ment, allowing the testing of the control system when inflicted with real thermal fluc-
tuations, and as will be seen, would continue to be used in the validation of future
implemented control systems.

Finally, the use of optical power monitoring as applied to microring modulators
was an important innovation, demonstrating a technique that will likely continue to be
used in the future for both its simplicity and efficacy. As a testament to its capability,
other researchers were able to use of optical power monitoring for stabilizing microring
modulators, in this case, with a sophisticated pairing of custom CMOS circuitry with
a silicon microring modulator [84].

While this demonstration served as an important proof-of-principle demonstration
there were still a number of ways in which the control system could be improved. As

was previously described, while the use of DC biasing was effective, it was limited in its
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2.4 Conclusion

temperature tuning range when compared to the use of an integrated heater. Further-
more, in our demonstration we had used an optical split and external photodetector to
monitor the optical power of the generated data-signal. To demonstrate the validity of
this technique for future silicon photonic interconnects, it must be demonstrated with

integrated photodiodes.
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Chapter 3

Integrated Thermal Stabilization

of a Microring Modulator

The work in this chapter builds upon the accomplishments of the work presented in
chapter [2| by integrating the optoelectronic components used to thermally stabilize
the microring modulator. Specifically, instead of DC bias tuning (with its limited
tuning range), an integrated heater is used. Additionally, instead of using an off-
chip photodetector, an integrated silicon photodiode is used to implement the power
monitoring technique. These integrated components are tied together using a control
system that separates the high-speed generation of data from the low-speed thermal
stabilization of the microring modulator.

Notable contributions of this work:

e Incorporation of an integrated photodiode and integrated heater into a closed-

loop control system to thermally stabilize a microring modulator.

e Demonstration of receiving 10 Gb/s data using a defect-enhanced silicon photo-
diode.

e Demonstration of the efficacy of a defect-enhanced silicon photodiode for the

power-monitoring method.

e Demonstrated WDM-compatible control system through the use of the microring

drop port for power monitoring.
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3.1 Defect-Enhanced Silicon Photodiodes

3.1 Defect-Enhanced Silicon Photodiodes

While germanium and III-V photodetectors are typically considered the default choice
for use as photodetectors in silicon photonic platforms, we have done notable work
demonstrating the utility of defect-enhanced silicon photodetectors. Through the use
of ion implantation, silicon can be embedded with sub-bandgap defect states, increas-
ing its C-band photoresponsivity, a spectral region where it is normally transparent.
Leveraging the high modal confinement of SOI waveguides, Sit implanted waveguide
photodetectors have been demonstrated with a bandwidth of > 35 GHz and responsivi-
ties of 0.5 to 10 A/W [85]. These defect-enhanced silicon photodiodes have comparably
high responsivities (Ge photodetectors typically range from 0.8 to 1 A/W [86]), but
have a significantly lower absorption coefficient, resulting in a relatively efficient, but
weak, photodetector. Defect-enhanced silicon photodetectors for data reception must
be considerably longer than Ge or III-V photodetectors, with the increased capac-
itance hindering the bandwidth of the photodetector. Despite these disadvantages,
there remains the advantage of simplicity in fabrication (both in patterning, and avoid-
ing the introduction of new materials) that makes defect-enhanced silicon photodiodes
extremely attractive for use on the silicon photonic platform.

Tangent to our work on control systems, we performed the first validation of defect-
enhanced silicon photodetectors for use in receiving high-speed data. The Si* ion-
implanted silicon waveguide p-i-n photodetectors used in the characterization were
fabricated on the CMOS line at MIT Lincoln Laboratory, as described in [87], with
dimensions given in Fig. [3.1fa). The eye diagrams in Fig. [3.1(c) depict the received
optical data (at 2.5 Gb/s and 10 Gb/s) for device lengths of 250 ym and 3 mm. BER
measurements verified error-free operation of the silicon photodetectors for both 2.5
Gb/s and 10 Gb/s.

While our work validated the use of defect-enhanced silicon photodetectors for high-
speed data reception, an additional (and arguably more important) utility of defect-
enhanced silicon photodetectors is in their use as in-situ optical power monitors [8§].
This work incorporates silicon photodetectors to yield an integrated power monitoring

solution that lends itself to ease-of-fabrication.
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10 Gb/s

2.5 Gb/s

2.5 Gb/s

Figure 3.1: (a) Cross-section of the silicon waveguide photodetector. The channel waveg-
uide section is Si™ ion implanted, while the wings are doped p and n to form a p-i-n
photodiode. The fundamental quasi-TE mode is overlaid. (b) SEM image of the silicon
waveguide photodetector. (c) Eye diagrams for the L = 250 ym and L = 3 mm devices for
5V, 10 V, and 15 V reverse biases (taken after a TIA-LA). Red outlines signify error-free
operation.
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Figure 3.2: Schematic of the control system, highlighting the separation of the high-speed
data transmission from the low-speed stabilization of thermal fluctuations.

3.2 A Control System using Integrated Components

In contrast to the initial control system introduced in Chapter 2| (Fig. [2.1(a)), this
implemented control system (depicted in Fig. [3.2]) separates the low-speed thermal

stabilization from the high-speed data generation. This is important both for preserving
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3.2 A Control System using Integrated Components
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Figure 3.3: (a) Schematic of the integrated device (not to scale), and SEM image of
fully processed device (inset). Waveguide geometry and doping profile for the (b) defect-

enhanced silicon photodiode and (c) depletion-mode microring modulator.

the integrity of the data, but also for creating an energy efficient control system.

As highlighted in section [3.1] the use of a defect-enhanced silicon photodiode enables
all the optoelectronic components to be integrated onto a single device using CMOS-
compatible processes and materials. Fabricated at Singapore’s IME, the layout of the
integrated device is shown in Fig. a), and consists of a depletion-mode microring
modulator, with a thin film heater directly above it, and a defect-enhanced silicon
photodiode on the drop port. Holographic gratings of 70-nm etch depth are employed
to facilitate coupling of C-band wavelengths into and out of the chip. The ring is 15 um
in radius, and has a 210 nm point-coupling gap to the input and drop port waveguide.
The cross-section of the photodiode and modulator are shown in Fig. [3.3|(b) and [3.3|c),
respectively. The waveguides are 500 nm wide and 220 nm in height, and etched to a
depth of 170 nm. The modulator is formed of an n™p junction that takes up one-half
of the ring circumference. The p-side of the junction is composed of a uniform boron
concentration of 5x10'” ¢cm™3 and the n™-side of the junction is composed of a uniform

3. The junction is offset by 75 nm from the

phosphorus concentration of 1x10'® cm™
center of the waveguide. The thin film heater is patterned on a 180-nm thick titanium-
based layer separated from the active layer by 1.2 um of oxide. The photodiode is 500
pum long, and consists of a p-i-n™ junction formed laterally on the waveguide. The p and
n" doping levels of the modulator are in this case aligned to the edge of the waveguide,

leaving the core undoped. Sensitivity to sub-bandgap wavelengths was provided by deep
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3.3 Demonstration of the Integrated Control System
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Figure 3.4: (a) Measured photoresponse of the drop port photodiode for when the micror-
ing is in its passive state, as well as for when it is modulated. (b-e) Generated 5-Gb/s eye
diagrams as indicated at several points on the measured photoresponse of the modulated

microring.

level lattice defects introduced by a masked phosphorus implantation of 300 keV and
1x10" cm~2 dose followed by a 10 min anneal at 475 °C in a Ny ambient. The damage
implantation and anneal was performed directly prior to the metal heater deposition
in the process flow.

Positioned on the drop port of the microring modulator, the silicon photodiode is
utilized as the photodetector neccessary to monitor the mean optical power of the mod-
ulated signal. This configuration avoids the use of a power tap and is compatible with
the wavelength-division-multiplexed (WDM) arrangement of microring modulators, in
which several microrings are multiplexed along the same waveguide bus. Fig. [3.4a)
shows the photoresponse (voltage produced after the TIA) of the silicon photodiode
when the modulator is in its passive (dotted) state and when the modulator is actively
modulated data (solid). Also indicated in Fig. [3.4{b)-(e) are the eye diagrams of the

generated data at several points on the photoresponse curve.

3.3 Demonstration of the Integrated Control System

Our experimental setup to test the implemented control system is illustrated in Fig.
a). A pulsed-pattern-generator was used to generate a 5 Gb/s NRZ 27-1 PRBS

electrical signal (we had previously demonstrated the system with 231-1 PRBS as well).

38



3.3 Demonstration of the Integrated Control System

(a) e Optical Fiber @ Electrical Cable (b)

_ S Integrated Integrated
647-nm Laser _i2r=="1 Control Gb/: Photodiode 1A JREF Vaias " Heater
10 Hz - 100 Hz 2101 Circuitry 5- S | s * PID
AW 318 PRBS 27-1 Coui

3131 q Circuit
Biol Generation & Instr i
1< Py
Eln. 1 Measurement Amplifier
vyy | S
D>s{(Fe— —— =

Figure 3.5: (a) Experimental setup used to test our implemented control system. (b)
Circuitry comprising the control system. Indicated in the dashed boxes are the on-chip

integrated components.

This electrical signal was amplified to 5 Vpp and biased at —5 V to drive the microring
modulator using high-speed electrical probes. A separate set of low-speed electrical
probes was used to contact the heater and silicon photodiode. A CW tunable laser was
set to TE polarization before being launched into the grating coupler with a power of
3 dBm. The microring-modulated 5 Gb/s optical signal was recovered from the exit
grating coupler for BER measurements and eye diagrams.

As previously detailed in section the localized region of the microring modulator
was excited from above by a 647-nm visible laser to generate thermal fluctuations. The
power of the visible laser was internally modulated from 10 Hz — 100 Hz to generate
ensuing thermal fluctuations of the same frequency, and of magnitude 3 K, in the region
of the microring modulator.

As Fig. [3.5(a) shows, the operation of the control system occurs independent of
the high-speed operation of the microring modulator. Fig. (b) outlines the con-
trol circuitry, including the interface between the circuitry and the on-chip integrated
photodiode and heater. As previously mentioned, the silicon photodiode is used to
ascertain changes in the mean power of the modulated optical signal. The photodiode
current is fed into an op-amp transimpedance-amplifier (TIA) circuit that produces a
voltage corresponding to the amount of optical power received by the silicon photodi-
ode. The transimpedance voltage generated from this arrangement is then compared
to a reference voltage using an instrumentation amplifier. The resultant error signal is
fed into a PID controller circuit. The PID controller circuit generates a feedback signal

that is used to adjust the voltage on the integrated heater. A bias voltage (Vpras in
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Figure 3.6: Oscilloscope measurements (with and without the control system) of the (a)
voltage applied to the heater, and the (b) voltage generated from the photodiode (following

the TTA) measuring the mean optical power in the generated data-signal.

Fig. |3.5(b)) is also used to set the microring modulators operating point to an initial
wavelength.

Through the described mechanism, the integrated heater dynamically reduces cur-
rent (cools down) in the presence of high ambient temperatures and increases current
(heats up) in the presence of low ambient temperatures, thereby maintaining the tem-
perature of the microring modulator at a set operating temperature throughout the
duration of the thermal fluctuations inflicted by the visible laser.

The dynamic adjustment of the heater voltage is seen in the oscilloscope trace of
Fig. [3.6{a). Without the control circuit, the heater voltage is set at a constant 2.9 V (an
arbitrary voltage), whereas, with the control circuit, the voltage is swung dynamically
between 2.7 V and 3.1 V to correct for the thermal fluctuations afflicting the microring
modulator. The effect of this action can be seen in the transimpedance voltage from
the photodiode (Fig. [3.6(b), which was used to measure the mean power of the optical
signal in our control system. Without the control system the mean power fluctuates
in correspondence with the thermal fluctuations. The control system locks the mean
power to the set reference, ensuring that the modulation is maintained throughout the
duration of the thermal fluctuations.

The resonance tuning efficiency of the integrated heater was measured to be 0.12
nm/mW. Utilizing a calculation of the group index of the waveguide, the thermal sen-
sitivity of the resonance is 0.072 nm/K (8.9 GHz/K) (Eq. [1.3). From measuring the

minimum and maximum voltage needed to thermally stabilize the microring modulator
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Figure 3.7: Eye diagrams of 5-Gb/s microring-modulated optical signal without the
control system (Ctrl) in (a) a stable environment, and (b) under thermal fluctuations
(T.F.). Similarly, the microring modulation with the control system in (c) a stable thermal
environment, and (d) under thermal fluctuations. (e¢) BER measurements corresponding

to eye diagrams in (a), (c), and (d).

(Fig. 3.6(a)), the magnitude of the temperature fluctuation is inferred to be 3 K. This
was the maximum temperature fluctuation that we could generate using the visible
laser. While this modest temperature fluctuation is enough to demonstrate the func-
tionality of the stabilization system, it does not represent the full temperature range
that the system would be able to correct for. The real limit on the temperature range of
the system is the tuning range is the integrated heater, which we were able to routinely
tune upwards of 50 K.

The eye diagrams and BER measurements in Fig. validate the performance of
the control system. Without the thermal fluctuations, there is a negligible difference
between operating the microring modulator without control (Fig. (a)), and with
control (Fig. [3.7(c)), further confirmed by the BER measurements in Fig. [3.7(e),
which shows that there is no incurred power penalty as a consequence of operating with
the control system. As seen in Fig. b), subjection of the microring modulator to
thermal fluctuations without corrective feedback tuning will result in complete failure
of the modulation. However, as can be seen in Fig. (d), the control system can

completely correct for the thermal disturbances, maintaining error-free modulation with
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Figure 3.8: Typical arrangement of multiplexed microring modulators for WDM modula-

tion. Individualized drop ports allow independent thermal stabilization of each modulator.

a power penalty of 2 dB (in comparison to the back-to-back case of Fig. [3.7(a)). As
detailed in section this power penalty is attributable to the constraints of the
testing setup, specifically the mode-hopping behavior of the visible laser generating the

thermal fluctuations.

3.4 WDM Compatibility

In our earlier work depicted in Chapter [2|a tap of the bus waveguide’s output was used
to implement the power monitoring technique. While effective for a single modulator,
this method is not compatible with the typical multiplexed arrangement of microring
modulators used for WDM interconnects. In contrast, the use of a photodiode on the
drop port of the microring allows the optical power in each channel to be addressed
independently, allowing for the independent thermal stabilization of each microring

modulator in a WDM modulator bank (Fig. [3.8).

3.5 Energy Efficiency Analysis

For the successful implementation of this thermal stabilization system in commercial
applications the system must adhere to the stringent power consumption requirements
foreshadowed for future small-scale optical interconnects. These predictions project

that in the most demanding environments, the justification for optical networks-on-chip
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3.5 Energy Efficiency Analysis

will require the aggregate power consumption for the optical link to be below ~1 pJ/bit
[20]. Less localized interconnects, such as the ones that will populate board-to-board or
rack-to-rack interconnections will likely be less strict. To validate the feasibility of our
demonstrated system, we project its power consumption if implemented with current
leading technology.

As shown in Fig. the thermal stabilization system is composed of sub-components,
the first sub-component consisting of circuitry to extract the photodiode current and
condition the feedback response, the second sub-component consisting of the resistive
heater used to adjust the local temperature of the microring modulator.

For the integrated heater used in this device, we measured a DC resistance of
1340 €, and a tuning efficiency of 0.12 nm/mW (67 uW/GHz). This integrated heater
was not optimized for tuning efficiency, and hence, has a relatively low tuning efficiency
when compared to more recent literature (as was reviewed in section . For this
reason, in our analysis we utilize the results of [69], in which an integrated heater was
demonstrated to tune across 5 nm (64 K), using sub 1-V voltage, a tuning efficiency of
1.14 nm/mW (7 pW/GHz), and without compromising the performance of the 10-Gb/s
microring modulator.

For analyzing the power consumption of the circuitry, we reference Fig. |3.5(b),
where it is illustrated how the circuitry is composed of a TIA, instrumentation amplifier,
PID control circuit, and summer. Aside from the instrumentation amplifier, all of these
components were implemented using standard op-amps. However, the instrumentation
amplifier is internally composed of 3 op-amps, and can be deconstructed into such.
While we used individual op-amps for the proportional, derivative, and integral portions
of the PID control, the entire PID control can be, and is routinely implemented, as a
single op-amp circuit [89]. Hence, the circuit can be reduced to a total of 6 op-amps.

Simulations on deeply integrated silicon photonic components have shown thermal
time constants on the order of ~1 ms [72]. As was shown in chapter [2| a feedback con-
troller implemented in analog electronics, comprised of op-amps of 3-MHz bandwidth,
could stabilize against thermal fluctuations > 1 kHz. Hence, we conclude that op-amps
used in an integrated microelectronic implementation of the system would need to have
a bandwidth on the order of 1 MHz, while being able to supply the 1 V required to
maximally tune the aforementioned integrated heater [69]. Fortunately, op-amps with

these characteristics have been routinely implemented in CMOS technology, with power
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Figure 3.9: (a) Diagram of an array of microring resonators and a comb laser source with
equivalent spacing. Ambient temperature changes will create relative offsets between the
two grids, but this can be corrected by tuning the microring to the laser, with the maximum
tuning range equivalent to the channel spacing (the microring-wavelength arrangement will
be reshuffled if the microring needs to be tuned past this pony). (b) Estimated average
power consumption for thermally stabilizing a single microring modulator. For larger
channel spacings (top axis), the microring modulator may have to be tuned across a larger
temperature range (bottom axis).

consumptions as low as 40 W [90]. This yields an aggregate power consumption of
24 £J/bit of the circuit at a microring modulation speed of 10 Gb/s.

To fully leverage the advantages of microrings, future optical interconnects will
likely utilize them in a WDM configuration (as shown in Fig. [3.8). The source for
this type of system will likely be a comb laser containing evenly spaced channels [43].
Additionally, advances in process technology have demonstrated evenly channel-spaced
microrings within localized regions [91]. Hence, it is possible to engineer a system in
which there is a rigidly channel-spaced laser source, a rigidly and equivalently channel-
spaced array of microring modulators, and a slight offset between the two WDM grids
from ambient temperature changes.

Lastly, we note schemes to minimize the maximum tuning range of any single mi-
croring modulator. Specifically, if the temperature change is large enough to shift the
microrings more than one channel spacing of their original position, the microring-
wavelength assignments can be reshuffled to minimize tuning [37]. Hence, as depicted

in Fig. 3.9(a), the maximum tuning range required for a single microring modulator
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will be equivalent to the channel spacing.

In the outlined system, the power consumption for thermally stabilizing a single
modulator will be, on average, Protq; = Pcircuit + 0.5 X Maz{Preater }, where Poireuit
is relatively static, and Max{Ppcqter} is the maximum required power expended by
the heater. Utilizing the previous metrics and analysis, Fig. [3.9(b) plots the average
power consumption of the thermal stabilization system as a function of channel spacing
(top axis), or equivalently, the maximum temperature tuning range required for that
channel spacing (bottom axis).

The plot in Fig. [3.9(b) shows that the integrated heater comprises the large bulk
of the power consumption, especially when it is required to cover a large tuning range.
As section reviewed, there are far more progressive integrated heaters than the
one chosen for this analysis. Adaptation of these extremely energy efficient integrated
heaters would drastically reduce the power consumption of the thermal stabilization

system.

3.6 Conclusion

This work demonstrated a control system that maintains error-free performance of
a microring modulator when subjected to thermal fluctuations of 3 K, a magnitude
that would normally render it inoperable. The magnitude of the generated thermal
fluctuations were limited by the thermal test setup. However, through use of the
integrated heater, the control system should be able to guard against the very large
thermal fluctuations that would be present in commercial applications.

Importantly, all the optoelectronic components necessary to implement the sta-
bilization system have been integrated onto a single device using CMOS-compatible
processes. And as shown, this bit-rate transparent stabilization system operates inde-

pendently, and without disturbing, the high-performance optical modulation.
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Chapter 4

Wavelength Locking and
Stabilizing Microring Resonators

using Dithering Signals

While the work presented in chapter [2] and [3] on the use of power monitoring tech-
nique is valuable, it is only applicable to the specialized case of microring modulators.
While microring modulators are undoubtedly one of the most popular and important
microring-based devices, there are also a number of other functionalities microrings
have manifested in their passive states, such as filters and switches. Furthermore, in
the demonstrations detailed in chapters [2| and [3] of using power monitoring for micror-
ing modulators the initialization state of the microring modulator was manually set,
whereas for commercial applications, the initial wavelength locking between modulator
and laser wavelength needs to automated.

These comments tie back to the original scope of the thesis (section , a search
for an elegant, robust and power-efficient method to initialize and stabilize microring-
based structures. For this purpose we introduce what can be considered the main
contribution of the thesis, the use of dithering signals for generating anti-symmetric
error signals that can robustly initialize and lock microring resonators.

Working off this innovative dithering mechanism, the notable contributions of this

work:

e Demonstrated use of a dithering signal to generate an anti-symmetric error signal.
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e Thermal stabilization of a passive microring resonator using a dithering signal.
e Wavelength locking of a microring resonator using a dithering signal.

e Fast us-scale wavelength locking of a microring resonator using a dithering signal.

4.1 Dithering Signals for Generating Anti-symmetric Er-

ror Signals

Locking a laser wavelength to a optical resonator is not a new problem. The greatest
precedent for this stems from the nascent beginnings of laser technology, in which
the laser wavelength would be locked to a fixed-wavelength gas cavity cell. In those
scenarios, methods such as the Pound-Drever-Hall (PDH) technique would be used to
generate anti-symmetric error signals which could then be incorporated into closed-
loop feedback controllers [92]. However, in these aforementioned techniques the anti-
symmetric error signal was generated by the manipulation of the laser wavelength (for
instance, a phase or polarization modulation). In a microring resonator system, we
are interested in tuning the resonator to a wavelength (rather than the vice-versa just
described); hence, old techniques such as PDH locking are not applicable.

To resolve this issue, this work introduces the principle of using a dithering signal
on the resonator to generate an anti-symmetric error signal centered at the resonant
wavelength of the microring. Fig. {4.1|(a) illustrates the dithering mechanism (applied
thermally), whereby a small modulation is applied to the local temperature of the
microring in order to produce a small modulation of the optical signal (it should be
noted that, while not as practical, the dithering can also be applied electrically). The
generated optical modulation will either be in-, or out-of-phase with the driving signal,
depending on which side of the resonance the laser wavelength is offset. By mixing
the modulated optical signal with the driving dithering signal this information can be
recovered as shown in Eq. [f.I] where fp is the frequency of the dithering signal, and
¢ is the relative phase (0 or 7) of the modulated optical signal.

cos(fpt) ® cos(fpt + @) = %[COS(Qth + @) + cos(9)] (4.1)
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Figure 4.1: (a) A small dither signal, applied thermally to the microring resonator, results
in a small modulation of the optical signal (depicted for thru port response). (b) Schematic
of the setup for generating an error signal using the dithering mechanism, off-chip circuitry
is shown in the dashed box. (c) Symmetrical optical thru port response of a microring

resonator and the corresponding (d) electrical anti-symmetric error signal generated.

The higher harmonic can be filtered, leaving the sign of the DC component cos(¢)
term as an indication of the location of the resonance relative to the optical signal. The
end product of this process is the desired anti-symmetric error signal.

Fig. (b) depicts the configuration of the microring resonator and the off-chip
electronics required to generate the error signal. Fig. (c) depicts a typical thru
port optical response of the microring resonator, and Fig. [4.1{d) shows the expected
electrical error signal. As can be seen in the graphs, the error signal is essentially the

first derivative of the optical response.
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Figure 4.2: (a) The microring resonance as it is subjected to thermal dithering signals of
varying magnitude (simulations in dashed). (b) The corresponding generated error signals
(simulations in dashed).

4.1.1 Measured Error Signal

In this work, the device used to demonstrate the use of the dithering mechanism is the
same one as described in chapter 3] Similarly, the off-chip electronics implementing the
thermal dithering system are shown in the dashed box of Fig. (b) consist of low-speed
(< 20-MHz bandwidth) analog and digital ICs. A 1-kHz square-wave dithering signal
is used. An analog multiplier IC (AD 633) was used to mix the received photo signal
with the driving dithering signal, producing the products of Eq. This product was

then low-pass filtered to generate the desired error signal.
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The use of the thermal dithering signal has the consequence of reducing the ex-
tinction ratio of the microring resonance. In Fig. |4.2|(a), the simulated and measured
resonances of the microring resonator (@ of ~14,000) are plotted for square-wave ther-
mal dithering signals of magnitude 0.1 K and 0.2 K. A larger thermal dither will result
in a larger reduction of the extinction ratio. Fig. 4.2(a) shows the un-dithered reso-
nance having an original extinction ratio of 17.3 dB. For thermal dithering of magnitude
0.1 K and 0.2 K the reduction in extinction ratio was measured to be 1.9 and 4.8 dB, re-
spectively. Simulations produced identical results (Fig. |4.2{(a)). While a larger thermal
dither results in a larger reduction in extinction ratio, it has the advantage of producing
a stronger error signal. Fig. [4.2(b) plots the simulated and measured waveforms of the
generated error signal.

The anti-symmetric response of the error signal (see Fig. [4.2(b)) clearly distin-
guishes between the red and blue sides of the microring resonance. Furthermore, the
zero crossing of the monotonic slope is located at the resonance minimum. Hence,
a feedback controller can easily stay locked to the zero crossing in order to lock the
microring resonance with the laser wavelength. While a larger error signal makes the
system more robust against noise, we found that the smaller 0.1 K dithering signal
generated a sufficient error signal for locking and stabilizing the microring resonator.
All further results described in this chapter on this device were done using a dithering

signal of magnitude 0.1 K.

4.1.2 Optimization of the Error Signal

As aforementioned, our experimental implementation utilized a square-wave dithering
signal rather than the sinusoidal dithering signal described in Eq. In theory, the
dithering signal can be composed of any periodic waveform. However, the square-
wave offers the advantage of being able to be synthesized easily in electronic circuitry.
Additionally, the mixed product of (ideal) square-waves will produce a pure DC com-
ponent and none of the higher harmonic components that are eventually filtered (see
Appendix . This has the consequence of producing a larger error signal for dither-
ing signals of equivalent magnitude. Fig. (a) graphs simulations of the generated
error signals when using an ideal square-wave dithering signal versus using an ideal
sinusoidal dithering signal. As can be seen from the graph, the square-wave dithering

signal generates an error signal that is twice as large in magnitude.
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Figure 4.3: (a) Simulations of the generated error signal contrast the use of a square-
wave dithering signal versus the use of a sinusoidal dithering signal. (b) The measured
error signals when a 0.1 K thermal dithering signal is applied to the resonator and the

optical power of the laser into the chip is varied.

4.1.3 Immunity to Power Fluctuations

A significant advantage of the generated error signal is that it is relatively immune to
changes in the optical power of the signal. In future microring-based optical networks
it is envisioned that optical paths can be reconfigured as necessary to address dynamic
bandwidth allocation requirements. The insertion loss characteristics of optical paths
will change as they are re-provisioned, yielding uncertainty in the optical power reaching
any given microring resonator.

As Fig. (b) shows the generated error signals will change in magnitude following
variations in optical power. Additionally, the slope of the error signal will also vary.
However, a robust feedback controller (one that is able to contend with the change in
slope of the error signal) will be able to maintain the locking between the microring
resonator and laser wavelength because the zero crossing of the error signal remains
constant.

It should also be noted that, as demonstrated, these error signals can be generated
with a relatively weak optical signal reaching the photodetector. The fiber-to-fiber
coupling loss of the chip was measured to be ~ 20 dB; assuming symmetric coupler
and waveguide losses, the power reaching the photodiode for the measured error signals
in Fig. is then less than —20 dBm. This figure covers the lowest optical powers
that would be present in a silicon photonic link given the sensitivity limit on current

photodetectors [26].
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4.2 Wavelength Locking using Dithering Signals

4.1.4 Effect of Dithering on Data Signals

For use in data applications, it is critical that the dithering of the microring resonance
does not negatively impact the integrity of the optical data signals. To test this, we
simulated 10 Gb/s optical data signals as they are routed from the input port, through
the microring, and into the drop port of a dithered microring resonator (a microring
in a demultiplexing configuration). Fig. shows the simulated eye patterns of the
received signal when a dithering signal of magnitude of 0.1 and 0.2 K was applied to
the microring, as well as when no dithering signal was applied (as stated before, a 0.1 K
dithering magnitude was sufficient for experimentally locking and thermally stabilizing
the microring resonator). In these simulations, we modeled the microring resonator to
have the same characteristics (extinction ratio and @) as the microring resonator we
worked experimentally with (see Fig. [4.2(a)).

As expected, and as evidenced by the simulated eye patterns, the dithering has the
effect of broadening only the ‘1’ level of the optical signal. However, this broadening is
minimal, resulting in eye closures of only 0.3% and 1.6% when using dithering signals of
0.1 and 0.2 K, respectively. For small deterministic eye closures such as this, the power
penalties can be directly correlated as being 0.01 and 0.07 dB, respectively. Power
penalties of this magnitude are well within the optical link budgets for microring-
based links [26], and hence will not impede the use of the dithering technique for data
applications.

Finally, it should be noted that the error signal generated from a modulated signal
will be smaller than the error signal generated from an unmodulated signal. This is
due to the broadened spectrum of the modulated signal. Our simulations show that the
error signal generated from a 10-Gbps NRZ signal will be 20% smaller than an error
signal generated from an unmodulated signal (when using a microring resonator with

the prior discussed parameters).

4.2 Wavelength Locking using Dithering Signals

The first application of the generated error signal is in the process of tuning the mi-
croring resonator such that it is aligned in resonant wavelength with the laser source,
denoted as “wavelength locking”. The electronic circuitry devoted to the wavelength

locking process is detailed in Fig. [4.5(a) (outlined by the red box). The functionality of
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Figure 4.4: Simulated eye patterns of a 10 Gb/s optical signal propagating through a
microring with no dithering (left), and dithering magnitudes of 0.1 K (middle) and 0.2 K

(right).
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Figure 4.5: (a) Schematic of the device and circuitry implementing the dithering mecha-
nism, and additionally, the added circuitry (dashed red box) for implementing wavelength

locking. (b) A state diagram describing the functionality of the wavelength locking cir-

cuitry.

this circuitry is succinctly described in the state diagram of Fig. (b) A simple reset

signal is used to trigger the ramping of the voltage applied to the integrated heater. As

the microring is tuned to the laser wavelength the error signal will trip the system into

the hold state, in which the feedback controller is activated and the microring is locked

and stabilized against further drifts in temperature or laser wavelength. Additional
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Figure 4.6: (a) Optical traces show the microring resonance being tuned and wavelength
locked to a laser source. (b) Oscilloscope trace of the heater voltage as the microring is
wavelength locked to the laser source. Annotated are the reset state (I), ramp state (II),
and hold state (III).

logic can be added to reset and re-attempt the wavelength locking should it fail on its
initial attempt.

The optical spectrum analyzer traces in Fig. M(a) demonstrate the system locking
a microring resonator to a laser (an ASE source is used to background image the
microring’s resonance). Initially, the microring resonance is at ~1559.2 nm, and the
laser is offset at ~1560 nm. Over the course of 50 s, the microring is tuned higher in
wavelength until the control system detects the error signal and establishes the lock.
To record the optical traces of Fig. |4.6(a), the ramp speed (rate at which the tuning
occurs) of the system was drastically reduced, such that the wavelength locking would
occur over the course of seconds. In subsequent trials, the ramp speed was increased
to achieve wavelength locking in the ~ms time frame (and further work in this chapter
will show ~ pus-locking).

Fig. b) shows an oscilloscope measurement of the heater voltage during the
wavelength locking process. Here, the ramp speed has been decreased to allow locking
in the ~ms regime. The graph of Fig. b) has been annotated with the stages of
the state machine, with the period (I) designating the heater voltage while the system
is in the reset state, (II) designating the period in which the voltage is ramped, and
(ITI) designating the wavelength-locked hold state, which occurs once the microring

resonator and wavelength become aligned.
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4.3 Thermal Stabilization using Dithering Signals

The wavelength locking method we have demonstrated serves as an effective means
to initialize the microring-based photonic link. Tying back to the work described in
chapter [2| and (3], the error signal generated using the dithering mechanism was used to
demonstrate the thermal stabilization of a passive microring resonator.

To implement this, the thermal dithering system was multiplexed with a feedback
system (as schematized in Fig. [4.5(a) to thermally stabilize the microring resonator. To
test the system, 10-Hz sinusoidal thermal fluctuations of magnitude 5 K were generated
using an external visible laser (as previously described in section .

In order to verify the thermal stabilization, wavelength scans were performed of
a resonance adjacent in wavelength to the resonance that the thermal dithering and
feedback system was locked to (see Fig. [1.7)(a)). As Fig. [4.7|(a) shows, with the thermal
dithering and feedback system implemented, the microring resonance stays locked to
the laser wavelength, with the dynamic tuning of the heater counteracting the thermal
fluctuations inflicted on the microring (see Fig. [.7(b)). In contrast, without thermal
stabilization, the resonance fluctuates severely, being washed out in the wavelength
scan (see Fig. 4.7)).

This thermal stabilization method is robust enough that wavelength locking can
occur even in thermally volatile environments. To demonstrate this the microring res-
onator was wavelength locked while the microring resonator was subjected to sinusoidal
thermal fluctuations. Fig. |4.7|(c) shows the heater voltage during this process. At the
moment in time that the microring resonator is wavelength locked, the system im-
mediately begins the thermal stabilization mechanism (as evidenced by the sinusoidal

counter-tuning of the heater voltage in Fig. [4.7(c)).

4.4 Scalability and Power Efficiency

In order for the demonstrated control system to be adapted for commercial microring-
based links it must be scalable. Scalability requires meeting two criteria, the first
being that the control system is sufficiently low-power such that the aggregate power
consumption of initializing and stabilizing all the microring resonators in the optical
link does not exceed the power-efficiency improvement gained by the use of microring

resonators. Secondly, the mechanisms in the control system must be compatible with
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Figure 4.7: (a) The microring resonance when subjected to thermal fluctuations (T.F.)
with and without the dithering and feedback system implemented. Also shown for com-
parison is the resonance without the thermal stabilization system under normal, thermally
stable conditions. (b) Heater voltage when the microring resonator is being exposed to
thermal fluctuations and, with and without, the dithering system counteracting said fluc-

tuations. (c) Heater voltage as the microring resonator is wavelength locked while being
subjected to sinusoidal thermal fluctuations.

the typical WDM configuration of microring resonators, in which they are multiplexed
along a common waveguide bus.

To get an estimate of the power consumption we replicate the approach of section
tabulating the active components of the control circuitry (see Fig. |4.5(a)) and
referencing established power consumption figures when these components are imple-
mented in conservative CMOS technology. We note that the majority of the circuitry
devoted to wavelength locking (see Fig. [4.5(a), red box) is composed of digital logic
elements that only draw power when switching logic states. Under the assumption
that the optical links operating time will be much longer than the initialization pe-
riod, the power consumption of these elements are negligible. The feedback control
can be decomposed into 4 op-amps (see section , with the TTA, unity buffer, and
summers contributing another 4 op-amps, for a total of 8 op-amps. Op-amps with the
required ~MHz bandwidth characteristics have routinely been implemented in CMOS
technology with power consumptions as low as 40 ¢W [90]. The dithering signal can
be implemented using an oscillator, with an example oscillator covering the required

sub-MHz to few-MHz range while exhibiting power consumptions as low as 20 pW [93].
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Lastly, analog multipliers are also routinely implemented in CMOS technology, with a
conservative example having a power consumption of 45 yW [94]. The aggregate power
consumption of the control circuitry can then be estimated to be 385 pW. To express
this in the popular fJ/bit metric we assume that the microring resonator is operating
on a 10 Gb/s data signal, yielding a power consumption of 38.5 £J/bit for the control
circuitry. This estimate falls well within the strictest pJ/bit power budgets required of
some envisioned applications [20].

As was mentioned in section the power consumption of the full control system
should also include that of the integrated heater. These values were reviewed in section
[1.3:2.1] with the current leading technology showing exceptionally promising tuning
efficiencies.

When considering the other important criteria, that the control method is compat-
ible with WDM implementation, we note that there are no inherent features of the
dithering technique that precludes the use of WDM. The dithering is a process local to
the microring resonator and does not affect adjacent multiplexed microring resonators.
As was illustrated in Fig. the use of drop port detectors lends itself to the multi-
plexed arrangement of WDM microring resonators. A demonstration of WDM scaling
the dithering mechanism will be shown in chapter

Additionally, for complex microring-structures, such as large radix switches [15],
the orthogonality principle can be leveraged by utilizing different dithering frequencies

for different microring resonators:

[ eostatycosntiat = 0.fu # 1 (42)

This feature eliminates crosstalk in error signals even when microring resonators

overlap in the spectral regime.

4.5 us-scale Wavelength Locking of a Microring Resonator

In any data link, latency is a critical parameter, and depending on the application, may
supersede bandwidth and energy-efficiency in importance. For optical links, there are a
variety of factors that determine the latency, such as time-of-flight, PLL lock times, and
complexity of encoding. When considering the system design of microring-based optical

interconnects, a critical component of the latency will be associated with initializing the
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Figure 4.8: Schematic of the experimental setup and the wavelength initialization cir-

cuitry, with configuration of the chip indicated in the top-center of the diagram.

microring-based devices. For some architectures, the initialization will be a one-time
event; however, other architectures, those emphasizing either energy-efficiency or rapid
path configuration might require re-initialization for every data transfer.

The goal of this work was to study the latency characteristics of wavelength locking
when using dithering signals, and show that us-scale wavelength locking is possible
when using the dithering mechanism.

The device used in this work differed from the prior device that the dithering mech-
anism was first demonstrated on. Full details on the device are given in chapter
but it can be succinctly described as a 10 pm diameter microring demultiplexing filter
fabricated using a standard CMOS-compatible process on a 250 nm SOI wafer with 3
pm of buried oxide. It has 450%x250 nm waveguide channels and a nickel-chromium
heater deposited on top of a 1 um thick oxide cladding. With a small 1 ym separation
from the microring, the 1.8 k() heater offers a tuning efficiency of 0.56 nm/mW (70
GHz/mW).

The experimental setup is shown in Fig. A tunable laser is coupled onto the
chip using tapered fiber, and DC probes are used to contact the heater. A 100 kHz,
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Figure 4.9: Thermo-optic modulation characterization of the integrated heater, showing
the (a) magnitude and (b) phase of the generated dithering signal.

40 mV,, sinusoidal dither signal drives the heater, which imprints a small modulation
on the light reaching the drop port. Here, instead of an integrated photodiode as was
shown for the prior device in the chapter, the output at the drop port is detected by a
commercial off-chip low-speed photodetector and mixed with the original dither signal

to generate the error signal used for feedback.

4.5.1 Experimental Results

The total latency for wavelength locking can be approximated as

AX
t =~ ( ) ) + teircuit + tfeedback (43)
ot

where A\ is the offset between the resonance and laser wavelength, OA/Jt is the
ramp speed of the heater, fcircuit is the delay from the circuit logic, and fecdpack 1S
the time it takes for the feedback system to stabilize. tcireuir is measured in 10s of
nanoseconds, as would be expected given the shallow logic depth and the speed of
current digital circuitry. Hence, t.jrcust i sufficiently small that it be can ignored when
approximating the aggregate initialization time.

Our work has found that the frequency of the dithering signal is the key limitation on

the wavelength locking latency. Essentially, the control system can not respond faster
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Figure 4.10: (a) Ramp rate that generates an usable error signal. (b) Ramp rate that is
too fast, generating an unstable error signal.

than the rate at which the microring resonator is dithered. The dithering frequency is in
turn, limited by the thermal time constant between the integrated heater and microring
resonator. Fig. shows the magnitude and phase of the optical modulation from the
heater as the frequency of the dithering signal is increased.

From this characterization, the maximum frequency of the dithering signal was cho-
sen to be 100 kHz to achieve the lowest wavelength locking latencies while maintaining
sufficient SNR at the output of the mixer to lock the microring successfully.

Using the 100 kHz dithering frequency, we then characterized the fastest possible
ramp rates of the integrated heater. Fig. |4.10(a) shows the fastest usable ramp rate
achieved for this specific device, corresponding to a resonance shift of 0.012 nm/us (1.5
Ghz/us), and the corresponding recovered error signal. A faster ramp rate generates
an unstable error signal (Fig. 4.10(b)). This instability arises because the ramp signal
has frequency components on the same order as the dither signal itself, which interferes
with the mixing process used to generate the error signal. The faster heater ramp also
overshoots the actual device thermal response, making it impossible for the feedback
system to lock at the resonance and stabilize the system.

Lastly, we consider the stabilization time (f feedpack) required during the wavelength
locking process. Fig. [£.11]shows feedback voltage during the wavelength locking process
when the 100 kHz dithering signal is used. At the time denoted 0 us, the error signal
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Figure 4.11: Feedback circuit output during initialization, inverted for clarity.

trips the control circuitry enabling the PID controller. As evident in the graph, the
circuit overshoots and then settles back to a steady state after 100 us. Because the
dither signal generates the error input to the feedback system, the settling time must
be larger than the period of the dithering signal. Hence, the measured settling time of
100 ps, one order larger than the period of the 100 kHz dithering signal, is relatively
close to the fastest possible stabilization time.

Fundamentally, the wavelength locking speed of any implemented control system
using an integrated heater is limited by the thermal time constant. Our integrated
heater was measured to have a thermal time constant of 7 us, which is typical for
devices with heater located above the oxide layer (see section . Given this
thermal time constant, we were able to show wavelength locking on the scale of 100s of
us, showing that the dithering mechanism is effective for achieving the fastest possible
wavelength locking. Furthermore, from our analysis, intimately located heaters with
demonstrated sub-us thermal time constants, can decrease this wavelength locking time

by an order of magnitude [16].

4.6 Conclusion

The demonstrated control system has been shown to be able to effectively initialize
and thermally stabilize individual microring resonators using the dithering mechanism.
As demonstrated, the novel use of thermal dithering to generate the error signal has
the advantage of giving the feedback system relative immunity to power fluctuations.

This renders the system robust against fluctuations in the received power, and resilient
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4.6 Conclusion

to Fabry-Perot artifacts in the optical path. Additionally, the use of low-speed analog
and digital ICs in the experimental implementation lends credibility to the systems
ability to scale in an energy-efficient manner to the multiple microring resonators that

comprise a WDM photonic interconnect.
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Chapter 5

FPGA Implemented Wavelength
Locking of a WDM Microring

Demultiplexer

The work in chapter [4] described the innovative use of the dithering mechanism for
wavelength locking and thermally stabilizing microring resonators. In that work, the
method was implemented in low-speed circuitry, composed of discrete analog and digital
ICs. This implementation was done partly for the ease of prototyping, and also for
showing that the control system can be implemented in very simple low-speed circuitry.

The work in this chapter is focused on scaling the control system such that it
can wavelength lock and stabilize multiple microring resonators, specifically, a WDM
microring demultiplexer system. However, to scale the control system practically, it
is first translated to a FPGA-based implementation. A FPGA implementation allows
the basic control system to be easily modified (for variants of the basic microring
configuration) and to be scaled to cover multiple microrings (such as in the WDM
microring demultiplexer).

The notable contributions of this work:

e Translation of the wavelength locking and thermal stabilization mechanisms of

chapter [4] from mixed circuitry to a scalable FPGA platform.

e Demonstrated wavelength locking and stabilization of a multi-microring system.
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5.1 FPGA Implementation of Control System Utilizing Dithering Signals
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Figure 5.1: (a) Block diagram showing the FPGA implementation of the dithering-based

ADC

control system for a single microring resonator. (b) Block diagram showing the scaling of
the FPGA-based system to wavelength lock and stabilize multiple microring resonators in

a multiplexed WDM configuration.

e Eye diagram and BER measurements on 10 Gb/s data progressing through a
wavelength locked microring demultiplexer, showing an average 0.1 dB power
penalty, validating the negligible effect dithering has on the integrity of data

signals.

5.1 FPGA Implementation of Control System Utilizing
Dithering Signals

Fig. a) shows a block diagram representation of the implemented dithering-based
control system in our FPGA platform. To convert the analog signal from the photode-
tector, an ADC (Maxim MAX11046) is used, and conversely, to generate the analog
signal required to drive the integrated heater, a DAC (TT DACS8734) is used.

The scalability advantage is evident in Fig. [5.1{(b). Here, the single-resonator
control system is iterated to cover each microring resonator in the WDM link. Global
control logic ties together each separate control system (for instance, controlling the
sequencing of the wavelength locking). This implementation also shows the power of the
dithering mechanism, in which the control system for each microring can be abstracted,

localized to that specific microring resonator.
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Figure 5.2: (a) Schematic of a WDM silicon microring demultiplexer. (b) Illustration of a
scenario in which the microring resonances are not initialized (solid), and their correspond-
ing position (dotted) after they have been tuned to the appropriate resonant wavelengths.
(c) Microscope image of the tested device showing contact pads for the integrated heaters
(top) and waveguides of comprising the microring demultiplexer (bottom). The microrings

themselves are too small to be imaged at this magnification.

5.2 Wavelength Locking a WDM Microring Demultiplexer

A WDM microring demultiplexer consists of cascaded passive microring filters that
demultiplex a WDM stream into their individual channels (see Fig. [5.2{(a)). Typically,
the drop ports of the microring resonators are terminated in a high-speed photodetector
to enable conversion of the data signal into the electrical realm. However, as has
been previously described, functionality of the WDM demultiplexer is contingent on
the microrings being wavelength locked and thermally stabilized to their respective
data channels. Prior work has shown that spectrally well-spaced cascaded arrays of
microring resonators are feasible given current fabrication process tolerances [91]. In
that case, each microring resonator must simply lock to the nearest laser wavelength.
In this work, we tackle the even more challenging scenario of when the resonances are
initially bunched (as depicted in[5.2|(b)), and hence must overlap spectrally when being
wavelength locked to the received wavelength channels.

The layout of the WDM silicon microring demultiplexer used in to demonstrate the
control system was topologically similar to the illustration in Fig. (a), albeit the

resonators were designed in a racetrack configuration. The device was fabricated at
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Figure 5.3: Experimental setup (polarization control not depicted).

the Cornell Nanofabrication Facility on a standard silicon-on-insulator (SOI) platform.
The fabricated resonators were 5 pm in radius, with a @) of ~3000. Integrated heaters
were formed by depositing NiCr above the cladding of the silicon waveguide. With no
power applied to the integrated heaters, the resonant wavelengths of microrings 1, 2,
and 3 (corresponding to Fig. [5.2(a)) were 1549.50 nm, 1548.76 nm, and 1550.73 nm,
respectively.

The experimental setup is depicted in Fig. LiNbO3 modulators were used
to generate 3 data channels by modulating laser wavelengths at 1550.92 nm, 1552.52
nm, and 1554.13 nm with 10 Gb/s NRZ 231-1 PRBS. The data on the channels was
decorrelated using electrical bit-delays. The data channels, at a power of -3 dBm
each, were injected into the bus waveguide of the device using a tapered fiber. The
3 drop ports of the device were probed simultaneously using a 3-channel multi-core
fiber (MCF). A 50-50 splitter was used to tap off a portion of each recovered data
channel to be received on a slow-speed photodiode (<100 kHz bandwidth) for use in
the implemented wavelength locking system. The remaining portion of the signal was
evaluated for data integrity using eye diagrams and BER measurements.

As described in section [5.1] we translated the original analog and digital circuitry
implementing the dithering mechanism and corresponding control system to an FPGA-
based platform. The detected dithering signals (from the slow-speed photodiodes)
are relayed to the FPGA through an ADC. The FPGA interfaces with the individual
integrated heater on each microring resonator via a DAC that is driving electrical
probes on the silicon photonic chip. Using the error signals derived from the dithering
mechanism, the control system initializes the microring resonator array, tuning and
locking their resonant wavelengths to the injected data channels.

The sequencing of events is more readily understood by observing the integrated

66



5.2 Wavelength Locking a WDM Microring Demultiplexer

, CH1 Locked
! , CH2 Locked CH1 CH2 CH3
(a) i ! . CH3 Locked (b) ! ! |
[ H E i ' — Microring1:0.00V | H H
- ! P ' I — Microring2:0.00V ! ! !
3 F | / EITICIIIIIIT] @ 20 [ — wicroring 3:000v i i
N i J ) [ -- Microring1:2.14V | H i
o 25F 1 ; Py I -- Microring2:3.02V ! ' '
o)) F A ! 7} [ == Microring3:2.93V I 1
© I - c 25 |- i v 1
= 2F 7 [] M K 1 :
g I I : % "\\ 7 ‘\ 1M
I / s R . 1 ;o AR
~ 15F ; 7/ — Microring 1 T 5 AL L
[ F ! K . . -30 [~ ;o '
= E J/ / -=-- Microring 2 5 I WAV \ I \
- / R . 1 H
o TfF 4 S Microring 3 o L S N A
I 7 ! [ A 1 1 1 \
[ ] 3 o .35 |- ! : I\ : v : \
0.5F ," e N N ,"\ 1 \
g ; a AN\ SN
0 oy ) ] ] A N ) 1 K
MR PR IR R IR R L .40 L M 2 N TR T P
0 50 100 150 200 1548 1550 1552 1554
Time (ms) Wavelength (nm)

Figure 5.4: (a) Voltages applied by the control system to the integrated heaters during the
wavelength locking sequence. (b) Measured drop port responses of the microring resonators
when they are in their un-initialized state (solid), and when they are aligned to their

respective data channels (dashed).

heater voltages during a wavelength locking cycle (Fig. [5.4(a)). To perform wavelength
locking of a channel, the control system ramps the voltage on the integrated heater
while simultaneously applying a small dithering voltage (a 10-mV 2-kHz square wave
in this instance) to produce a thermal dithering on the resonance. Once the error
signal is detected the control system halts the voltage ramp and enables the feedback
loop, locking the microring resonator to the data channel. To prevent collisions, the
wavelength locking of the microring resonators are sequenced (as seen in Fig. |5.4{a))
according to their physical order in the microring cascade. Using this method, the
microring resonators can successfully lock to their respective channels, despite needing
to cross over each other spectrally (Fig. |5.4(b)).

A critical concern is that the dithering of the resonance will affect the integrity of
the data channel. To evaluate this we measured eye diagrams and performed BER
measurements to contrast the performance of the data channel when manually tuning
the resonators (without a dithering signal) versus using the wavelength locking system.
The eye diagrams of Fig. |5.5(a-b) show that the data channels are not impacted from
the use of the dithering signal. Furthermore, from our BER measurements (Fig. [5.5(c))
we found that there were relatively low power penalties of 0.1 dB, 0.0 dB, and 0.3 dB,
for data channel 1 (CH1), 2 (CH2), and 3 (CH3), respectively, (an average 0.1 dB power
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Figure 5.5: (a) Eye diagrams of a 10-Gb/s signal propagating through the microring
demultiplexer when (a) manually tuning the integrated heaters to the data channels and
(b) using the wavelength locking control system based on the dithering mechanism. (c)

BER measurements on the respective data channels.

penalty) further validating our claim.

5.3 Conclusion

This work has demonstrated that the use of dithering signals can be scaled to advanced
microring configurations, such as a WDM microring demultiplexer. It should be noted
that while in their locked state, the microring resonators are also inherently thermally
stabilized (as was shown in ChapterE[). Importantly, our results show that the dithering
signal can be kept small enough to enable locking and stabilization while avoiding any
deleterious effects on the integrity of the data.

As seen in this work, the FPGA implementation greatly eases the prototyping of
complicated microring systems by allowing for the abstraction of the individual control
systems governing each microring resonator. Additionally, the FPGA implementation
of the control system lends itself towards future incorporation in high-speed FPGA

projects, such as the prior demonstrated silicon photonic enabled CPU-memory optical

link [81].
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Chapter 6

Control Systems for Microring

Switches

The work in this chapter continues to extend the capabilities of the dithering mechanism
by adapting and demonstrating its use in thermally stabilizing a 1x2 microring switch.
Succinctly, this is challenging because the microring must satisfy two states, remaining
locked on to the signal when the switch is “on” (as shown in chapter {4)), and also
remaining off resonance with the signal when the switch is “off.” It will be demonstrated
how the dithering-generated error signal can be used to satisfy both of these described
conditions. Additionally, we continue refinements on our thermal testbed, introducing
the use of a global heater to easily generate large thermal fluctuations on chip.

The notable contributions of this work:

e Use of an on-chip global heater to generate larger thermal fluctuations for control-

system prototyping.

e Demonstration that surface state absorption (SSA) from p-i-n silicon waveguides
is sufficient to generate the photocurrent needed for the dithering mechanism

(hence, no ion implantation necessary).
e Adapation of the dithering signal generated error signal for microring switches.

e Thermal stabilization of a 1x2 microring switch when subjected to thermal fluc-

tuations of magnitude 20 K.

e Proposed expansion of the control system to cover large-radix microring switches.
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Global /7 Microring
Heater | Switch

Silicon Photodiode

Figure 6.1: (a) Illustration of a microring comb switch with electro-optic WDM switching
functionality. (b) CAD closeup showing position of microring resonator, local heater, and
global heater (in blue). Waveguides are indicated in yellow. (¢) CAD schematic showing
position of microring switch, integrated heaters, and in-situ silicon photodiode on the

microring switch’s drop port.

6.1 Control System for 1x2 Microring Switch

The functionality of a 1x2 microring switch is depicted in Fig. (a). As illustrated,
the FSR of the microring switch is engineered to be equivalent to the WDM spacing of
the channels. With this FSR characteristic, it has been demonstrated that these basic
microring switches can perform high-speed (ns-scale), low-energy, switching of entire
WDM streams [95].

Fig. [6.1(c) shows the CAD layout of the manifested 1x2 microring switch (the
parameters of the device are similar to the device described in chapter . While the
illustration in Fig. (a) showed a p-i-n junction embedded within the microring

to enable high-speed switching, in our device, a localized integrated heater is used
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6.1 Control System for 1x2 Microring Switch

to enable thermal switching (which is equally effective, albeit has a lower bandwidth).

This localized heater is also used to enable thermal stabilization of the microring switch.

6.1.1 Global Heaters for Implementing a Thermal Testbed

Depicted in the CAD closeup of Fig. [6.1[(b) is the “global heater”, a large integrated
heater that is offset, but within the vicinity of the microring resonator. It should be
noted that this global heater lies in the same plane as the localized heater for the
microring resonator (~1 pum above the silicon layer). The purpose of this global heater
is to generate large thermal fluctuations in the vicinity of the microring. The simplicity
of this approach should be contrasted with the thermal testbed setup described in
section in which a visible laser was shone in the vicinity of the microring resonator
to generate the test thermal fluctuations. The tuning efficiency of the localized heater
was measured to be 0.071 nm/mW, and the tuning efficiency of the global heater is
0.0067 nm/mW, an order of magnitude lower due to the global heater’s offset location

from the microring resonator.

6.1.2 Silicon Photodiodes based on Surface State Absorption

Similar to the work described in chapter [4] this device used a 500-um long p-i-n silicon
photodiode. However, whereas our prior work had used defect-enhanced (using Si ion
implantation) photodiodes, these photodiodes did not undergo an ion implantation
during their fabrication process. Despite this, the silicon photodiodes were still able
to produce enough photocurrent to be able to used in conjunction with the dithering
mechanism. This ability to produce photocurrent despite the lack of ion implantation
can be attributed to surface state absorption (SSA) in the p-i-n. Work from other
researchers had previously identified this photocurrent mechanism, and demonstrated
these types of silicon photodiodes to have bandwidth up to 60 MHz, providing ample
margin for use in our demonstrated control systems [96]. As demonstrated here, this
allows the use of in-situ silicon photodiodes without the additional ion-implantation

step in the fabrication process.
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Figure 6.2: Illustration of the (a) periodic optical transmission spectrum of a microring
switch and the (b) corresponding error signal generated. Highlighted in (blue) and (red)
are the regions of the error signal for operating the microring switch in the (on) and (off)
state, respectively.

6.1.3 Adapting the Dithering Mechanism to a Microring Switch

In chapter [4, where the dithering mechanism was first introduced, the focus was on
locking the microring resonator to an optical signal. As shown further in [5| this is the
necessary control functionality for a microring demultiplexer. For a microring switch

however, there are two distinct states which must be satisfied:

1. When the switch is “on”, the microring resonator should be locked to the optical

signal, and remain locked in the presence of thermal fluctuations.

2. When the switch is “off”, the microring resonator should be off-resonance from the

optical signal, and remain off-resonance in the presence of thermal fluctuations.
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6.1 Control System for 1x2 Microring Switch

The second condition is the new constraint that the dithering mechanism must be
adapted to, that is, ensuring that when the microring has been switched off, thermal
fluctuations do not drift the resonance back into alignment with the optical signal.
To resolve this issue, we leverage the spectrally periodic properties of the microring
resonator, and hence, the generated error signal.

Fig. m(a) depicts this periodicity in the spectral transmission and corresponding
error signal. Highlighted in blue in Fig. |6.2|b) is the region of monotonic slope of
the error signal in which the resonator can lock to the optical signal. Additionally,
highlighted in red is the region of monotonic slope of the error signal in which the res-
onator can “lock off” the optical signal, that is to say the resonance will stay stabilized
between two wavelength adjacent optical signals in the WDM grid.

Also indicated in the diagram is Viying, the voltage required to transition between
the two regions. Vyying can be the voltage applied to the p-i-n junction to enable
electro-optic switching (as illustrated in Fig. [6.1(a)), or as in our demonstration, it
can be the voltage applied to the localized integrated heater to enable thermo-optic
switching.

The experimental measurements in Fig. show the aforementioned periodic spec-
tral transmission and the generated error signal when using the dithering mechanism

(here, the transmission through the drop port is shown instead of the thru port).

6.1.4 Thermal Stabilization of Microring Switch

An off-chip BJT amplifier circuit and function generator were used to drive the global
heater with the large voltage swings required (up to 40 V) to generate large thermal
fluctuations. With this implementation, the global heater was able to produce thermal
fluctuations of magnitude 20 K at a frequency of 0.1 Hz in the vicinity of the microring
switch. It should be noted that the global heater was limited to sub-Hz frequencies due
to its large thermal time constant.

The control system for the microring switch was manifested using an FPGA im-
plementation as had been discussed prior in detail in chapter 5} Fig. [6.4(a) shows the
normalized output (at the drop port) of the microring switch when there are no thermal
fluctuations, and the control system for thermal stabilization is not implementing. As

can be seen, the output of the microring is switched at rate of ~1 Hz.
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Figure 6.3: (a) Measured transmission spectrum of the switch drop port. (b) Measure-
ment of the generated error signal.

Fig. 16.4(b) shows the switch output (showing several traces overlaid) when the
global heater is generating thermal fluctuations of 20 K. It is clear from these traces
that the thermal fluctuations impede any the successful switching functionality of the
microring switch. However, as shown in Fig. [6.4{c), implementation of the thermal
stabilization control system can thermally stabilize the microring switch and preserve

its switching functionality.

6.2 Control Systems for Large-Radix Microring Switches

While a 1x2 microring switch is a useful component of future microring-based net-
works, the functionality of these microring switches increases dramatically as one con-
siders higher radix switches, such as the 4x4 microring switch that has previously been
demonstrated [I5]. The configuration of this microring switch is depicted in Fig. [6.5(a).
Example routed paths are highlighted in the diagram. In Fig. |6.5|c), the routing table
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Figure 6.4: Normalized output of the switch when (a) experiencing no thermal fluctu-
ations and having with no control system implemented, (b) experiencing thermal fluc-
tuations of magnitude 20 K with no control system implemented (several measurements
shown), and (c¢) experiencing thermal fluctuations of magnitude 20 K with the control
system implemented.

for all states of the 4x4 microring switch are shown.

For implementing a control system we propose adding in-situ silicon waveguides
(as were previously demonstrated in this chapter) to enable initialization and control
of each individual microring resonator in the switch fabric. Fig. [6.5(a) illustrates
the addition of the photodiodes. Each microring resonator has a corresponding in-
situ photodetector downstream. In this manner they can be sequentially locked-on, or
locked-off, the relevant laser wavelengths.

Leveraging the prior demonstrated control system for a 1x2 microring switch is
critical for creating a tractable control solution for this large 4x4 microring switch.

Essentially, as shown in Fig. each microring resonator within the 4x4 switch has
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Figure 6.5: (a) Diagram of a 4x4 microring switch with example routing paths high-
lighted. Added to the diagram are proposed in-situ silicon photodiodes for the purpose of
implementing a control system. (b) Closeup of switch fabric, showing two microrings in
series. Use of orthogonal dithering frequencies (indicate as wp) can allow each microring to
generate independent error signals (E.S.). (c¢) Table indicating routing logic for all possible
input-output states of the switch (adapted from [I5]).

the functionality of a 1x2 switch. Hence, the control system we demonstrated prior
can be adapted to enable localized control of each microring as a 1x2 switch. A global
control can then control the sequencing of the specific 1x2 switches to enable to the
4x4 configuration desired. Fig. [6.6] shows the sequencing table required to achieve the
configuration (highlighted paths) shown in Fig. a). Note that for any given path
configuration there may be some microrings which will not be relevant, and hence the
control system for those specific microrings can be disabled to achieve better energy
efficiency.

Lastly, an inherent difficulty is the presence of multiple photodiodes in the down-
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Sequence # | Microring | Action

1 R2 Lock-On
2 R8 Lock-On
3 R7 Lock-Off
4 R3 Lock-On
5 R1 Lock-Off
6 R5 Lock-On
7 R4 Disable Control
8 R6 Disable Control

Figure 6.6: Table showing proposed sequencing of microring resonators in a 4 x4 microring
switch for path configuration shown highlighted in Fig.

stream path of a microring resonator. To resolve this, the othogonality principle can be
leveraged (Eq. [4.2)), as shown in Fig. [6.5(b). By using a set of orthogonal dithering fre-
quencies, the dithering signal received on the photodiode from non-relevant microring

resonators is filtered away when generating the error signal.

6.3 Conclusion

We have further demonstrated the power and utility of the dithering mechanism by
adapting it for a microring-based switch, and illustrating how the control system could
be extended to large-radix microring switches. Additionally, we have demonstrated
thermal stabilization of a microring switch enduring thermal fluctuations of magnitude
20 K, a range that is equivalent to the magnitude of thermal fluctuations in such
applications as data centers [97].

While no data measurements were performed in this demonstration, the results
of chapter [5| had shown rigorously the compatibility of the dithering mechanism with
high-speed data. The demonstration can easily be extended by improving the device
characteristics: embedding a p-i-n junction to have high-speed electro optic switching,
leaving the localized integrated heater purely for thermal stabilization. Additionally,

the FSR should be reengineered to be smaller, matching the wavelength grid used in
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WDM and DWDM applications (100 GHz and smaller). Then the microring switch
can be demonstrated as it switches high-speed WDM streams [95], albeit with a full

control system thermally stabilizing the device.
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Chapter 7

Simplified Platforms for
Microring-Sensing using

Wavelength Locking

The work in the prior chapters described innovative techniques to wavelength lock and
stabilize microring resonators for the purpose of high-speed optical interconnects. In
this chapter, the author adapts those developed techniques to demonstrate a simplified
platform for microring sensors.

The notable contributions of this work:

e Adaptation of wavelength locking a microring resonator for the purpose of mea-

suring sensing-induced resonance shifts.

e Measurement of resonance shifts with ¢ = 7 pm, demonstrating validity of tech-

nique.

7.1 Microring Resonators for Sensing Applications

With their small footprint, CMOS-compatible fabrication, and multiplexed operation,
silicon microring resonators are ideal for use as measurement devices. Their high-
refractive index provides them with a high sensitivity to such environmental factors
such as temperature, and when chemically treated, they can be used as effective label-
free biosensors [98] 99, [100]. The latter use has received wide attention for its potential

to provide fast, compact, and cost- effective diagnostic instrumentation for applications
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Figure 7.1: (a) Ilustration of a chemically treated microring and the induced shift in
its resonance from reaction with biochemical molecules (adapted from [I§]). (b) Measure-
ments from a microring sensor showing typical resonance shifts on the order of 100s of pm.
(adapted from [19]).

in environmental monitoring, biochemistry, and healthcare; and as a testament to its

utility, has been implemented commercially in that capacity.

7.2 Microring-Sensing using Wavelength Locking

The routine procedure for using the microring resonator as a sensor is to probe the res-
onance shift of the resonator as it is exposed to the environment or sample (Fig. [7.3|(a)
illustrates this resonance shift). The traditional technique for measuring this resonance
shift consists of conducting fast spectral scans with a tunable laser and photodiode,
or a broadband source, monochromator, and photodiode [100]. However, the use of
costly, bulky, and sensitive equipment such as tunable lasers and monochromators is
prohibitive to the desired deployment of microring resonators as low-cost, portable, and
robust sensors.

Prior attempts to address this issue have utilized electrical tracing using cascaded
microring structures with a high-speed detector, and wavelength locking using a tunable
laser [101), T02]. In this work we show that the wavelength locking techniques detailed
in chapter [4 can be adapted to perform direct electrical readouts of the sensing-induced

resonance shifts.
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Figure 7.2: (a) Illustration of induced resonance shifts and wavelength locking. (b)

Microring-sensing platform using wavelength locking.

Fig. (a) illustrates specifically how wavelength locking can be used to directly
measure the sensing-induced resonance shift. In its initial state, the microring needs
to be tuned a distance A)g as shown in Fig. (a) during the wavelength locking
process. However, following exposure to the sample or environmental condition, a
resonance shift AArg will be induced in the microring. Subsequently, the microring
will then be needed to tune (AX\g — AAgrg) to be wavelength locked to the fixed laser.
The voltage on the integrated heater required to wavelength lock in these two scenarios

will change, and is defined as

V = Ru(AXo — AXgs)(ON/OP) ! (7.1)

where Ry is the resistance of the heater, and OA/9P is the tuning efficiency of the
heater.

By wavelength locking the resonator and sampling the voltage applied to the heater
during the wavelength locked state we retrieve a direct measurement of the resonance
shift, with no additional post-processing needed. Fig. b) shows the implemen-
tation of our method, which requires only a single-point optical coupling (assuming
on-chip photodetectors) of a single-wavelength laser (where the specific wavelength can
be arbitrary).

To demonstrate the described technique, we reutilized the silicon microring device
previously described in chapter [l Ideally, the demonstration would show the simplified
sensing technique for a biochemical application. However, showing the technique work-

ing for any sensing-induced resonance shift would be enough for a proof-of-principle,
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Figure 7.3: (a) Heater voltage during the wavelength locking sequence. Sampling of the
voltage takes place in the hold state (III). (b) Measured data points fitted to Eq.

with the results being directly translatable to biochemical sensing. For this reason, we
utilized the natural temperature sensitivity of the microring resonator to demonstrate
the technique. By placing the chip on a thermo-electric cooler (TEC) platform, the
temperature of the microring resonator could easily be changed, inducing a resonance
shift via the thermo-optic effect.

As had been previously shown in chapter 4, Fig. |7.3(a) shows the heater voltage
during the wavelength locking process when using the dithering mechanism. As anno-
tated on the graph, the voltage is ramped to tune the microring to the laser wavelength
(IT), and when the microring is wavelength locked to the laser (III), the voltage is
sampled in order to measure the resonance shift. To gather measurements using the
technique, we experimentally varied the resonance shift, AAgrg, by cooling the chip
using a TEC. AArs was measured using spectral scans, and simultaneously measured
using our wavelength locking technique. The measurement was able to measure reso-
nance shifts with 0 = 7 pm (calculated against the fitted curve, Fig. [7.3(b)), validating
its ability to measure resonance shifts accurately.

Limitations on the accuracy of the technique can be attributed to the experimental
setup. Specifically, Fabry-Perot artifacts in the drop port (where the photodiode was
located) resulted in a drop port response that deviated from the through port response.
It is expected that re-iteration of the device and the experimental design could produce
significantly better accuracy in the measurement results. Regardless, the demonstrated

accuracy (o = 7 pm) is sufficient for use with current implementations of microring
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Figure 7.4: (a) Hlustration of cascaded microrings, each treated with a different analyze
to give it unique sensing properties. (b) Optical spectrum when using traditional method
of extracting readout from multiplexed cascaded microrings. (c) Optical spectrum when

adapting wavelength locking technique to multiplexed microring sensors.

sensors (which typically have resonance shifts on the order of 100s of pm, see Fig.

71(b).

7.2.1 Multiplexed Microring Sensor Readout using Wavelength Lock-
ing
The advantages of the demonstrated wavelength locking technique intensify when adapt-
ing it to multiplexed microring sensors. As described in chapter [I, microrings are fre-
quently cascaded to enable WDM optical links. For biochemical sensing applications,
cascaded microrings are motivated for multiplexed sensing applications. As illustrated
in Fig. ﬂ(a), in a cascaded arrangement, each microring is treated with a different
analyte such that they are sensitive to unique biochemical agents in the sample. The
traditional method for measuring the resonance shift of each microring requires per-
forming a wavelength scan across the spectrum that the resonances occupy. To avoid
overlap between resonances, the microrings must be carefully fabricated such that they

are spectrally well spaced (as seen in Fig. [7.4(b)). The increased fabrication toler-
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ances required, as well as the additional post-processing of the spectrum data, makes
it difficult to manifest multiplexed microring sensors successfully.

In contrast, using the wavelength locking technique the prior issues can easily be
resolved. In our platform, microrings can be fabricated with identical dimensions (spec-
trally overlapping), as the wavelength locking mechanism can sequentially probe and
discern individual microrings. Fig. [7.4{c) illustrates this process. Consequently, an
additional advantage is that the number of microring sensors that can be cascaded is

not limited by the available spectrum (which is dictated by the FSR of the microring).

7.3 Conclusion

This initial proof-of-principle demonstration validated the use of the wavelength locking
for direct electrical readout of a microring sensor. By requiring only a single-wavelength
laser source (in contrast to a tunable laser or monochromator), our demonstrated plat-
form is orders of magnitude more cost-effective, robust, and compact than current
microring-sensing platforms. Additionally, as was shown in section us-scale wave-
length locking is possible, allowing rapid sampling of microring sensors, even when they
are in multiplexed configurations as was discussed in section [7.2.1

Finally, we note that for applications in which the integrated heater cannot be
situated directly above the microring, there are demonstrated configurations that enable
microring tuning while delocalizing the position of the integrated heater and microring

[103).
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Chapter 8

Summary and Conclusion

8.1 Summary of Contributions

The work of the author developed and validated two powerful methods to stabilize mi-
croring resonators: power monitoring (as applied to microring modulators), and the use
of dithering signals (applicable to the general class of microring-based devices). These
methods were embodied in experimental control systems that rigorously showed their
validity in high-speed data applications. Furthermore, the provided analysis provides
argument that they can be successfully incorporated into commercial implementations.
Demonstration of their ability to be abstracted in a FPGA implementation provides
evidence that these implemented control systems can scale in size to match even the
most complex microring-based systems.

The developed control systems have been demonstrated to resolve the current ther-
mal and fabrication issues that have plagued microring-based devices, and may hence

be the enabling factor in their commercial deployment.

8.2 Recommendations for Future Work

A number of immediate projects can be pursued to extend the fundamental work de-

veloped in this dissertation:

e Thermally stabilize a microring modulator using power monitoring in which the
power monitoring is conducted not using a separate photodiode, but photodetec-

tion in the driving p-n junction itself. It has been shown prior that when reverse
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biased, the modulator’s p-n junction generates a photocurrent that can be used

for power monitoring [104].

e ASIC implementations of the discussed control circuitry to verify their energy-

efficiency and circuit footprint characteristics.

e An initialization and thermal stabilization of a full WDM microring-based link,
in which all photonic transmit and receive elements besides the lasers have been

implemented on-chip.

e Incorporation of the FPGA implementation of the control systems into the demon-
strated high-speed FPGA-based optical link demonstrations [81]. The resultant
FPGA system would allow full prototyping of a silicon photonic interconnect from

the physical layer to the application layer.

There is also the great potential to scale the use of dithering signals (using the
principles outlined in the dissertation) to larger and more complex microring-based

devices:

e As detailed in chapter [0, implement a control system for a high-radix micror-
ing switch (such as a 4x4 microring switch), scaling the control methodology
presented for a 1x2 switch by abstracting control with a global routing logic to

configure which microrings should be “on” and “off”.

e Implement the dithering mechanism to stabilize higher-order microring switches.
These switches possess better passband and extinction metrics, but the individual
tuning of each microring (and their corresponding spectral inter-dependencies) is

typically considered an impediment in their use.

e Extend the results of chapter [6] by redesigning the 1x2 microring switch such that
it has a smaller FSR (to be capable of comb switching). Include a high-speed
electrical junction to show ns-scale switching while simultaneously thermally sta-

bilizing the switch using an integrated heater.

Because the work on control systems for microring-based devices had prior been
so nascent, many architecture studies on microring-based systems omitted or assumed

parameters related to the control of the many microring resonators comprising said
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systems. Leveraging the work on energy-efficiency and latency of control systems per-

formed in this dissertation, these studies can now gain more accuracy:

e An architecture study incorporating the latency and energy consumption tradeoffs

of initializing and stabilizing microring-based interconnects.

e Incorporation of latency metrics into microring-based switch metrics, accounting

for the reconfiguration time when reprovisioning optical paths.

e An architecture study on the energy consumption of thermally stabilizing microring-
based systems in varying ambient temperature environments (such as would be

found in target application areas such as data centers).

Lastly, in the realm of sensing applications, the author’s work had demonstrated a
proof-of-princple method to perform a direct electrical readout of the microring sensor.

This of course can be improved upon by extension to a biochemical sensing application.

e Implementation of the simplified microring sensor platform in which the microring
is sensitive to an applied biochemical agent, perhaps utilizing an re-engineered

structure to allow both an integrated heater and sampling region to co-exist [103].

e Measurement of the wavelength locking technique’s precision in ascertaining the
resonance shift of the microring (our initial work was limited by Fabry Perot

artifacts).

8.3 Final Remarks

Beyond the advantages of energy-efficiency and economy that the silicon photonic plat-
form provides is the ability of the platform to manifest an incredible amount of photonic
functionality in a single chip. The advantage of the silicon photonic platform lies not
in the metrics of a single device, but the ability to mass produce complex photonic
systems, analogous to the ability in the microelectronics world to manufacture complex
systems from fundamental building blocks.

Also similar to microelectronics, the focus of research will correspondingly shift from
the demonstration of individual devices to instead the demonstration of full systems.

Within the research community, the recent emergence of foundry services that provide
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8.3 Final Remarks

reliable devices have the potential to usher in an age of sophisticated photonic systems
for high-speed data, biophotonics, analog photonics, optical processing and yet to be
envisioned applications.

Within that context, the role of control systems, such as the ones demonstrated in
this dissertation, will will continue to grow in importance and scale as the number of

photonic elements in an integrated chip continues to increase.
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Appendix B

Efficacy of Squarewave Dithering

The Fourier representation of a normalized 27-periodic ideal square wave is given as

f(t,qﬁ):é Z w (B.1)

T n=135.. K
As per the construction in section when the generated optical modulation is

in-phase with the driving dithering signal, the product is given as

f(0)f,0) = 1o [y T (s s (B.2)

n=135.. " n=1,3,5...
The DC component is given as the integral of Eq. Using the orthogonality
principle (Eq. [4.2)), the cross-terms can be eliminated, leaving the non-zero terms as

follows:

/ F(£,0)£(t,0)dt = % / i Si“;g””dt

n=1,35,...

505

16 (1Y (7>
= — — _ = 1
w2 \ 2 8
where the infinite summation has been solved as a modified Basel series. Similarly,

when the generated optical modulation is out-of-phase with the driving dithering signal,
the product and DC component are given as Eq. and respectively,

£ 0V F(t ) = 71T(25 Z sin(nt) Z sin(nt + ) (B.A)

n n
n=1,3,5... n=1,3,5...
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/ftO F(t,m)d / Z sin*(nt) J, (B.5)

n=1,3,5..
Hence, the DC component takes on a value of {1, -1}, in comparison to using

normalized sinusoidal waveforms (section |4.1)), in which the DC components have values

of {1/2, -1/2}.
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Appendix C

Intermodulation Crosstalk
Characteristics of WDM Silicon

Microring Modulators

In this appendix the author presents work that elaborates on and experimentally char-
acterize the intermodulation crosstalk properties of a 10-Gb/s silicon microring modula-
tor. Bit-error-rate measurements and eye diagrams are used to discern the degradation
in signal quality due to intermodulation crosstalk. Evaluation of the power penalties
with varying channel spacing are used to support WDM cascaded microring modu-
lator channel spacings as dense as 100 GHz with negligible expected intermodulation

crosstalk.

C.1 Intermodulation Crosstalk in Multiplexed Microring
Modulators

Fig. [C.Ifa) illustrates the common WDM configuration of microring modulators,
whereby the radius of each microring is tuned to an unique wavelength. As each source
wavelength propagates along the bus waveguide, it is optically modulated by the mi-
croring modulator corresponding to its wavelength. By this arrangement, parallelized
high-speed electrical signals are imprinted on the WDM source wavelengths. With the
ability to independently modulate the optical signals along the same bus waveguide,

the bandwidth density of the photonic system is drastically improved, helping to meet
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Figure C.1: (a) Configuration that cascades microrings of varying radius along a single
waveguide bus to generate WDM optical signals from parallel electrical data streams.
(b) Transmission spectrum of the two bit-states (solid and dashed) of a single microring
modulator. The position of the wavelength is indicated with a vertical line. (c¢) Aggregate
transmission spectrum of the cascaded microring modulators when using a coarse channel
spacing. (d) Aggregate transmission spectrum of the cascaded microring modulators when
using a dense channel spacing.

the footprint constraints of microelectronic environments [105].

Fig. |C.1[(b) illustrates the functionality of an individual microring modulator. Dis-
played in solid is the passive optical resonance of the microring modulator. Through
injection of carriers the resonance is shifted (displayed dashed), allowing a ‘1’ bit to be
imprinted on the aligned optical wavelength. Schematically depicted is the decrease in

the quality factor (@), caused by the increased loss due to free carrier absorption from
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C.2 Measurements and Results
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Figure C.2: Experimental setup used to measure and characterize intermodulation

crosstalk.

the injected carriers [82]. It should be noted that depletion mode modulators work in a
similar fashion, utilizing an expansion of the depletion zone instead of carrier injection,
resulting in a reversed but identical modulation mechanisms [106].

Fig. [C.1|(c) illustrates the scenario of microring modulators cascaded in a WDM
configuration. Here, the wavelength spacing between microring resonances is kept suf-
ficiently coarse such that the modulated resonances do not overlap with neighboring
optical signals. However, as the density of the WDM signals increases (the channel
spacing is decreased), these resonances will begin to overlap, as shown in Fig. [C.1|(d).
As a consequence, each wavelength is not only modulated by the corresponding micror-
ing modulator, but adjacent modulators as well. This intermodulation (IM) crosstalk
serves as a limit on the WDM channel spacing density. In this work the author shows
the deleterious effect of IM crosstalk on the quality of the microring-modulated sig-
nal. Additionally, an analysis is provided on the limitations on channel spacing WDM

cascaded microring modulators.

C.2 Measurements and Results

C.2.1 Experimental Setup

The goal of the experimental characterization was to verify and measure the deleteri-
ous effects of the microring-induced IM crosstalk using standard optical performance
metrics. To do this rigorously we created an experimental setup (Fig. with two
signals. The first signal, tuned near the resonant wavelength of the microring, was

modulated by the microring modulator to verify its functionality. The second signal
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C.2 Measurements and Results

emulated a signal spaced adjacently in the WDM grid. This second signal, modulated
prior, experiences IM crosstalk from the microring modulator as the wavelength spacing
between the two signals is brought closer.

In the experimental setup, we used a 6-pm radius carrier-injection microring mod-
ulator (passive @ of ~6000) fabricated at the Cornell Nanofabrication Facility. Further
fabrication details can be found in [61].

The modulator was electrically contacted with high-speed RF probe tips. To elec-
trically drive the microring modulator, a PPG was used to generate a 10-Gb/s NRZ
27-1 PRBS electrical signal. The 1-Vpp signal was biased at 0.6 V and conditioned with
a pre-emphasis circuit to enable high-speed operation of the device [82]. A CW tunable
laser was set to TE polarization and tuned in wavelength near the resonant wave-
length of the microring (1546.7 nm) in order to produce an optimal 10-Gb/s microring-
modulated signal.

To generate the second signal, the one being afflicted by IM crosstalk, we used
a second separate tunable laser, and a commercial LiINbO3 MZM. A second PPG,
generating a 231-1 PRBS pattern, was used to drive the LiNbO3 MZM modulator. The
use of two different PPGs with two different PRBS patterns ensured that there was no
correlation in the modulation data of the two signals.

The laser power levels were set such that the power of the two signals coming off-
chip was equivalent. Once off-chip, the two signals were amplified and then separated
using a wavelength-selective-switch (WSS).

The eye diagram of each signal was captured as the wavelength spacing between
the two signals was decreased. Additionally, following reception of each signal on a
PIN-TTA and limiting amplifier, a BERT was used to measure the BER curves of each

signal.

C.2.2 Eye Diagrams and BER Measurements

Fig. depicts the eye diagrams recorded as the wavelength spacing between the two
signals is decreased. Specifically, the wavelength of the microring-modulated signal is
fixed near the resonant wavelength of the microring. The wavelength of the second
signal (modulated by the LiNbO3 MZM) was incremented closer to the wavelength of

the first signal. This was done in two sweeps approached from both higher and lower
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(a) AN  -1.6 nm -0.8 nm -0.4 nm -0.3 nm -0.26 nm
(Av) (+200 GHz) (+100 GHz) (+50 GHz) (+37.5 GHz) (+32.5 GHz)

Microring

(b) AN  +1.6 nm +0.8 nm +0.4 nm +0.3 nm +0.26 nm
(Av) (-200 GHz) (-100 GHz) (-50 GHz) (-37.5 GHz) (-32.5 GHz)

Microring

Figure C.3: Eye diagrams when the MZM-modulated channel is spaced (a) below in wave-
length relative to the microring-modulated channel and (b) above in wavelength relative
to the microring-modulated channel.

wavelengths relative to the resonance of the microring. The motivation for this was to
expose the asymmetry of the IM crosstalk relative to wavelength.

Given the close spacing of the signals, a critical aspect of this experiment was to
verify that observed crosstalk was due to the microring-induced IM crosstalk, and not
filtering crosstalk from the separation of the signals. The consistent eye diagrams of
the microring-modulated signal indicate that the filtering was sufficient to completely
separate the signals. The BER measurements in Fig. [C.4|(a) and [C.4|b) further affirm
this fact, showing near identical BER curves for the microring-modulated signal at all

channel spacings.
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Figure C.4: BER measurements when the MZM-modulated channel is spaced (a) below
in wavelength relative to the microring-modulated channel and (b) above in wavelength
relative to the microring-modulated channel.

C.2.3 Power Penalties vs. Channel Spacing

The BER measurements in Fig. [C.4] are used to assess the power penalties as the
channel spacing is reduced. Trend lines were established by exponentially fitting the
BER measurements [107]. Fig. plots the power penalties from these BER curves
against the channel spacing.

We develop a simple model to provide a general expression for the crosstalk-induced
power penalty vs. channel spacing. First, we note that a power penalty (pp) can
commonly be attributed to the eye opening of the signal, that is, the power in the
‘1’ bit (P1) and ‘0’ bit (P0) in the data signal [108], also illustrated in Fig. |C.6(a).

P, — P,
— 10log [ 21 —°0 C.1
pp g <P1 +P0) (C.1)

The main deleterious mechanism of IM crosstalk is to suppress the power in the
‘1’ bit and ‘0’ bit of the adjacent channel. Fig. |C.6|b) illustrates the corresponding
decrease in eye opening. To determine what this eye closure is we model the microring

transmission spectrum using as a Lorentzian function [109].

o\ —1
T @ - (14 (2245-20) ©2

As seen in the diagram of Fig. |C.6|(c), the two bit-states comprising microring mod-

ulation can be described with parameters described by the ) and resonant wavelength
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Figure C.5: Measured power penalties vs. relative channel spacing, fitted (separately for

lower and higher wavelength spacings) to Eq. [C.3
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Figure C.6: Eye opening (E.O.) under (a) normal operation, and (b) when the data
channel is suffering from intermodulation crosstalk. (c) Illustration of the two bit-states

comprising microring modulation.

(XAo) of the microring. During modulation, A9 changes from the free carrier dispersion
effect, and @) changes due to free carrier absorption [82]. Equating the reduction in

the ‘1’ bit to the transmission of the microring, the relative incurred power penalty,

App = pp — pp', is then

B Pr— Py [T\, Q)P+ Py
Arp =10l ((Pl +P0> <T(>\7)\0,Q)P1 - Po)) (©3)

The measured power penalties are fitted to Eq. m (see Fig. , showing the
large increases in power penalty as the channel spacing is progressively decreased from

either side.
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Figure C.7: Schematic depicting the use of DSP at the receive end of the optical link to
mitigate intermodulation crosstalk and allow denser channel spacing.

C.3 Analysis

Our fitted measurements of power penalties show the expected features of IM crosstalk.
Mainly, that it increases with decreased channel spacing, and secondly, that it is asym-
metric (attributable to the unique modulation mechanism of the microring). For a
system using a microring modulator with these ) characteristics, power penalties of
0.1 dB and 0.7 dB were measured for channel spacings of 100 GHz and 50 GHz, respec-
tively (see Fig. , providing evidence that microring modulators would be suitable
for use in current telecom WDM systems, which are routinely spaced at 100 GHz [108].

The @ characteristics of the microring modulator can be tailored as necessary for
applications requiring even denser channel spacing. However, increasing the @ of the
microring increases the photon lifetime, which puts a limitation on the modulation
bandwidth of the microring [33]. An interesting alternative for increasing the channel
density is to use electronic digital signal processing (DSP) at the receive end of the
optical link [IT0], as depicted in Fig. The deterministic nature of IM crosstalk
especially lends itself towards mitigation using DSP. For example, a simple relation for

IM crosstalk cancellation (referencing Fig. can be expressed as
Zn = Yn + QzZp_1 (C.4)

where due to the asymmetry of IM crosstalk, only the contribution from the lower

channel is relevant for the crosstalk cancellation (hence, z; = y1).
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C.4 Conclusion

This work has measured and extrapolated power penalties from IM crosstalk for a
typical microring modulator operating at 10 Gb/s. We expect similar results at the
higher data rates that microring modulators are trending towards [33]. Our power
penalty measurements show credibility towards the use of the normative WDM channel
spacings of 100 GHz and 50 GHz. Our proposed use of DSP may help push this channel
spacing further.

However, it should be noted that in a completely microring-based link, IM crosstalk
is not the only factor constraining channel spacing density. Other relevant parameters
include spectral crosstalk from the microring demultiplexing filters, aggregate (includ-
ing electrical driving circuitry) energy efficiency when using different bit-rates, and
non-linear optical effects within the silicon waveguides [26], 111]. Such studies point
towards either a 50 GHz or 100 GHz WDM channel spacing as preferred for system-

optimized microring-based optical links.
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Appendix D

Phase Modulation using Silicon

Microring Modulators

In this appendix the author presents work on the generation of error-free binary-phase-
shift- keyed (BPSK) data at 5 Gb/s using a silicon microring modulator. Prior work by
the author had demonstrated the first experimental phase modulation using a microring
modulator. In this work, microring-modulated BPSK is propagated at fiber lengths
up to 80 km, maintaining error-free performance, while demonstrating resilience to
chromatic dispersion. Bit-error-rate measurements and eye diagrams are used to show
near equivalent performance of a microring-based BPSK modulator as compared to
commercial LiINbO3 phase modulators.

Prior to this work, research efforts had focused exclusively on using the micror-
ing modulator for the generation of on-off-keyed (OOK) data. In contrast, this work
demonstrated the first error-free generation and propagation of BPSK data for long-
reach applications using a silicon microring modulator. The BPSK modulation format
has several beneficial characteristics over OOK: a sensitivity improvement, lower sus-
ceptibility to fiber non-linearities, and reduced crosstalk in WDM systems [112]. This
demonstration effectively combines the benefits of silicon microring modulators and the
BPSK format.
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Figure D.1: (a) Microscope image of the microring modulator (doping regions are high-
lighted in green for p-doping and blue for n-doping) and its corresponding (b) amplitude
and (c) phase response under DC condition.

D.1 BPSK Modulation using a Microring Modulator

The silicon microring modulator used in this work was fabricated at the Cornell Nanofab-
rication Facility (CNF). As depicted in Fig. [D.1|(a), it consists of a 5-um-radius micror-
ing side-coupled to waveguide. The microring and waveguide are designed for quasi-TE
operation using a width and height of 450 nm and 200 nm, respectively. A 50-nm Si
slab surrounding the microring was doped accordingly to produce a p-i-n structure
capable of injecting carriers into the microring (Fig. [D.1f(a)).

The optical resonance of the microring in its passive state is shown in Fig. [D.1|(b).
Carrier injection, enabled through the p-i-n structure, produces a blue shift in the
resonance via the free carrier dispersion mechanism to generate OOK data [82].

In addition to generating traditional OOK data, it had been theorized [I113] and
demonstrated experimentally (at 250 Mb/s, in the author’s prior work) that the micror-
ing modulator is also capable of producing BPSK data. BPSK generation is enabled
through the utilization of the microrings strong localized phase response.

The phase response of the microring modulator can be calculated from the optical
length of the microring, L, the loss in the cavity, a, and the coupling coefficient, x [27].
Using these parameters, the field response of the microring is given as

—i27L

Eowt —a+(1—k)e 2
E; —a(l—k)+ e

(D.1)
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Figure D.2: BPSK generation using a microring modulator. (a) The two bit-states have
equivalent amplitudes, but (b) a difference in phase of 7.

Only over-coupled microrings, where x > «, exhibit the strong phase response
necessary for phase modulation. This condition can be met by appropriately specifying
the gap between the microring and waveguide. We use the amplitude response (Fig.
D.1|(b)) and Eq. to fit the phase response of the over-coupled microring used in
this experiment. As can be seen in Fig. [D.1|c), the phase response of the microring
blue shifts in tandem with the blue shift of the resonance. While Fig. c) is a
derived fit, the wavelength shift of the phase response has been confirmed through a
direct measurement in the author’s earlier work.

Similar to the generation of OOK, generation of BPSK using a microring modulator
exploits a resonance shift to produce the desired bit-state. However, BPSK generation
requires positioning the wavelength such that the optical bits have equivalent ampli-
tude (Fig. [D.2(a)), but differ by a phase shift of = (Fig. [D.2(b)). A consequence of
operating inside the resonance region is an inherent insertion loss completely separate
from the waveguide or coupling losses. This insertion loss was approximately 3 dB for
the microring modulator used in the experiment. It should be noted that while Fig.
depicts perfect symmetry between the two resonance states, in the carrier-injected
state, free carrier absorption increases the loss in the cavity, leading the resonance
to approach critical coupling. This is visible in the two resonance states depicted in
the experimental measurement of Fig. [D.1j(b), with the carrier-injected state closer to
critical coupling. The asymmetry produces a pattern dependency in the demodulated
BPSK signal, as seen in the experimentally demodulated BPSK signals of Fig.

In Fig. the fitted resonances of Fig. |D.I{b) are used to generate the signal
constellation of the microring-modulated BPSK generated in this experiment. As Fig.

ID.3{(a) illustrates, the combination of the phase shift and amplitude dip produces a
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Figure D.3: (a) Signal constellation for PM-, microring-, and MZM-modulated BPSK.
(b) PM-, microring-, and MZM-modulated BPSK before demodulation.

modulation mechanism unique to the microring modulator, differing from the phase
modulation mechanism in either the PM or MZM [113]. The experimentally measured
BPSK signals confirm that the microring modulator generates amplitude dips larger
than the PM, but not reaching full extinction such as the MZM (Fig. [D.3|(b)). It should
be noted that the noise present on the microring-modulated BPSK signal of Fig. b)
is a result of the previously mentioned pattern dependency of the microring modulator.

The simultaneous combination of amplitude and phase modulation generates chirp
characteristics that differ from those produced by the LiNbO3 PM or MZM. Subse-
quently, it is expected that the subjection of microring-modulated BPSK to the disper-
sive effects of optical fiber will yield different results when compared to using BPSK
generated from a PM or MZM; hence, motivating experimental measurements to vali-

date the use of microring-modulated BPSK for long-reach applications.
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D.2 Long-Haul Transmission of Microring-Modulated BPSK

D.2.1 Experimental Setup

Our characterization consisted of generating BPSK using the aforementioned silicon
microring modulator, and then propagating it through progressively longer spans of
fiber while observing the deformation of the eye pattern and changes in the bit-error-
rate. In the experimental setup, (Fig. , a PPG was used to generate a 5-Gb/s NRZ
27-1 PRBS electrical signal. The 1-V,,, signal was biased at 1.2 V and conditioned with
a pre-emphasis circuit to enable high-speed operation of the modulator [82]. A CW
tunable laser at a wavelength of 1544 nm was set to a TE polarization before being
launched onto the chip. The microring-modulated BPSK signal egressing from the chip
was amplified with an EDFA| and filtered (), before being passed into [0, 30, 55, 80] km
of single-mode fiber (SMF) at a power of 11 dBm. The varying lengths of fiber result in
variable amounts of accrued loss; hence, a variable optical attenuator (VOA) was used
to attenuate the signal to a fixed power of -17 dBm, thereby ensuring OSNR consistency
between measurements. This signal was then amplified and filtered before being passed
into a thermally stabilized delay line interferometer (DLI) to demodulate the BPSK
signal. Because the differential of PRBS is equivalent to the original PRBS, error testing
is possible without the customary differential-phase-shift-keying (DPSK) encoder and
decoder. The demodulated signal was received using a PIN-TITA photodetector followed
by a limiting amplifier and fed to a BERT for BER measurements. In addition, a
sampling oscilloscope (DCA) was used to record eye patterns.

For comparison, a commercial LINbO3 dual-drive MZM (rated for 10-Gb/s opera-
tion) was inserted in place of the microring modulator. In this setup, both the inverted
and non-inverted ports of the PPG are used to generate 4-V,,, electrical signals that
drive the MZM in a push-pull configuration, producing the desired BPSK. The launch
and exit powers of the fiber span were also maintained at 11 dBm and -17 dBm, re-
spectively, to ensure consistency with the characterization of the microring-modulated
BPSK. Similarly, a commercial LiNbOg single-arm PM (also rated for 10-Gb/s opera-
tion) was characterized in the same configuration, using a single output of the PPG to

generate the 6-V,, electrical signal needed to drive the PM.
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Figure D.4: Experimental setup for BER validation of microring-modulated BPSK.

D.2.2 Experimental Results

Fig. depicts the eye patterns for the constructive port of the demodulated BPSK
signals as they propagate through the progressively increasing fiber spans. For the PM-
and MZM- modulated BPSK signals, the chirp induced from the modulation results
in a gradual NRZ to RZ conversion of the demodulated signal. A similar phenomenon
occurs with the microring-modulated BPSK signal. However, from the eye diagrams, it
is observed that the fiber span at which the microring-modulated BPSK signal reaches
an optimal RZ format occurs sooner (at 55 km) when compared to the PM- or MZM-
modulated BPSK signal.

This behavior is further validated by the BER measurements (Fig. [D.6|(a)) con-
ducted on the corresponding demodulated BPSK signals of Fig. Error-free per-
formance is confirmed for microring-modulated BPSK up to the maximally tested fiber
span of 80 km. The power-penalties, as measured at the 10~ error-rate point, and ref-
erenced to the 0-km propagation of the MZM-modulated BPSK, are summarized in Fig.
[D.6[b). The chirp-induced NRZ to RZ conversion results in better receiver sensitivity,
and hence negative power-penalty relative to the power-penalty with no fiber propa-
gation [I14]. The fiber-propagated behavior of the PM- and MZM-modulated BPSK
are similar, exhibiting gradually decreasing power-penalties until finally reaching power
penalties of -0.5 dB and -0.4 dB, respectively, relative to their 0-km propagation. As
expected and indicated by the measurements, the PM-modulated BPSK signal suffers
from more chirp than the MZM-modulated BPSK signal.

In contrast, the microring-modulated BPSK, as was noted from the eye patterns,
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Figure D.5: Eye patterns of the demodulated BPSK signal from the LiNbO3; MZM
(top row), LiNbO3 PM (middle row), and silicon microring modulator (bottom row) after
propagating [0, 30, 55, 80] km and passing through the fiber DLI.

achieves its lowest power-penalty at 55 km. More importantly, the power-penalty of
the microring modulator relative to the MZM is less than 1.3 dB throughout the 80-km
propagation of the signal. Because the bandwidth of the microring modulator is lower
than that of the MZM or PM, a direct comparison of the chirp-induced propagation
is not possible. Regardless, this demonstration shows that the relative power-penalty
variance of the microring-modulated BPSK is on par with the commercial MZM and
PM.

D.3 Conclusion

We have demonstrated error-free generation of BPSK using a microring modulator at
a commercially viable data rate of 5 Gb/s. Furthermore, it was shown that this signal
can be propagated up to 80 km with a small (< 1dB) variance in its power penalty,
illustrating its resilience to chromatic dispersion and validating its use in the afore-
mentioned long-reach applications. As the bit-error-rate measurements showed, this
prototype silicon microring modulator has performance comparable to the commercial

modulators normally used for the generation of BPSK. In addition, the silicon microring
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Figure D.6: (a) BER curves. (b) Power penalties taken relative to 0-km propagation of
the LiNbO3 MZM-modulated BPSK signal.

modulator has several advantages that would render it preferable over the traditional
LiNbO3 PM or MZM.

One advantage of note is the considerably lower drive voltage used for the micror-
ing modulator, 1-V,,, versus the 4-V,, and 8-V, required for the LiNbO3z PM and
MZM, respectively. The required drive voltage can be further decreased to sub-volt
levels by scaling down the size of the microring modulator, simultaneously reducing
the footprint of the device [I05]. The low-voltage operation of the microring modula-
tor can enable high-speed optical links while expending with the expensive, high-speed
electronic amplifiers normally required. In addition, the wavelength selectivity of the
microring modulator can be exploited, enabling the cascading of microring modulators
for high-bandwidth wavelength-division-multiplexed (WDM) operation [35]. These ad-
vantages are magnified when considering the economy of scale found in long-reach
applications, where the low-voltage, integrated WDM operation of microring modula-
tors can translate to a drastic reduction in the number of individual components. As
long-reach networks continue to migrate to from PON to WDM-PON;, the need for
low-cost, integrated photonics, will only further justify the use of microring modulators

[115]. Furthermore, recent demonstrations have shown that a combination of microring-
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modulated BPSK can produce microring-modulated QPSK signals, foreshadowing its
potential use in future long-haul communication networks where QPSK is the preferred
next-generation modulation format [I16]. Lastly, in our most recent work we have been
able to show a full microring-based BPSK link (with the demodulation being performed
by a passive microring resonator), showing the potential of microring-modulated BPSK

for footprint-constrained network-on-chip applications.
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