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Abstract

The modern communication landscape is seeing a rapid increase in bandwidth con-

sumption, user-base, and low-latency applications, which must be accommodated

by the network infrastructure, through both optimization of the current capacity and

deployment of new hardware.

Optical �bre networks are the foundational backbone for the current infrastructure,

due to both its high bandwidth and extremely low-latency compared to rival tech-

nologies, such as satellite. In this scenario, transparent optical switching and routing

elements have become the key enabling technology to ensure the required perfor-

mances, de�ning the achievable transmissions standards and protocols.

Transparent devices, i.e. not requiring electro-optical conversion, have become

essential to fully realize the bene�t of �bre transmission, albeit the �eld is far from

reaching its technological peak.

Transparent optical communications have become the �rst and main application for

Photonic Integrated Circuits (PICs), an emerging technology with the capability of

bringing economy-of-scale, power-ef�ciency, low footprint, and high functionality

to optical applications, mirroring the technological leap made possible by electronic

integration.

PICs are an extremely active area of research not only for their aforementioned

properties, advantageous in the telecommunication landscape, but also as enabling

technologies for many adjacent �elds, ranging from data centres, quantum comput-

ing, biomedical and sensing applications. Despite the promising results, the �eld

of integrated photonic still lacks widespread implementation in the industry due to

multiple factors, such as low technological maturity, lack of large-scale dedicated

foundries, long round-trip time for prototyping. One sub-�eld of PICs tackling these

issues and many more is Silicon Photonics (SiPh), which is the main focus of this

thesis.



vi

SiPh is a technological platform using silicon as the main optical medium, which

has the main advantage of being compatible with the traditional semiconductor

fabrication techniques which allows integration of electronic and optical components

on the same die. Moreover, due to the compatibility with the CMOS process, many

foundries are establishing standards for PICs design, which can lead to higher cost-

effectiveness, faster production time, and more robust implementations.

Having set the technological platform and its advantages, this work proposes a

comprehensive bottom-up design and study of multiple components and architectures

catered towards transparent optical telecommunications, primarily focused on Wave-

length Division Multiplexing and other form of frequency-dependant transmission.

Through the use of established simulation techniques and the development of novel

model the PICs are designed and characterized from the physical and material layer,

up to the transmission penalty evaluation, simulating their performance in deploy-

ment scenarios.

The multidisciplinary approach to the research in SiPh has led to multiple novel

results across different abstraction level. Starting from the lowest layer, multiple op-

timized design of waveguide structures are showcased, up to a novel Grating-assisted

coupler leveraging Phase Change Materials, leading to �exible, non-volatile and

power-ef�cient switches.

Climbing the ladder toward multi-device PICs a modular multi-band switching ar-

chitecture is presented, which improves transmission resource management through

effective utilization of the residual network capacity.

Moving up to the network level an automated penalty abstraction is presented for

recon�gurable multi-stage switching structures, showcasing the effectiveness of

multi-layer aware design toward Software-De�ned Networking.
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Chapter 1

Introduction

1.1 Motivation

In today's world, optical networks have become the backbone on the global data

traf�c, due to their capability to accommodate bandwidth intensive and low-latency

applications, which are ever increasing due to user base expansion and content

migration toward cloud-based services (Fig. 1.1).

Optical networks can achieve this by leveraging optical propagation in �bers, which

can provide performances otherwise unachievable through traditional electrical links.

Fibers offer one of the lowest attenuation over distance, especially in certain spectral

regions (850 nm, 1300 nm, and1550 nmfor silica �bers), which allows long-haul

spans with negligible losses. A second more signi�cant advantage is the increased

available bandwidth, which leads to both higher maximum user-count and compati-

bility with more resource intensive application.

The optical communication �eld has grown over the past decades thanks to the

continuous implementation of new technological standards, both at the transmission

and device level. To this end, the main contributing technologies have been coherent

optical transmission standards, such as Wavelength Division Multiplexing (WDM)

and Elastic Optical Networks (EON) [1], leading towards Software De�ned Network-

ing (SDN) and other forms of advanced network orchestration, allowing optimal

resource allocation. Despite this, the limiting factor is inherently set in the de-

ployed hardware, whether �ber technology, transceiver/receiver implementations,

and switches capabilities.
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Fiber innovations such as Erbium Doped Fiber Ampli�er (EDFA)s [2], as well as im-

provement in manufacturing, such as further reduction in losses and vastly increased

reach. Meanwhile, upgrades in transceivers and receivers technologies [3] have led

to higher data rates and better compensation of propagation effects.

The remaining hardware class is comprised of optical switches, which can be seen as

the bottleneck of optical networking: while transceiver speeds and �ber bandwidth

have greatly increased, optical switches struggle to keep pace due to scalability

issues, losses, and functionality constraints. Because of this, they have undergone

massive changes and multiple paradigm shifts since the beginning of optical com-

munications: throughout the decades, the improvement in switching technologies

has been responsible for the advancement of protocols and standards, gradually

unlocking functionalities and allowing mass-scale adoption of optical networks.

This thesis focuses on the current chapter in transparent optical switching, which

has its foundation in photonic circuits. In the following sections, a brief history of

switches and their functionality is reported, followed by an introduction to photonic

integrated circuits. Later chapters will present multiple examples of the state of the

art, the advantages and challenges of photonic integration as well as the solutions

and innovation developed over the course of the research activity.

Fig. 1.1 Estimated worldwide traf�c growth for mobile, data center and �xed data, highlight-
ing the exponential growth expected over the following years.
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1.2 Introduction to Optical Switches

Optical switches are functionally identical to the traditional electrical counter-part,

and are used in the nodes of the network to dynamically recon�gure the lightpaths

and ensure connectivity between the required end-points.

In addition to their topological functionality as Optical Cross-Connects (OXC) and

traf�c routers, they also allow wavelength management in modernWDM optical

transmission.

As previously stated, switching technologies represent the hardware bottleneck

for the complete exploitation of network capacity, since their �rst implementation

through Optical-Electrical-Optical (OEO) conversion. This represents the histori-

cal solution, converting the optical signal to its electrical counterpart, performing

the routing and switching operation through electronic switches, and then back-

converting the optical domain. This technique suffers from severe drawbacks as

theOEOintroduce large latency, cannot fully exploit the bandwidth advantage of

�bers, and is hardware intensive. The conversion requires additional photodiodes,

lasers and modulators for each port, which lead to extremely poor scalability and

high deployment costs.

Fig. 1.2 Transparent Optical Switch vs Electro-Optical conversion.
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(a) MEMS [5]. (b) LCoS.

Fig. 1.3 Optical Switching technologies currently used in industry and commercial applica-
tions.

This historical issue has led to the development of optical transparent switches,

which represents the main paradigm shift in the management of network nodes. As

depicted in Fig. 1.2, transparent switching ensures domain continuity, as signals are

not converted but instead are routed directly in the optical domain, removing the

latency penalty and electrical bandwidth limitations.

This also allows for the deployment of more ef�cientWDM technologies, as the

elimination of the electronic bottleneck and the all-optical operation resulted in

dynamic wavelength switching, with a new fundamental switch, the Recon�gurable

Optical Add-Drop Multiplexer (ROADM) [4]. ROADMs allows the exploitation of

the continuity of the transparent medium, as dynamic wavelength allocation can be

introduced without disrupting the other channels.

The core technology behindROADMs is the Wavelength Selective Switch (WSS),

which is the functional block tasked with routing the light signals.WSShave initially

been implemented through Micro-Electro Mechanical Systems (MEMS)[6], with

mechanical actuators used to orient small mirrors, physically redirecting the light to

the desired direction Fig. 1.3a.

MEMSs represent a mature and reliable technology, with low-power consumption

and the capability of delivering �ne spatial control in the free-space optical propaga-

tion; nonetheless, they are affected by several drawbacks. Although this technology

improves performances and moves towards optical integration, with respect toOEO

conversion, it requires complex calibration and setup, due to the mechanical aspect,

while being also bulkier and more sensitive to environmental effects with respect to

integrated solutions.
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This has not stopped their widespread adoption, as they remain the dominant technol-

ogy, especially due to their high Technology Readiness Level (TRL) and consequent

cost-effectiveness.

However, the increase in traf�c over the years has been a driving force toward novel

high-performance technologies, with the goal of increased speed, functionality, and

automation. The second technology that has established itself on the market is repre-

sented by Liquid Crystal on Silicon (LCoS). In LCoSsystems (Fig. 1.3b) the light

is spatially demultiplexed by a prism, separating the different channel wavelengths,

which are then redirected to the desired output port by an electrically programmable

liquid crystal layer. TheLCoSpixels can be precisely controlled to introduce the

desired beam-steering, and due to their density, the devices offer near-continuous

addressing capabilities. On top of their �ne dynamic spectral control, another advan-

tage is their hitless tunability, as different wavelengths can be routed independently

by programming the LCoS locally, without disrupting the other connections.

LCoSsystems offer better spectral resolution and �exibility with respect toMEMS-

based devices, and by not relying on mechanical systems can be scaled to higher port

counts, while also removing the risk of misalignment. Despite the high recon�gura-

bility of liquid crystals,MEMS are still the preferred solution in many applications,

as their switching speed is much higher thenLCoSwhile also requiring less power,

making them a cost-effective and reliable solution when �exible wavelength alloca-

tion is not required.

In recent years, a third technology has begun to appear and reach the market, promis-

ing fast switching times, high performance, and cost-effectiveness due to mass-scale

production capabilities: Photonic Integrated Circuits (PIC).

1.3 Photonic Integrated Switching

PICs represent an important step in the evolution of applied optics, not only in the

�elds of data communication, but also in adjacent sectors such as computing (optical

and quantum), biomedical and environmental sensing. Similarly to how electronic

circuit integration allowed massive wide-spread adoption,PICs would allow com-

pact, cost-effective, and scalable adoption of photonic technologies, removing the

need for bulky and calibration-sensitive discrete setup.

In PICs the light is con�ned inside the waveguides of the chip, with all functional
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optical blocks implemented directly in the circuit. Lasers, modulators, and other

transparent signal processing blocks can be implemented onto the same circuit

(Fig. 1.4), which can be coupled to external �bers, allowing these complex high-

functioning blocks to be connected to the rest of the network while maintaining

transparency.

Many technological platforms are currently being investigated, with different materi-

als offering varying trade-off between technological maturity, cost, performance, and

functionalities. The main ones are Silicon Photonics (SiPh), IndiumPhosphide (InP),

Silicon Nitride (SiN), Lithium Niobate (LiNbO3), which have emerged for different

applications due to their optical properties and manufacturing capabilities.

SiPhis currently the most investigated platform amongPICs, due to its compatibility

with the existing CMOS process and with direct electronic integration. This makes

it ideal for large-scale manufacturing, leading to cost-effectiveness and potential

wide-spread scalable adoption. NonethelessSiPhis characterized by higher propaga-

tion losses with respect to the alternatives, as well as lack of integrated light source

technology.

TheInP platform solves the issue of active component integration, albeit it lacks

the technological maturity, with higher production cost and fewer foundries capa-

ble of manufacturing it. Recently, there has been growing interest inSiN, which

represents an alternative toSiPh, boasting similar compatibility with the electronic

CMOS process, as well as signi�cantly lower losses. LastlyLiNbO3 has emerged as

an extremely competitive platform for ultrafast modulation, although it still lacks

signi�cant manufacturing capabilities in a fully integrated environment.

Comparing these technologies and theirTRL, SiPhstill has the edge due to its

potential integration capability with electronic control, as such this research work

focuses on it, in particular Silicon On Insulator (SOI) fabrication technology. In

SOI the device substrate is composed of a layered silicon-insulator-silicon structure,

which ensures strong optical con�nement due to the high index contrast between

the Si layer and the insulator (typically SiO2). Although the design process and

simulations of the devices throughout this thesis can be generalized to an adjacent

platform, the default assumption considersSOI Si/SiO2 fabrication. This is done

both because of the reasonable low losses seen in the optical window near the C-Band

(l = 1:55µm) compared to theSiN alternative, while offering a more compact de-

sign. While Si/SiO2 has higher propagation losses thenSiN, the weaker con�nement

of SiN leads to a much larger footprint, for example in the case of waveguide bends
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Fig. 1.4 Generic PIC layout showcasing basic waveguide devices (Resonator, Couplers, etc.)
and the active components (Lasers, photodiodes).[7]

where low-loss structures required bends with radii orders of magnitude larger then

the standard SOI equivalent .

Further details aboutSOI components footprint and design is reported in Chapter

2, which offers a in-depth look at the standard integrated devices and the adopted

methodology and assumption in modelling and simulating the SiPh chips.

1.4 Outline

The thesis will be divided into four main chapters, each one focusing on a differ-

ent abstraction and application level, starting from a review of the materials and

underlying technological platform in Chapter 2, to a detailed design example for a

novel �ltering grating structure in Chapter 3. Chapter 4 will highlight the bottom-up

design and characterization of a multi-bandWSS, while Chapter 5 will showcase

how effective modelling has been used to createSDN compatible Machine Learn-

ing (ML) based prediction models for the transmission impairment introduced by

Beneš switching topologies. The structure re�ect the bottom-up design paradigm

utilized throughout the research activity, starting from the lowest device and phys-

ical layer with the waveguide geometry optimization, up to the abstraction of the

penalty needed for large scale implementations where rigorous physics simulations

are not computationally-ef�cient or too time consuming to allow complete device

characterization.
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1.4.1 SiPh review and adopted methodologies

This chapter will go into the details of the chosenSiPhplatform, with a focus on

SOI for application close to the C-band optical window. The chapter will present the

main functional building blocks available inPIC design, starting from the passive

routing waveguide structures, such as bends and crossings, up to the functional

elements such as the main classes and principles of operation for �lters and switches.

The main physical effects to dynamically recon�gure the device responses will

also be presented, together with the underlying simulation models and solvers used

throughout the research.

1.4.2 Device: bandwidth �exible GACDC

The third chapter will focus on the design and analysis of a novel device based on a

class of components called Grating-Assisted Contra Directional Couplers (GACDC).

The results will showcase how grating and wavelength engineering can lead to high-

ef�ciency devices for add-drop multiplexing and demultiplexing, while also enabling

bandwidth �exibility and dynamic channel allocation. Through the study of this class

of devices the capabilities ofPIC for next-generation routing and signal processing

will be made evident, also highlighting an innovative non-volatile dynamic control

method which is emerging in today's SiPh applications.

1.4.3 Architecture: modular multi-band WSS

The fourth chapter will highlight a novel modularWSSarchitecture designed for

multi-bandWDM deployment. The study focus on the development of ultra-wide

band components, capable of exploiting the residual �bre capacity in C-band adja-

cent windows. This not only highlights the advantage and future-proo�ng available

throughPIC solutions, but offers an insightful case-study in a larger footprint circuit

design, where multiple functional blocks can be deployed to deliver optimal perfor-

mances suited to the application at hands. The design and characterization of the

waveguide devices will be abstracted to a general scalable penalty model, which will

then be used to run transmission level simulations, assuming modern Digital Signal

Processing (DSP) transmitter and receiver techniques.
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1.4.4 Network: Beneš Switches automated characterization

Chapter �ve will continue up the model abstraction ladder, providing a complete

bottom-up approach to the design of optical multi-stage switching networks, which

represent one of the traditional switch topologies well established in electrical

communications. Similar to the analysis of the integratedWSSarchitecture, the

circuit will be simulated in aDSP-aware environment, extracting the performance

and transmission impairments. From these results a generic scalableML prediction

model will be trained, allowing time-ef�cient analysis of arbitrary size networks and

showcasing the power of the bottom-up vertical design paradigm.
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Silicon Photonic Integrated Circuits

SiPhrepresents the most promising platform for large scalePIC integration, es-

pecially taking into account its technological maturity with respect to the other

alternatives.

The mass production capability is fundamental in photonic integration, not only to

unlock the economy of scale, reducing the manufacturing cost, but also to allow the

widespread adoption of standardized processes for development ofPICs targeting

different �elds.

Although other platforms may offer advantages in performance for speci�c appli-

cation scenarios, in today's landscape photonic integration remain largely research-

driven, with limited commercial application. In light of this,SiPhis the clear front

running technology to lead the shift in paradigm, leveraging the maturity of standard

CMOS manufacturing while providing compatibility with the traditional electronic

devices, still required as controller or interfaces in many optical devices.

This is a clear advantage especially when considering applications outside trans-

parent optical communications, which represents a relatively small market fraction.

Similarly to electronics, where standardization allowed compact and cost-effective

circuit integration, leading to ubiquitous adoption in many �elds, standardized plat-

forms for photonic integration have the capabilities of ushering novel applications,

like optical computing, biomedical, quantum information, and many more [8, 9].

While different materials and compatible manufacturing processes can be included

inside theSiPhecosystem, at its core the main framework is represented by Silicon-

on-Insulator (SOI). SOIis a fabrication technology for silicon semiconductor devices

that uses a layered silicon-insulator-silicon substrate instead of traditional bulk sil-
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icon. The main advantage of the process, in electronic device manufacturing, is

linked to the mitigation of several parasitic and crosstalk effects, such as reducing

substrate parasitic capacitance, leakage currents, thermal crosstalk, and, in general,

allowing higher integration density due to these improvements. While some of the

effects and enhancements are also relevant in optical devices, the insulation layer

is a requirement to implementPIC, as light propagation require refractive index

contrast, which allows con�nement of the light in the silicon layer and the creation

of waveguides.

While the insulation layer can be made from different materials, such as sapphire

(Al2O3), Silicon Nitride (Si3N4), or other dielectrics, the most common choice due

to both high index contrast and ease of manufacturing is silicon dioxide (SiO2): other

materials may be useful for speci�c tailored applications while silica represents the

standard solution.

2.1 Waveguides geometry

Waveguides represent the fundamental technology for light con�nement inPIC, and

are the basic structure used to implement devices as well as routing the optical �elds.

Their operating principle is based on introducing total internal re�ection through

refractive index contrast: by engineering the geometry and material discontinuity,

the �eld can be con�ned and propagated through the desired paths.

As previously stated, inSOI platforms the light con�nement is enabled by the

insulator layer dividing the silicon substrate from the top layer: this is typically

achieved by creating a buried oxide layer (SiO2), as depicted in Fig. 2.1a.

(a) SOI wafer layer stack. (b) Example of waveguide structures based on Silicon geometry.

Fig. 2.1 SOI most common platform (Si/SiO2) structure and waveguide geometries.
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The Si/SiO2 interface introduce strong optical con�nement due to the large refractive

index difference (nSi � 3:48, nSiO2 � 1:44; at l = 1:55µm), which guides the light

in the top Si section. For typical infrared applications, which include the main

telecommunication transmission windows, the thickness of this layer is kept between

100nm to 500nm, while the oxide layer is much larger, from 2µm to 3µm.

This represents the starting point inPICs manufacturing, which require two dimen-

sional con�nement in order to guide light propagation: the layer stack at this point

still introduces only one-dimensional index contrast.

The following step is the creation of the waveguide structures, which can take differ-

ent geometries depending on the target application. The most common structures are

depicted in Fig. 2.1b, highlighting the different methods used to guide the propagat-

ing �eld.

The waveguide geometries are obtained through the use of standard lithographic

processes, where a photoresist layer is used to imprint the desired patten, followed

by etching, which removes the excess material, leaving the designed waveguide

structures. The structure is then typically covered by a SiO2 cladding, which protects

the waveguide layer from mechanical and environmental hazards.

Of course, this only focuses on the waveguide layer, whereas in reality the manufac-

turing process can be much more complex, with alternating etching and/or deposition

phases used to de�ne additional layer features, from the doping regions needed in

active components to the metallic contacts and routing layers to pilot and control the

device. Each of these steps can be accomplished through multiple processes, such as

ion implantation and annealing for doping, or deposition for either metallization or

additional custom material layers: nonetheless, the basic photoresist-etching process

for the waveguide de�nition remains functionally identical.

As shown in Fig. 2.1, the most basic waveguide can be realized through a silicon

strip, while more complex geometries such as the ridge and the slot can also be

obtained. The cross section of the waveguide together with the size de�nes its

propagation properties, from the modal distribution of the �eld up to the losses and

dispersion properties.

Modes are electromagnetic �eld pro�les that propagate through the waveguide

without changing their distribution and represent the stable �eld patterns that can be

guided by the structure.
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Electromagnetic modes are speci�c �eld con�gurations that satisfy Maxwell's

equations together with the waveguide boundary conditions. Each mode is character-

ized by its spatial �eld distribution and its propagation constant, which determine

how the electromagnetic wave propagates along the waveguide.

Modes are typically classi�ed according to the orientation of the electric and

magnetic �eld components relative to the direction of propagation (commonly taken

as thez-axis). The main mode types are as follows:

• Transverse Electromagnetic (TEM) Modes: Both the electric �eld (E) and the

magnetic �eld (H) are entirely transverse to the direction of propagation, that

is, Ez = 0 andHz = 0. These modes require at least two conductors (such as

in coaxial cables) and do not occur in single-core dielectric waveguides.

• Transverse Electric (TE) Modes: The electric �eld does not have a longitu-

dinal component (Ez = 0), while the magnetic �eld may have a longitudinal

component (Hz 6= 0). These modes are supported in dielectric waveguides and

exhibit electric �eld vectors that lie entirely in the transverse plane.

• Transverse Magnetic (TM) Modes: The magnetic �eld does not have a longi-

tudinal component (Hz = 0), while the electric �eld may have a longitudinal

component (Ez 6= 0). In these modes, the magnetic �eld is con�ned to the

transverse plane.

• Hybrid Modes (HE and EH): BothEz 6= 0 andHz 6= 0; that is, both electric

and magnetic �elds have longitudinal components. These modes arise nat-

urally in dielectric waveguides (e.g., optical �bers) due to the absence of

perfect electrical conductors and the vectorial nature of Maxwell's equations

in inhomogeneous media.

Each mode has a distinct cutoff condition and �eld pattern, and only certain

modes are allowed to propagate at a given frequency, depending on the geometry of

the waveguide and the refractive index pro�le.

TE and TM modes exist in dielectric waveguides with suf�cient symmetry, such

as planar slab waveguides. For the dielectric waveguides shown in Fig. 2.1, due to

the con�nement of the �eld introduced in two directions, the TE and TM modes are

de�ned based on the dominant �eld component relative to the vertical axis, under

the assumption of approximate symmetry and modal con�nement.
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• TE Modes:

A mode is referred to asTE-likeif the dominant electric �eld component is

polarized parallel to the top surface of the waveguide, that is, in the lateral di-

rection (typically thex-axis in the horizontal plane of the ridge). The dominant

electric �eld component isEx, while the magnetic �eld may have signi�cant

Hy andHz components.

• TM Modes:

A mode is referred to asTM-like if the dominant electric �eld component

is polarized perpendicular to the top surface of the ridge, i.e., in the vertical

direction (typically they-axis). The dominant electric �eld component isEy,

while the magnetic �eld may have signi�cantHx andHz components.

In PIC, and in optical communications in general, most devices are optimized con-

sidering single-mode TE/TM �eld distribution: this is done for several reasons, from

higher performance to compatibility with traditional single-mode optical �bers. The

fundamental mode experiences higher con�nement in the waveguide core, leading

to lower losses, while also being the least affected by non-linearity and dispersion

effects; moreover, single-mode devices are not affected by any modal interference or

undesired mode conversion during propagation, which risk increasing the effects of

dispersion.

The effect of the modal pro�le on the propagation properties can be seen by compar-

ing the fundamental TE mode for a standard single-mode strip waveguide (Fig. 2.2a),

against the next TE mode (Fig. 2.2b), which is supported when the width of the

waveguide is increased. It is clear how the �eld distribution in the higher mode has

increased sensitivity to manufacturing errors, due to the power density con�nement

closer to the side of the waveguide, with respect to the fundamental mode which is

(a) Strip waveguide TE0 Mode.(b) Strip waveguide TE1 Mode.(c) Ridge waveguide TE0 Mode.

Fig. 2.2 First TE mode (Fundamental) for two common SOI waveguide structures.
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instead con�ned in the center of the structure.

In a similar manner, different waveguide geometries may provide advantages for

speci�c applications, in�uencing some of the propagation parameters. In Fig. 2.2c

the fundamental TE mode is depicted for a ridge waveguide, highlighting the change

in lateral con�nement. In this case, the additional layer helps mitigate the effect of

sidewall roughness, while spreading the power both in the Si slab and in the SiO2

substrate. This may be advantageous from a manufacturing stand-point as well as to

reduce the polarization-dependent losses, while at the same time increasing the bend

losses due to weaker con�nement.

Each waveguide geometry offers both advantages and disadvantages, with the opti-

mal choice being application-speci�c: the strip waveguide can be seen as the basic

general-purpose solution, balancing the losses, density of integration, and uncertainty

sensitivity. Slot waveguides can be useful to enhance electro-optics effects as well as

for sensing or non-linear optic applications[10], albeit dif�cult to manufacture and

lossy, while Sub-Wavelength Grating (SWG) based structures [11] offer low losses,

tailored dispersion and propagation properties, while exhibiting complex fabrication

and high misalignment sensitivity.

2.2 Passive routing structures

The advantage ofPICs is the possibility of integrating a large number of components

on the same chip, which allows the integration of complex functionalities. The inputs

from either �ber couplers of laser sources must be routed throughout the circuits,

which usually lead to non-trivial interconnect structures, with the three main features

being waveguide bends, tapers, and crossings. These three classes of components

represent the fundamental passive structures required to interconnect the functional

blocks, as well as the input/output ports, and are also critical in managing the extra

losses in the chip.

Due to the nature of electromagnetic propagation and the aforementioned modal

distribution, any variation in cross-section of the waveguide may lead to power losses,

as well as increasing dispersive effects, as such proper optimization is required to

keep signal loss to a minimum.
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Waveguide bends are necessary to allow high density of integration and optimal

circuit layout, as well as in resonance-based devices shown later in the chapter, but

can occupy large footprints to ensure minimal �eld scattering. Reduction of the

bending radius leads to an increase in insertion losses, which can be minimized

with proper waveguide engineering. The �rst step is to increase modal con�nement,

either through high index contrast, as discussed in theSOIplatform comparison, or

through waveguide cross-section geometry: higher power density in the core of the

waveguide leads to lower side-wall scattering. The second step is the optimization

of the curvature pro�le, which can drastically reduce the losses by mitigating the

radiation losses: different curves can be considered instead of the traditional circular

bend, with different loss/complexity trade-off.

However, curvature optimization cannot overcome the intrinsic limitation of the

technological or waveguide platform, considering for example the Si/SiO2 versus

SiN discussed in the introduction: while both platform can be optimized [12], almost

an order of magnitude separates the two technologies, with90degreebend losses

L = 0:012dB; R= 2µmon Si againstL = 0:01dB; R= 20µmon SiN. More ad-

vanced design techniques can be also deployed, such as inverse-design [13], leading

to further optimization of the losses and reduction of the footprint.

Overall in current dayPIC reasonable �gure of merit for the Si/SiO2 bend radius is

R� 5µmwhich balances the trade-off between the loss and the design complexity

and reliability. Unless otherwise stated this value is assumed as default for the

devices proposed in the later chapters, when evaluating the interconnect losses and

the scalability of the PIC architectures.

Similarly to waveguide bends, another frequent cause of optical losses inPIC is

modal mismatch, which occurs when rapid cross-sectional discontinuities are present.

As previously shown, different waveguide geometries may support different modes,

as such, to both ensure single-mode operation and to avoid scattering, tapering

structures are usually engineering between the discontinuities.

Tapers refer to any structure in which width, height, or in general refractive index,

varies along the longitudinal direction, allowing for an adiabatical transformation of

the mode during propagation. The transition is done gradually to avoid losses, back

re�ections, or additional scattering, and can also be used to transition between the

waveguide classes shown previously. While in principle tapers can be used also to

excite higher modes and transition to multi-modal structure, or rotate the polarization
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Fig. 2.3 Example of the effect of a taper in the �eld distribution of a waveguide crossing.

by modifying the waveguide aspect ration, in most single mode devices their purpose

is to limit the losses while guiding the fundamental mode.

An application of tapers in passive waveguide routing is for crossings, which play

a critical role in the scalability of switching devices. With a growing number of

elements on aPIC, many standard switching architectures cannot be designed as

topologically planar, which means that the interconnects between different parts of

the circuit are bound to cross over one another. This is not a critical blocking, as

the electromagnetic �eld keeps propagating along its main direction, albeit severe

scattering and extra losses may occur.

While some technological platform allow multi-level crossings [14], eliminating this

issue, the most common manufacturing services only offer a single Si layer, which

requires further optimization of all crossing instances.

The example shown in Fig. 2.3 highlights the main scattering effect in a orthogonal

waveguide crossing, assuming a standard strip waveguide con�guration. Due to the

rapid transition in cross-section between the single mode waveguide and the overlap

region, the mode starts to expand spatially, which leads to an abrupt discontinuity af-

ter the crossing, leading to scattering in the oxide layer. Through the use of quadratic

tapers on both sides of the crossing, the �eld distribution can be slowly re-squeezed

back to its original modal pro�le, limiting losses.

The magnitude of this effect is shown in Fig. 2.4, depicting the unoptimized case,

and Fig. 2.5, which instead depicts an optimized quadratic tapering structure. The

circuit has been simulated using the Finite Difference Time Domain (FDTD) model
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(a) Circuit representation. (b) Simulated response of the crosstalk and losses.

Fig. 2.4 Unoptimized 90� Waveguide crossing.

(a) Circuit representation. (b) Simulated response of the crosstalk and losses.

Fig. 2.5 Tapered 90� Waveguide crossing.

in the Synopsys RSoft Photonic Design Suite [15], which allows quantitative charac-

terization of scattering losses and back re�ections. The results (Fig. 2.4b, Fig. 2.5b)

are reported for a standard Si/SiO2 strip geometry, with waveguide width w=500nm

and height h=220nm. Transmission improvements are clear when comparing the

quadratic taper response with the straight crossing: not only is the insertion loss

reduced, fromL = � 1:05dBto L = � 0:26dB, but also the backward re�ection is

minimized, from the noticeable effect in the untapered caseR= � 13dBto less than

R= � 35dB with optimized tapers.

This example does not represent the absolute optimal crossing structure, as many

advanced tapered pro�les have been investigated to yield ultralow loss and wide

band crossing structures, with inverse design and sub-wavelength engineering being

used to discover exotic solutions [16], lowering the losses toL = � 0:03dBover the
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main optical transmission windows.

While these losses may seem negligible, especially in the optimized case, their effect

cannot be ignored, due to their high number in large-scale integrated structures: their

effect on routing penalties will be further explored in Chapter 4 and Chapter 5, see-

ing their effect in wavelength selective switching (WSS) and multi-stage switching

topologies.

2.3 Filtering and Switching Structures

Having discussed the main passive routing structures, the next step involves the

de�nition of the functional devices that can be implemented to distribute power, �lter

frequencies, or switch signals inside PICs.

This includes the main classes of coupling/splitting structures and principles used

to implement the fundamental block for switching and �ltering, which can then be

combined to generate complex functional circuits.

While the previous section de�nes the interconnect structures used inPIC as passive

routing elements, it is important to clarify the terminology standard adopted here,

with passive components referring to the waveguide structures used to route the

signal without carrying out any functional operation, such as �ltering, switching

or converting the optical power. The traditional terminology refers to passive com-

ponents as any structure directing light in the circuits, while active components

represent instead all devices that can sense, amplify, or generate light, such as pho-

todetectors and lasers. Due to the focus of this work on routing structures, the

term passive will henceforth be used to refer to the interconnecting part, with active

components referred to any circuit block which can be dynamically tuned through

the use of thermo-optics, electro-optics, or other control mechanisms, to introduce

PIC functionality.

2.3.1 Couplers

The �rst class of components necessary to construct integrated switches is repre-

sented by the couplers, which are the base functional block to redistribute, combine,

and split optical signals.

Optical couplers are necessary whenever power must be transferred between waveg-
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(a) Y-junction. (b) Directional Coupler. (c) Multi-Mode Interference

Fig. 2.6 Three alternative solutions to implement a3 dB splitter, highlighting the �eld
distribution.

uides and are implemented in multiple ways by leveraging different physical phenom-

ena. An important concept to understand, which applies to all the passive waveguide

structures discussed, is optical reciprocity, which states that forward and backward

propagation of the light through the device must experience the same optical trans-

mission characteristics. This concept allows each device to operate interchangeably

as splitter, combiner, and variable couplers, depending on the reference port, but

also poses limitations regarding the losses of signal combiners, which becomes clear

when observing the behavior of a simple waveguide Y-junction.

Different examples of coupling structures are presented in Fig. 2.6, highlighting

the three main types of signal couplers in a 1×23 dB(50-50) coupler con�guration.

The simplest way to evenly divide the �eld is represented by the Y-junction depicted

in Fig. 2.6a: in this case the propagating �eld is spatially divided by the junction,

leading to half the �eld in each of the output branches. This method is the easiest

to implement, but also suffers from severe limitations, such as the splitting ratio,

which is �xed at 3 dB for the symmetric design, as well as the lack of dynamic

tunability and high losses. As stated previously, due to the reciprocity of the device,

recombination in the Y junctions leads to3 dBadditional losses when used as 2×1

combiner, with each incoming signal losing half of its input power. This is true even
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(a) Waveguide geometry highlighting the
propagating direction.

(b) Coupling coef�cient as a function of coupling
length (z) and waveguide separation (Gap).

Fig. 2.7 Generic directional waveguide coupling structure.

in an ideal lossless case, as it represents an inherent property of electromagnetic �eld

propagation. As a consequence, Y-junctions are typically used in power splitting and

not as combiners, nor for dynamic coupling, where other solutions are preferred.

The second solution shown in Fig. 2.6b showcases one of the most common waveg-

uide coupling structure: the Directional Coupler (DC). DCs leverage the evanescent

�eld propagating outside the waveguide core to transfer power between adjacent

guiding structures.DCs also have two input ports, instead of the single one present

in Y-junctions, which allows application in more complex switching and �ltering

structures, rather than only for power splitting.

By engineering the coupling gap and length, different power ratios can be obtained,

as depicted in Fig. 2.7, allowing for a �exible and compact design. The S-matrix

representation of such elements and in general of 2×2 couplers is reported in Eq 2.1,

assuming constant transmission and coupling coef�cients (k andt)
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; jk 2 + t2j= 1 (2.1)

Aside from the simple modelling, in real devices the periodic exchange of power

along the propagating direction is frequency dependent, allowing applications in

WDM systems, albeit limiting their functionality as spectrally-�at broadband devices.

Directional couplers are also strongly affected by manufacturing uncertainty, as even

small variations in the gap width severely affect the splitting ratio. Another potential
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drawback is their intrinsic limitation to four-ports, which cannot be overcome without

cascading multiple devices, increasing footprint similarly to Y-junctions.

Another well-established class of devices, which overcome some of these limitations,

is represented by Multi Mode Interference (MMI ) couplers, depicted in Fig. 2.6c

in the same3 dB splitter con�guration. MMI devices use the principle of self-

imaging in a multimode waveguide to split or combine optical signals, leveraging

the constructive and destructive interference of the propagating modes to obtain the

desired �eld distribution[17]. Although introducing higher losses with respect to

DC due to modal scattering, and possibly a larger footprint when deployed in higher

order con�gurations,MMI couplers have the advantage of being scalable to arbitrary

N×M port counts without requiring cascaded setups.

They are also more suited to broadband applications, as their coupling mechanism

does not relies on phase-matching, like inDC evanescent �eld coupling, but on mode

self-imaging, which has weaker wavelength dependence.

Waveguide junctions,DC, andMMI represent the three main examples of cou-

plers based on their underlying physical principle, with space-, phase- and mode-

based power routing. Other devices based on these principles exist, such as Echelle

gratings [18], Arrayed Waveguide Gratings [19], and many form of grating/SWG-

based con�gurations, which are typically used in more complex applications, where

frequency demultiplexing (MUX/DEMUX) is desired: these solutions leverage free-

space propagation, interference and/or selective mode coupling to �lterWDM combs,

as such they hardly �t in the same class ofDC andMMI , due to their multi-functional

operation. Another class of wavelength-selective couplers, called Grating Assisted

Contra-Directional Coupler (GACDC), will instead be discussed in detail in Chapter

3, showcasing the design optimization and application of such devices in modern

photonic systems.

2.3.2 Interferometers

Another class of fundamental building blocks inPIC is the Mach Zehnder Interfer-

ometer (MZI), which represents a traditional switching solution together with Micro

Ring Resonator (MRR). MZIs, as their name implies, are devices that utilize interfer-

ence to manipulate light propagation, which can be controlled through thermo-optic

or electro-optic means. The typical setup for a 1×2 element is depicted in Fig. 2.8a:

MZIs work by splitting the input signal on two different arms, leveraging the path,
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(a) Generic circuit representation.
(b) Bar state frequency response for a C-band
design.

Fig. 2.8 1×2 MZI-based switch.

or phase difference, to precisely control the signal recombination at the output.

By dynamically controlling the phase shift between the two arms,MZI devices

can be used as broadband crossbar switches. The crossbar switches are ideal

2×2 Optical Switching Element (OSE) which can either propagate the input signal

through (Bar state:[I1 ; I2] ! [O1 ; O2]) or swap their output direction (Cross state:

[I1 ; I2] ! [O2 ; O1]).

The frequency response for a C-band designedMZI is depicted Fig. 2.8b, in

its Bar routing state. In this example the device usesDC to implement the3dB

coupling regions, as such it exhibits default cross-response, due to theDf = p=2

introduced in the evanescent coupled �eld by eachDC. When, instead, a phase

shift DF = p is applied between the arms, the device operates in the Bar state,

with the coupled signal constructively interfering within the output coupling re-

gion. As shown, the device is characterized by a broadband through response, with

high extinction ratio for the central channels (ER< 30dB), which makes it ideal

for frequency-independent switching, against resonance-based solutions, which are

more effective for wavelength selection. Although the example utilizesDC, the

coupling regions can be implemented through other structures such asMMI , which

leads to broader switching bandwidths. Although in their straightforward implemen-

tationMZI seem more suited toward frequency-independent applications, as well

as inherently limited to 2×2 sizes, interference-based switching can be generalized

to multi-port structures [20] as well asWDM multiplexing applications, without

necessarily requiring cascaded design.

A typical example of such implementations is the aforementioned Arrayed Waveg-
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!b

Fig. 2.9 Circuit block representation of a AWG structure.[21]

uide Grating (AWG) [22], which represents one of the key components inWDM

and many frequency-selective applications.AWGs(Fig. 2.9) are interference based

devices which utilize path-length difference to multiplex/demultiplex signal combs.

The input signals traverse a free-space region, where the incoming light is evenly dis-

tributed across the interface with the waveguide section. The narrow waveguides of

this region are designed with a �xed length increment, leading to a gradual increase

in phase delay, which acts as a diffraction grating. The waveguides are then con-

nected to another free-space propagation region, where the accumulated phase delay,

together with the region geometry, leads to both spatially and frequency-dependent

interference, propagating the wavelengths towards the different output ports of the

device.

Although versatile and effective for �xed wavelength spacing and bandwidth,AWG

still present certain drawbacks, such as a large footprint, high losses in the free-space

region, and need for precise calibration, due to the sensitivity to phase mismatch.

These issues scale with the number of channels and target output ports, and while

AWG can be tuned to allow dynamic adjustment of the frequency comb [23], different

applications may bene�t from other types of optimized WSS architectures.

2.3.3 Resonators

After couplers are introduced, multiple new integrated structures can be designed,

starting from resonators, which represent one of the most common solutions to

design wavelength-selective systems.

In signal processing circuits, they are typically implemented by designing closed



2.3 Filtering and Switching Structures 25

waveguide loops, with the fundamental setup consisting of a waveguide ring coupled

to one or multiple external waveguides, referred to as MRR.

MRR are based on interference, whereas the signal propagating inside the ring

interferes constructively with itself based on the round-trip propagation through

the loop. In a single-ring con�guration this can be easily expressed through the

phase accumulated along the round-trip (Eq 2.2), which leads to resonance for each

wavelengthl r seeing a complete phase tripf = k� 2p (Eq 2.3).

F =
2p � neff � L

l
=

2p � neff � 2pR
l

(2.2)

k� 2p =
2p � neff � 2pR

l r
=) l r =

2p � neff � R
k

(2.3)

The round-trip resonance is the basic operating principle behind the entire class

of devices, allowing precise selection of the �ltering wavelength by sizing the ring

radius or the waveguide geometry, which modi�es the effective index. The spacing

between adjacent resonant wavelengths, called Free Spectral Range (FSR) can also

be designed by engineering the ring properties and can be expressed as a function of

the target resonance wavelength (Eq 2.4).
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This approximation is suitable under the assumption of a small spacing between

the resonance peaks, which is reasonable for realistic sizeMRR (R> 10µm) in the

optical communication windowsl � 1:55µm. This approximation also neglects

the spectral dispersion of the effective refractive index, while silicon is a dispersive

material, even though the effect is often negligible unless image channels are con-

sidered far away from the design center wavelength. The last element de�ning the

MRR response is the structure used to couple the �eld into the ring: the coupling

is traditionally achieved through the use ofDC, due to its gradual evanescent �eld

coupling mechanism, which also allows precise tailoring of the phase condition.

The simplestMRR �lter can be obtained by coupling two parallel waveguides to

a ring structure, as shown in Fig. 2.10a: the frequency response in Fig. 2.10b is
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(a) Waveguide structure. (b) Frequency response.

Fig. 2.10 1st order MRR add-drop �lter.

obtained considering symmetric couplers with coupling coef�cientk = 0:6, and ring

radiusR= 100µmto ensure resonance atl = 1:55µm, with FSR=100GHz, which

is compatible with modern telecommunicationsWDM standards. Observing this

response, it is immediately clear how the single, or �rst-order,MRR �lter is far from

an ideal element, introducing high losses in the through response, while at the same

time experiencing a low-roll off periodic �ltering response at the drop port. In order

to overcome these limitationsMRR can be arranged in higher-order con�gurations by

coupling together multiple rings, allowing the synthesis of steeper, or high Q-factor,

�lters. An example of this can be seen in Fig. 2.11, which depicts a second-order

�lter: in this con�guration the two rings are coupled together, increasing the resonant

effect. The additionalMRR adds a degree of freedom in the design in the form of

the intra-ring coupler. In the proposed example, the valuek2 = 0:45has been chosen

for the ring coupling, with the waveguide-to-ring coupling set tok1 = 0:78: these

values offer a good trade-off between insertion loss and channel roll-off, although

different combinations may be suited for speci�c applications.

In general even-orderedMRR con�gurations have also an additional topological

advantage as both input and output ports are oriented on the same side of the device:

while this does not affect a standalone device, in dense integration odd-orderMRR

�lters, such as the singleMRR, lead to an increased number of crossing devices, and

an overall more complex interconnect routing. In addition, even-order �lters can be

easily arranged in multistage con�gurations [24], which allows for the synthesis of
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(a) Waveguide structure. (b) Frequency response.

Fig. 2.11 2nd order MRR add-drop �lter.

extremely customizable �lters.

Another example of howMRR �lters can be optimized for higher extinction ratios

and roll-off is depicted in Fig. 2.12. Although this loop-back con�guration still

utilizes twoMRR, it is topologically different from the second-order case, due to

both its interconnection structure and the crossing element between the rings, which

is designed to ensure a phase shiftf = p
2 between the coupling regions of the two

rings.

The response of the device, obtained assuming a symmetric coupling coef�cient

k = 0:4, showcase almost negligible crosstalk, with sharper roll-off and higher

extinction ratios, compared to previous solutions. This case highlights the effect

of phase calibration in series/parallel coupledMRR systems [25], which can be

leveraged to precisely control the �eld interference and local resonance introduced

by individual rings.

Many more topologies and circuits can be designed starting from these principles

[26], albeit the example shown here represents the basic foundation to understand

the application ofMRR in signal �ltering and telecommunication signal switching:

MRR have also found many applications outside of routing, leveraging their non-

linear property to implement frequency comb generator [27], high-speed modulators

[28], as well as sensors [29].

Focusing on their switching application, one of the main drawbacks ofMRR is
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(a) Waveguide structure. (b) Frequency response.

Fig. 2.12 2nd order loop-back MRR add-drop �lter.

their high sensitivity to manufacturing defects, which modify the round-trip phase

condition, which can easily shift the resonant peaks of the experimental devices

with respect to their designed response. Like mostPICcomponents, they therefore

require active tuning to calibrate and realign their response: this can be achieved

through different techniques, which will be discussed in the following section, but

can all be generalized in terms of effective index modulation. Regardless of the

underlying physical principle, which changes the magnitude of the effect, most

control methods introduce a shift in refractive index, leading to a direct affect on

the phase and dispersion properties of the propagating �eld. In the case ofMRRs,

as depicted in Fig. 2.13, the increase in index introduces a blue shift in resonance,

which can be used not only for calibration, but also to achieve switching.

By detuning the resonance by half of theFSRthe passband and stopband of both

ports are inverted, leading to transparent transmission of the target channel toward

the through port. However, this type of switching is not suited toWDM propagation,

where a high number of adjacent channels are present, due to the periodicity of

MRRs response: the drop response cannot be directly turned off, leading to either

side-channels being �ltered from the input comb. Channel con�ict due to periodic

aliasing can be solved by changing the coupling mechanism, from the traditionalDC

to more frequency-selective coupling mechanisms, such as grating-based solutions
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(a) Drop response. (b) Through response.

Fig. 2.13 First order MRR response as a function of effective index shift.

[30]: by reducing the waveguide-to-ring coupling bandwidth, periodic side channels

are severely attenuated, limiting crosstalk and routing con�ict. While solving one

of the issues, this mechanism does not yet completely resolve the inherent lack

of toggleable broadband transparency inMRR-based �lters, which would require

additional dynamic control methods, such as coupling gap control achievable through

MEMS technologies [31]. As previously introducedMEMS, while promising in

terms of power consumption and losses, can suffer from mechanical misalignment

and experience a higher sensitivity to environmental factors, overall increasing the

complexity of the design and footprint.

This limitation of MRR index tuning, however, is not true in all cases, as �eld

interference may be exploited in more complex higher-order �lters: the next section

showcases an application of such mechanism to introduce toggleable transparency in

multi-stage ladder �lters.

2.4 Device design: toggleable transparent MRR �lter

SimpleMRR structures are not ideal for highly selective applications, such as Dense

Wavelength Division Multiplexing (DWDM), while higher orderMRR �lter are

more suited to synthesize steep and highly selective frequency responses. Increasing

the degree of freedom of the design, such solutions are potentially affected by a high

sensitivity to manufacturing uncertainty, since the variance of radius and waveguide

width in eachMRR can lead to detuning of the resonance response. As such, these
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�lters usually require dynamic and independent control of each ring, allowing the

calibration and compensation of the manufacturing non-idealities. In this example a

novel control method is proposed, compatible with the pre-existing calibration setup,

which allows to switch off the response, introducing cross-bar tunability inMRR

systems.

2.4.1 MRR ladder �lters and tuning scheme

The transparent tuning mechanism has been observed in multi-stage ladder cascaded

MRR �lters, such as the four-ring structure depicted in Fig. 2.14a: in this topology

multiple coupled rings stages are connected through two common waveguides, which

can be designed to introduce a �xed phase shift between the two arms, similar to

interferometer-based devices.

The structure under analysis consists of a four-ring �lter, with theMRRs arranged in

two stages connected through two waveguides introducing ap-shifted delay between

the top and bottom signals. [24].

These types of higher-order structure are typically deployed to synthesize more

complex and selective �lters, as the additional degrees of freedom can be used to

precisely tailor the zero and poles of the system. However, these structures suffer

from diminishing returns, as the additional roll-off, selectivity, and �exibility comes

at a steep increase in tuning complexity, footprint, and loss.

The device under analysis has been modeled analytically based on the ring length and

the coupling coef�cients describing the ring-to-ring and waveguide-to-ring behavior:

asymmetry between the rings can be simulated, albeit it is not bene�cial in the

envisioned �at-top �ltering scenario, as such has not been considered.

Assuming operation in the C band (l = 1:55µm), theMRRs radii have been set to

f R= 15µm(considering standard Si/SiO2 integration) with coupling coef�cients

k11 = k13 = 0:8; k12 = 0:1; k21 = k23 = 0:3; k22 = 0:2. Under these parameters,

the resulting �lter showcases an extinction ratio of30dB, with a �at-top, high roll-off

central channel response (Fig. 2.14b). The device has been simulated through the use

of the Synopsys Optsim suite, which allows for the representation of each functional

element, such as waveguides, couplers, and phase shifters/delay lines, through a

circuit-like model.

As previously introduced,MRR-based devices require active calibration due to

their high sensitivity to manufacturing uncertainty, which makes cascaded devices
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(a) Block representation of the device. (b) Calibrated frequency response.

Fig. 2.14 Two stage ladder MRR �lter.

(a) Optsim Circuit Model

(b) Frequency response shift for asym-
metric index modulation

(c) Output spectrum for the transparent
toggled state

Fig. 2.15 Simulation model and effect of the proposed tunability scheme on the response of
the device.
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especially susceptible to misalignment of multiple resonant peaks. The tunable con-

trol of theMRR round-trip has been modeled in the circuit as a variable phase-shift

(Fig. 2.15a), which can be controlled to mirror the active calibration available in

manufactured devices.

The necessity for active tuning holds even in cases where uncertainty-aware design

[32], or data-drive methods [33] can be deployed to mitigate theMRR asymmetry,

where �ner alignment can still be bene�cial to �ne-tuning, as well as to enable

dynamic control of the resulting resonant channel.

While dynamic tuning is traditionally achieved through thermo-optic means, in the

simulated model it has been implemented through generic index, or phase, modula-

tion, maintaining generality with respect to all available control methods.

In these devices, assuming proper MRR calibration, a uniform shift can be used

to alter the channel central wavelength, allowing dynamic tuning of the �ltered

spectrum. By introducing, instead, an asymmetric shift in the different stages of the

�lters, a signi�cant shift can be observed in the response, leading to the proposed

transparent, or off-resonant, state: by introducing ap-shift between in either �rst

and fourth, or second and third, MRR, the misalignment of the resonant peaks can

be leveraged to turn off the �lter response (Fig. 2.15b). This is traditionally not

available inMRR structure, with the tuning being limited to the aforementioned

channel alignment.

The mechanism behind this phenomenon can be explained by the destructing inter-

ference caused by the shift introduces, which compensated the phase-shift difference

between the signal propagated through the �rst stage and the resonant frequencies

traveling through the ring structure. Once the exact phase shift is reached, the drop

response of the device is turned off, as depicted in Fig. 2.15c, with only residual

crosstalk present at the drop port, and additional insertion losses present at the

through output.

2.4.2 Experimental validation

To test the feasibility of this transparent "off-resonant" state, a two-stage device has

been synthesized through the iPronics Smartlight programmable optical processor.

The Smartlight is a programmable hexagonal mesh of Mach-Zehnder Interferometers

(MZIs)[34], which can be controlled as traditional cross-bar switches, adjustable

couplers, and delay lines, allowing the implementation of a wide range of equivalent
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(a) Programmed circuit on
the Smartlight photonic
processor.

(b) Measured drop frequency re-
sponse.

(c) Measured through frequency re-
sponse.

Fig. 2.16 Smartlight experimental setup and measured response for the default and toggled-
state.

photonic circuits.

The programmed mesh structure is depicted in Fig. 2.16a, with each hexagonal

section representing a tunable MZI: there, it is possible to observe components in

the CROSS state (black), in the BAR state (orange), in a custom coupling opera-

tion (green) and inactive (gray).The experiment uses an Erbium ASE source (HP

83438A), which is ampli�ed through an EDFA (Optigain Inc. 2000) and sent through

the programmed mesh after polarization alignment. The external ports of the mesh

are each connected to an independent �ber, which can be used bidirectionally to

input the signal and/or measure the output. Although the Smartlight is equipped with

photodetectors capable of measuring the output signal, the measurements have been

extracted through an external optical wave analyzer (Finisar 1500S), which allows

for higher resolution and broader bandwidth.

The measurements have been taken for the default "ON" state, after calibration and

phase compensation of the four MRRs, and for the proposed transparent "OFF" state,

programming the MZIs in the �rst and fourth MRR loops to introduce the required

additional (p) phase shift. The measured responses at the drop and through ports are

depicted in Fig. 2.16b and Fig. 2.16c respectively.

The �rst major discrepancy is represented by the channelFSRand bandwidth, which

is caused by the larger MRR radius synthesized in the programmable mesh. Due to

the length of the MZI cell,w which is aroundL � 900µm, the equivalent radius of

the loop, which requires six adjacent cells, is aroundR� 850µm.

The increase in length on its own should not affect the overall shape of the response,

which instead is not compatible with the simulations even for the default "On" case.
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(a) Drop response. (b) Through response.

Fig. 2.17 Simulated response of the �tted Optsim circuit depicting the response in the default
and the toggled state.

The disagreement between model and experiment is mainly caused by the additional

propagation losses, which are much higher than the ones initially considered. Even

compensating for the �ber-to-chip losses of the Smartlight, which do not affect the

signal recombination in the cascadedMRR loops, the critical effect is caused by

the extra losses of the programmable cells, which have been measured to be up to

(0:5dB). This severely affects the responses at both ports, albeit the drop one, shown

in (Fig. 2.16b), still showing the resonance compensation predicted in the original

simulation. The critical nature of the extra losses is clear instead when observing

the through response, depicted in Fig. 2.16c, which does not change signi�cantly

between the two states, aside from doubling its periodicity: while the resonance is

suppressed, the high losses limit the constructive signal recombination seen in the

simulation model.

This can be easily tested by �tting the original Optsim model with the propaga-

tion characteristics compatible with the ones seen in the Smartlight MZIs. This

has been depicted Fig. 2.17, where the simulation is shown to closely match the

experimental results. Although the losses in the Smartlight processor cannot be

modi�ed, the experimental measurements still show how resonance alignment to

toggle the transparent state can be reached through a traditional thermo-optic calibra-

tion setups. Moreover, considering optimal design of the MRRs, as well high-quality

manufacturing on low-loss silicon photonics platform [36, 35], the losses can be

drastically reduced in both Si/SiO2 and Si3N4 , minimizing the effect shown in the

experimental setup. Concerning Silicon integration, the losses have been shown to

reacha � 10 dBm� 1 for bend radii in the order of R=100 µm-1 mm. This value has
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(a) Drop Response. (b) Through Response.

Fig. 2.18 Simulated response of the low-loss Optsim circuit depicting the response in the
default and the toggled state..

been considered as the optimized propagation loss, leading to the result shown in

Fig. 2.18, which assume the same MRRs radii (R� 850µm): the response starts to

match the original simulation result, with an evident compensation of the resonance,

and extra losses in the rangeIL � � 3dB instead of the measuredIL � � 12dB.

This example has showcased how alternative control methods can be leveraged to

enhance the functionality of traditional integrated building blocks, such asMRRs.

Although this effect is heavily affected by round-trip losses seen in the experimental

hardware, the underlying principle still highlights how resonance compensation may

be leveraged to enhance the functionality of MRR devices.

2.5 Control techniques

Having discussed the mainPIC building blocks and their application, it is important

to understand what types of dynamic control methods are available in SOI, and in

particular the their magnitude in the Si/SiO2 platform: they can be divided mainly

between index modulation (Si),MEMS, andPCMs [37]. As previously highlighted,

both tuning and device switching traditionally rely on modulation of the waveguide

effective index, obtained by inducing a shift in the silicon refractive index. The

main control methods that allow such shift belong to either thermo-optic (TO) or

electro-optics (EO) effects.

As previously highlighted, spatial control over the waveguide position can be

achieved throughMEMS, which represent a more modern approach to dynamic
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device control.

Finally, in recent years, a novel class ofSiPhphase-change materials has emerged,

allowing control over optical propagation properties through modulation of their

crystalline structure.

2.5.1 Index modulation: thermo-optic and electro-optic effecs

The thermo-optic effect is the main control mechanism used to obtain large index

modulation inPIC devices, exploiting the relatively high thermo-optic coef�cient

present in Silicon, which corresponds todn
dT � 1:8� 10� 4K� 1. The thermal control

of the Si waveguides can be obtained through different techniques, starting from

integrating metallic micro-heating structures (tungsten or titanium alloys), up to

leveraging the silicon doping process to enhance its resistivity, applying the current

directly to the waveguide structure. These heaters can be engineered to have similar

ef�ciency, although with varying electrical properties [38]. Thermal control is

straightforward to implement and can deliver high index modulationDn although

it suffers from multiple drawbacks, starting from its high power consumption, the

slow switching time due to thermal propagation, and the inherent crosstalk between

adjacent components.

Electro-optic modulation, on the other hand, showcases lower power consumption

and faster switching times, albeit introducing different challenges, due to the higher

optical losses as well as larger required footprint.

EO control in silicon relies on the modulation of carrier concentration in the core

region of the waveguide, which corresponds to an index modulation coef�cient
dn
dV � 1 � 10� 4V� 1. Unfortunately silicon is a centrosymmetric material, and as

such the linear electro-optical Pockels effect is negligible, while also the non-linear

Kerr effect does not provide useful contribution. In general, the carrier effect is

smaller than the thermo-optic [39], which therefore requires a larger device footprint

to deliver the same phase modulation. Moreover, carrier concentration also affects

material absorption, leading to higher optical propagation losses.

2.5.2 Micro-Electro Mechanical Systems (MEMS)

As previously discussedMEMS are a challenging but promising solution forPICs

tuning and dynamic control. The main method used to dynamically pilot the de-
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vices is through drive-comb actuators, which allow the movement of the attached

waveguide structures. This requires special design, as the traditional Si on SiO2

structure cannot be dynamically moved, instead relying on suspended Si waveguides:

by etching the oxide below the silicon layer, the structures can be made �exible,

allowing spatial control of the waveguide position.

Although coupling control and spatial switching seem to be the straightforward

application of this technology, this kind ofMEMS can also be used to create phase

modulation [40], therefore allowing applications in most cases where traditional in-

dex modulation is required. Control propagation properties is achieved by designing

split waveguides, with one part attached to the drive-comb, which can be moved

closer to the other half to dynamically change the aspect ratio of the waveguide.

These types ofMEMS have been demonstrated to offer lower power consumption

with respect to TO/EO modulation and high reliability over a large number of switch-

ing cycles, with faster recon�guration times with respect to the thermal case. Their

main drawbacks remain the large footprint required to implement the actuators, as

well as the suspended waveguides, which lead to complex design procedures and

manufacturing. Although over the years these aspects have improved,MEMS are

still competing with other control methods, especially when considering large-scale

integration and miniaturization.

2.5.3 Phase-Change Materials (PCM)

In recent years, a novel class of materials has been investigated, named Phase-Change

Materials (PCM), which show promising results inSiPhapplications for non-volatile,

ultra-fast index modulation.

PCM are characterized by a large shift in optical properties between their lattice

con�gurations, which can be switched between thermally or optically. The materials

can be incrementally crystallized or reverted back to the amorphous state through

rapid quenching (Fig. 2.19a), which can be leveraged as a write/reset mechanism to

program photonic devices.

Due to their stability in either states,PCMrepresent a persistent non-volatile solution,

as power is only required to induce the phase transition, leading to extremely high

power ef�ciency. One of the �rst and most investigated materials in this class is

Germanium-Antimony-Tellurium (GST), which has historically been used in the

manufacturing of rewritable optical disks (RW-DVD) and has seen promising ap-
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(a) Mechanism behind PCM.
(b) Example of the shift in optical properties in
GST.

Fig. 2.19 PCM application for non-volatile refractive index modulation.

plications, especially in the emerging �eld of optical computing, as an enabling

technology for integrated photonic memories [41].

The optical properties ofGST are depicted in Fig. 2.19b for its amorphous and

crystalline state: the index shift between the two states corresponds toDneff � 2:6,

which is orders of magnitude higher than any alternative tuning method in silicon

[42].

By depositing aPCM layer on top of the waveguide, or embedding it inside the

core after etching, the index contrast can be tailored to the desired range, allowing

the phase control equivalent toDT � 103� C of thermo-optic modulation. Moreover

PCM transition is fast, allowing switching times in the ranget � 102 � 104ns, and

persistent, requiring power only during the programming or reset pulse.

Due to this propertiesPCM are heavily investigated as an enabling technology

for non-volatile, programmable, low-power photonics, surpassing the traditional

limitations of other control methods.

However,PCMs have yet to overcome severe challenges to compete commercially

against competing solutions, such as their reliability over multiple crystallization

cycles, manufacturing dif�culties and device lifespan.

Additionally, one drawback ofGSTand similar materials (Germanium-Antimony-

Selenium-Tellurium (GSST)) is their high absorption, which leads to increased

waveguide losses: this effect is desired in memory applications, but represents a

drawback in switching scenarios. More modern chalcogenide-basedPCM, have

been proposed due to their transparency in infrared communication windows. These

compounds, such as Antimony Triselenide (Sb2Se3), will be investigated in the
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following chapter, showcasing their application to grating-based add-drop devices.



Chapter 3

Non-volatile Bandwidth-adjustable

GACDC

Following the outline detailed in the introduction, the �rst design example starts

from the device layer, at the lowest abstraction level. This chapter focuses on a class

of coupling devices called Grating-Assisted Contra Directional Couplers (GACDC).

GACDCs are extremely versatile photonic devices that can implement a wide

variety of functions, ranging from re�ectors, mode and polarization multiplex-

ers/converters [43, 44], and frequency selective add-drop �lters. Their principle

of operation is based on Bragg gratings [45], which are used in conjunction with

an asymmetric two-waveguide system to achieve precise control of the modal evo-

lution and propagation of the electromagnetic �eld [46]. They traditionally �nd

application as WDM multiplexers / demultiplexers (MUX / DEMUX)[47], due to

their advantageous properties with respect to other competing integrated structures:

GACDCs can be used to synthesize �at-top, high-roll-off nonperiodic �lters [48],

which are suitable for WDM applications with high channel count requiring low

transmission penalties. In addition to their static response, GACDCs also display

an interesting and useful tunability property, as their3 dB bandwidth and central

channel wavelength can be dynamically controlled, compared to other alternative

solutions (such as MRRs and MZIs), allowing their deployment in scenarios requir-

ing �exible and elastic optical switches. Multiple different control methods can be

leveraged to control GACDCs, with thermo-optic tuning being the most common
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and straightforward method, while more novel approaches such as the use ofPCM,

may unlock even the grater tunability ranges and functionality.

3.1 Grating Assisted Contra-Directional Couplers

(a) Generic circuit representation
(b) Frequency response for a C-band
device implementation

Fig. 3.1 Four port GACDC-based add-drop �lter.

Contra Directional Couplers differ from traditional coupling structures as they rely

on the coupling mechanism between the forward and backward propagating �eld

of adjacent waveguides. This is typically achieved through the introduction of a

periodic perturbation in a two-waveguide system, whose asymmetric geometries are

designed to minimize co-directional coupling. These waveguides are characterized

by different effective mode indexes, as shown in Fig. 3.1a, and are spatially separated

to be intrinsically uncoupled. Through the introduction of a periodic perturbation

of the effective index along the propagating direction (grating structure), typically

achieved through modulation of the waveguides' width, frequency-selective coupling

can be introduced between forward and backward propagating modes of the input

and secondary waveguides.

They are referred to as "grating-assisted" as their main operating principle is based on

Braggs gratings [49], which act as a frequency-selective mirror distributed throughout

the length of the structure. The grating engineering and design can be used to

synthesize a wide variety of �ltering responses typically not available with traditional

co-directional structures based on evanescent �eld coupling with, such as multi-

channel �lters [50]. The frequency response depicted in Fig. 3.1b highlights the four

output signals present in GACDCs: intra-waveguide re�ection, contradirectional
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coupling, and directional coupling. The intrawaveguide re�ection, seen as the

input port, is caused by the Bragg grating of the input waveguide, which acts as a

distributed mirror, re�ecting part of the spectrum backward. The target channel of the

input signal is coupled to the backward-propagating �eld of the second waveguide,

and can be seen in the drop port response. The rest of the spectrum is instead routed

toward the through port, with a negligible amount of crosstalk present at the add port:

this parasitic effect is typically minimized by the asymmetric waveguide geometry

as well as the gap, leading to an extremely attenuated codirectional coupling. The

standard naming convention of the ports is also due to the reciprocity of the device, as

any signal sent through the add port experiences the same coupling effect, allowing

the port to be used to multiplex another signal in the same spectral range to be

multiplexed on the spectrum exiting toward the through port.

All the above-mentioned effects are in�uenced by the design of the intrinsic

waveguide geometry, as well as the periodic perturbation, which control the magni-

tude of the coupling coef�cients, as well as the main channel and backward re�ection

frequencies. The drop channel can be easily identi�ed by observing the phase-match

condition depicted in Fig. 3.2a Due to the waveguide asymmetry, the waveguide

modes propagate with different effective indices, with the grating enabling contra-

directional coupling only under the Bragg condition or phase-match condition: this

frequency is represented by the intersection between the Bragg grating pitchL , and

the average effective index of the unperturbed structure.

The coupling strength is, instead, dependent on the modal overlap between the

coupled modes supported by the two perturbed waveguides, which are represented

for a generic ridge waveguide geometry in Fig. 3.2b-Fig. 3.2c. Properly designed

GACDCs should minimized codirectional evanescent �eld coupling, with only the

grating region allowing modal overlap under the Bragg condition [51].

3.2 GACDC Design

The proposed analysis is targeted toward C-band WDM applications, exploring the

limits and ranges of the dynamic bandwidth tuning achievable in GACDCs. Due

to the rather varied application range, there is no univocal solution to tackle all

possible scenarios; as such, the analysis of the design techniques and principles will

be generalized to showcase the �exibility of GACDCs and offer insight into the
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(c) Second coupled mode of the
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Fig. 3.2 Example of the GACDC operation.

Fig. 3.3(a) Example of apodized pro�le and comparison of non-apodized device response
against gaussian and hyperbolic tangent apodized structure.(b) Effect of the antire�ection
phase shift, with highlight of the intrawaveguide re�ection minimization in the response.(c)
Example of a pitch-chirped device exhibiting three adjacent drop windows.

different strategies to optimize the performance.

As already introduced, these devices are characterized by a wide design space, as

both the waveguide geometry and grating structure can be engineered depending on

the desired response. Although more exotic applications, such as those affecting

polarization and modal conversion, as well as multichannel �ltering structures, may

bene�t from more advanced design techniques, some general rules and principles can

be highlighted for single-channel add-drop �ltering applications. These design rules

aim to reduce parasitic effects, improve the side-lobe suppression ratio and crosstalk,

as well as extend the bandwidth tunability. These general strategies are depicted

in Fig. 3.3 and can be summarized in three main categories: coupling apodization,

out-of-phase grating design, and pitch chirping.
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3.2.1 Apodization Control

These sidelobes are caused by the Fabry-Perot modes of the structures, leading

to crosstalk and reducing spectral ef�ciency. The parasitic effect can therefore be

mitigated by smoothing the transition to the high coupling region, either by avoiding

an abrupt change in the corrugation amplitude or engineering the phase mismatch

between the gratings on the two waveguides [52], leading to a gradual coupling of

the two main modes. These techniques reduce the re�ection at the transition points,

lessening the sidelobes and improving the density of integration. The example in

Fig. 3.3a highlights the effect on channel response for different apodization pro�les,

comparing the default response against the resulting channel using Gaussian or

hyperbolic tangent pro�les [53]. Both pro�les demonstrate a reduction in the side

lobes, with a reduction in the adjacent ripples ofP = 20� 30dB.

3.2.2 Antire�ection Out-of-Phase Design

Another parasitic effect, already described in the introduction to this class of devices,

is the intra-waveguide re�ection, which leads to a sharp re�ection peak, with the sig-

nal being routed backward toward the input port. Although this peak falls outside of

the target channel, thanks to the asymmetric waveguide design, it can still potentially

limit the application as �ltering structure for WDM, where the additional loss due to

back-propagation may not be compatible with the desired channel comb.

This effect can be mitigated by introducing ap-shift in the corrugations between the

two sides of the waveguide [54]. The offset between the gratings on the opposite side

of the waveguide introduces destructive interference in the re�ected �eld, eliminating

the peak as shown in Fig. 3.3b.

3.2.3 Index Modulation and Pitch-Chirping

Pitch chirping and other forms of longitudinal effective index modulations are useful

to enhance the target channel bandwidth, rather than to address a particular parasitic

effect. Traditional pitch chirping relies on varying the periodicity of the grating along

the length of the device to introduce multiple phase-match regions [55]. Although

this technique seems mainly useful to increase the maximum device bandwidth, it

also enhances dynamic bandwidth tunabilityDBW which can be achieved through
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external control, such as electro- or thermo-optical. The longitudinal variation of the

phase-match condition, dynamic or static, can be leveraged to multiple ends, ranging

from wide tunable �lters to multichannel wave-shapers (Fig. 3.3c) [56]-

3.3 Simulation Model

In this work, GACDC devices are mainly simulated by using a Coupled Mode Theory

(CMT) formulation, which is well known and widely adopted for modeling these

devices [49, 57]. The solver has been implemented in MATLAB and it enables

fast and computationally ef�cient characterization of the devices, offering a practi-

cal alternative to more resource-intensive numerical methods found in commercial

photonic simulation suites, such as Finite Difference Time Domain (FDTD) and

EigenMode Expansion (EME). Due to the typical length of GACDCs (from hundreds

of micrometers up to several millimeters) and the required high spatial resolution

required by the sub-micrometer corrugation pitch, the rigorous electromagnetic

simulations and �eld propagations are prohibitive. In contrast, the CMT model has

a drastically lower computational cost while preserving a high degree of accuracy,

provided proper �tting of the model parameters.

Within the CMT model, the physical geometry of the structure is abstracted into

effective indices, propagation constants, and coupling coef�cients, which can be

accurately extracted from the device geometry by rigorous numerical methods. In

our case, these parameters were obtained using the RSoft Photonic Design Suite

[15] as well as Ansys Lumerical, resulting in an optimized simulation work�ow:

static waveguide properties, geometry, materials, and refractive indices, can be

characterized through numerical simulations based on physics, while optical �elds

propagation is handled by the more computationally ef�cient CMT analytical model.

In the model, the �eldE(x;y;z) is expressed through the waveguides unperturbed

transverse modesE1; E2, each varying along the propagation direction as a func-

tion of the complex amplitude pro�lesA+ =� ; B+ =� . These quantities describe the

forward- (A+ ; B+ ) and backward-propagating (A� ; B� ) components of the two
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respective modes (A+ =� for E1, andB+ =� for E2) (Eq 3.2).

E(x;y;z) =
h
A+ (z)e� j b̂1z+ A� (z)ej b̂1z

i
E1(x;y) +

h
B+ (z)e� j b̂2z+ B� (z)ej b̂2z

i
E2(x;y)

(3.1)

De�ning the grating adjusted propagation constantsDb̂1;2, the re�ection coef�cients

(k11, k22) and the contra-directional coupling coef�cients (k12), the evolution of the

�eld pro�le can be described through the following equations (Eq 3.2). The prop-

agating constantsDb̂1;2 are used to represent the grating effect on the unperturbed

waveguides propagation constants, while the coef�cientsk are used to model the

evolution and �eld coupling between the two structures, as well as the forward- and

backward- propagating directions.

Db̂1;2 = b̂1;2 � p=L
dA+

dz = � jk11A� ej2Db̂1z � jk12B� ej(Db̂1+ Db̂2)z

dB+

dz = � jk12A� ej(Db̂1+ Db̂2)z � jk22B� ej2Db̂2z

dA�

dz = jk �
11A

+ e� j2Db̂1z+ jk �
12B

+ e� j(Db̂1+ Db̂2)z

dB�

dz = jk �
12A

+ e� j(Db̂1+ Db̂2)z+ jk �
22B

+ e� j2Db̂2z

(3.2)

The coupling coef�cients depend on the modal overlap in the corrugation regions,

which can be evaluated through the overlap integral reported in Eq 3.3, whereDe1 is

the �rst-order Fourier component of the periodic permittivity variation, representing

the effects of the grating region between the waveguides on the �eld coupling.

k11 =
w
4

ZZ
E�

1(x;y) � De1(x;y)E1(x;y)dxdy

k12 = k �
21 =

w
4

ZZ
E�

1(x;y) � De1(x;y)E2(x;y)dxdy

k22 =
w
4

ZZ
E�

2(x;y) � De1(x;y)E2(x;y)dxdy

(3.3)

The resulting GACDC can be modeled through the transfer matrix method (Eq

3.4), by expressing the �eld evolution as a function of the propagation lengthz:

the �eld is evaluated considering the effect of the transfer matrixC(z0;z1), which

represents any given section of the GACDC of lengthDz= z1 � z0 with constant

parameters, such as coupling coef�cients and propagation properties.

The propagation along the device, considering both the phase delays, internal re�ec-
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tion, and coupling is expressed through two complex matricesS1 andS2 (Eq 3.5),

which can be easily computed numerically, leading to a computationally ef�cient

simulation model.

The transfer matrix formulation also allows for the evaluation of GACDC with

non-constant propagation properties, as the device can be subdivided into multiple

regions with constant properties, multiplying the partial transfer function to obtain

the response of the overall device. As an example, apodized devices, which display

a varying coupling coef�cient along the length of the device, can be discretized into

multiple sections with differentk parameters, allowing easy characterization up to

the required degree of accuracy, while still maintaining computational ef�ciency:

this method allows non-uniform division of the device, as the outsize of the apodized

transition region, which may require multiple sections to avoid quantization errors,

the central section of the device can still be represented by a single matrixC(Dz).

E(z) =

2

6
6
6
4

A+ (z)

B+ (z)

A� (z)

B� (z)

3

7
7
7
5

E(z0) = C(z0;z1)E(z1) C(z0;z1) = eS1DzeS2Dz (3.4)

S1 =

2

6
6
6
4

jDb1 0 0 0

0 jDb2 0 0

0 0 � jDb1 0

0 0 0 � jDb2

3

7
7
7
5

; Db =
Db1 + Db2

2
(3.5)

S2 =

2

6
6
6
4

� jDb1 0 � jk11ej2Db1z1 � jk12ej2Dbz1

0 � jDb2 � jk12ej2Dbz1 � jk22ej2Db2z1

jk �
11e

� j2Db1z1 jk �
12e

� j2Dbz1 jDb1 0

jk �
12e

� j2Dbz1 jk �
22e

� j2Db2z1 0 jDb2
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3.3.1 Experimental validation

The Coupled Mode Theory (CMT) model has been implemented in MATLAB and

tested to assess limitations and inaccuracies with respect to more rigorous simulation

models, such as the Eigen-Mode Expansion (EME) and Finite Difference Time

Domain (FDTD) described before, which are available in the Ansys Lumerical

photonic simulation suite [58]. The response of simulated devices are comparable

between the different methods, with no signi�cant difference in term of central
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(a) SEM image of one of the
realized GACDC.

9
(b) Predicted response of using default and �tted CMT and EME, against
the experimental result.

Fig. 3.4 Models results against the measured experimental response, showcasing their
accuracy and �tting.

channel, and slight variation in bandwidth and ripples, with the CMT method shown

to be strongly favorable based on simulation time alone, with runtime of minutes

against hours (EME) and up to days (3D FDTD) obtained on standard workstations.

However, this comparative test does not validate the accuracy of the result, as

a physical benchmark is still required. Therefore, the different responses were

compared to the measurements on experimentally realized GACDCs, made through

the electron-beam lithography services offered by Applied NanoTools (ANT).

The responses of the fabricated devices have shown a systematicDl � 30 nm

blue shift, which has been attributed to manufacturing variations such as reduced

corrugation width and smoothing of the grating pro�le [59] (Fig. 3.4a). These effects

are taken into account in the �tted model by simulating the geometry manufactured

using EME, and adjusting the waveguide effective index and coupling coef�cients in

the CMT model Fig. 3.4b. Due toFDTD offering no clear advantage againstEME

in term of response accuracy, while drastically increasing computational cost, it has

been omitted from further comparison. Overall, both methods have been shown to

be compatible with the experimental measurement when manufacturing uncertainty

and limitations are taken into consideration, therefore the CMT model was used for

subsequent simulations, due to its greater �exibility.

The coupling and propagation parameters were calibrated through the geometric

simulations on the Lumerical platform, allowing a reasonable trade-off between

accuracy and simulation time.

After the validation of the passive simulation model, the next step is the evaluation

of the dynamic tuning method, which requires multiphysics thermal simulations.
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(a) (b) (c)

Fig. 3.5 Phase match condition curves highlighting the channel region.(a) Single phase-
match condition considering reference bias temperature and single pitch.(b) Effect of the
waveguides temperature.(c) Effect of the waveguides temperature and multiple grating
pitches.

3.3.2 Dynamic tunability: thermo-optic simulations

As previously stated, the main mechanism behind the tunability of GACDCs relies on

the control of the phase match condition, which can be achieved by either modifying

the periodicity of the gratings, or through modulation of the waveguides effective

indices.

While the dynamic control of the pitch is not feasible, on the contrary the index

modulation can be achieved through multiple techniques, which have been described

in the review of Chapter 2: in this analysis the focus will be on the thermo-optic

effects, due to it straightforward and wide-spread implementation in both research-

as well as commercial-level applications.

The principle of operation can be seen in Fig. 3.5, which depicts the phase-match

condition for multiple cases, starting from a single pitch, constant temperature device,

up to a multi-pitch device with multiple operating temperatures. Although a constant

thermal bias may be suited to change the operating central channel, these examples

show how a thermal gradient is necessary for dynamic bandwidth tunability, leverag-

ing multiple phase-match conditions to obtain the required output spectrum.

The CMT model can be modi�ed to account for the varying temperature simply

by using the silicon thermo-optic coef�cient (dn
dT ), and compensate the waveguide

index curve accordingly; it is important to evaluate the feasibility of the required

temperatures with the technology of choice, as well as the thermal crosstalk which

could disrupt the thermal gradient required for dynamic bandwidth tailoring.

The simulation of the heat dissipation and heater Joule effect requires a clearly

de�ned geometry, �tting the material properties, and simulation boundaries to real-
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(a) (b) (c)

Fig. 3.6 (a) ANT layer geometry used in the simulation.(b) Generic Structure of the
heater element.(c) Thermal gradient simulation (using a simpli�ed geometry to improve
readability).

istically model the device. These speci�cations were obtained following the layer

stack and material choices available at ANT (Fig. 3.6a), already used for the �tting

and manufacturing of the passive device.

In order to reduce the number of electrical contacts required, the microheater struc-

ture has been simulated considering a multi-contact spine geometry [60], running

the device length: on one side of the heater the contacts are used to �x the desired

voltage, while on the other side a common ground is used, halving the number of

eletrical pads required (Fig. 3.6b). A second advantage of such a structure is related

to the application of choice: due to the required monotone gradient in the structure,

the thermal crosstalk between adjacent segments of the heater allows one to smooth

the thermal distribution, avoiding abrupt temperature discontinuities. The resulting

structure behaves as a parallel resistor circuit, leveraging the current �ow toward the

least resistance path.

This heater structure and the layer stack were implemented in COMSOL Mul-

tiphysics, considering the microheater rib widthW = 3µm, thicknessh = 200nm

and contact spacingL = 40µm. The material has been �tted according to the data

provided by ANT, which uses a titanium tungsten (Ti/W) to implement the heating

structures: this alloy is characterized by bulk resistivityr = 0:61µWm, sheet resis-

tanceRs = 3:03W=sq, with a maximum current densityJmax= 70mAµm� 2. The

heat capacity was not provided but instead modeled based on the known composition

of the alloy (90% W, 10% Ti), usingCp173Jkg� 1K� 1 to �t the custom material for

simulation.
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In the simulation, the voltages have been applied direcly to the side contacts,

without simulating the electrical routing and contact pads present in an actual chip.

This ideal assumption is reasonable, as the routing material in the real device has

much lower resistivity (Rs = 0:14W=sq) as well as Joule effect, posing a relatively

negligible effect on the thermal distribution and does not alter signi�cantly the

required applied power. The simulation model was run considering the Electrical

Current and the Electromagnetic Heating modules, to model Joule heating, together

with the Heat Transfer in Solids to characterize the thermal dissipation and diffusion

in the geometry: an example of the simulation box is depicted in Fig. 3.6C, where

the surface thermal distribution is showcased. The heater is placed in the center of a

die with a uniform layer composition and with sizes1mm� 1mm� 0:73mm, which

correspond to the simulation box. The boundaries of the simulation have been set

with the following boundary conditions, used to model a realistic case scenario and

obtain meaningful data:

• The upper and lateral faces of the die have �xed convective heat �ux, with

a coef�cient ofh = 10W=m2� K, which models natural external convection

through room-temperature air.

• The bottom face is considered a Dirichlet boundary condition, or an ideal heat

sink, setting the temperature (Text = 23� C), as standard modeling for this kind

of analysis [61].

The next step is the evaluation of the achievable temperature shift, which corresponds

to the maximum current density which the heater can handle. Although the material

is rated up toJmax = 70mAµm� 2, the safe maximum range has been set toJmax =

50mAµm� 2, which has been advised from the foundry as a reasonable operation

point, accounting for the run-to-run variability: this corresponds to a maximum

power ofP � 250mW on the microheater structure.

The simulation was run measuring the temperature of the silicon layer, which is

locatedh � 2µm below the heater inside the oxide layer: considering a uniform

increase in voltage at the ten contact points for aL = 500µmheater length, up to

V = 0:8V, a gradient ofDT = 80� C is achieved (Fig. 3.7a). The maximum simulated

current density, measured on the central part of the heater spine, is shown to be below

the operating range, reaching a peak ofJmax = 40mAµm� 2 (Fig. 3.7b).
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(a) (b) (c)

Fig. 3.7(a) Maximum temperature gradient achievable through for the heater structure.(b)
Voltage across the center of the TiW heater and resulting current density.(c) Example of
piecewise thermal control along the heater spine.

Moreover, the simulations show the feasibility of local segmented control, as

shown in Fig. 3.7c, where different types of stepwise control voltages are applied

to the device. The thermal roll-off between adjacent regions is shown to be steep,

ideally allowing the control of discrete sections of the device, which can be leveraged

to enhance the pitch modulation previously introduced: single-pitch GACDC can

be controlled through this type of rib microheater, allowing deployment of both

smooth gradients, as well as precise piecewise temperature modulation, which is

advantageous in pitch-chirped GACDCs.

Having veri�ed both the electrical constraint of the heater technology and the po-

tential crosstalk limitations, the thermal behavior can be simulated in the CMT model

as initially assumed, by shifting the index curves as a function of the temperature

using the reference silicon thermo-optic coef�cient. As GACDCs designed target

the C-band (l � 1:55µm) with an operating temperature rangeT = 20� 100� C,

the thermo-optical coef�cient for silicondn
dT will vary in the range1:86� 10� 4-

1:94� 10� 4 � C� 1, which represents a suf�ciently small interval to justify the dis-

cretization introduced by the CMT model, in favor of simulation ef�ciency.

3.4 Bandwidth Tunability: Chirped vs. Unchirped

Gratings

As brie�y introduced in the previous section, the main mechanism behind dynamic

bandwidth adjustment is the control of the overlap between adjacent phase-match

regions. This effect is quite straightforward in single pitch devices (Fig. 3.8), where

the limiting factor for the maximum achievable bandwidth is imposed by the temper-
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(a) (b) (c)

Fig. 3.8 Drop bandwidth for the single pitch device: a) at default state b) under positive
thermal chirp c) under negative thermal chirp.

ature gradient. In all the following simulations we consider the device to be biased

atDT = 40� C to allow a relative temperature shift, enabling bandwidth tuning while

maintaining a constant central wavelength.

The simulations under constant temperature yield a reference bandwidthBW =

749GHz(Fig. 3.8a), which would be identical even if considered at room tempera-

ture, although shifted in central wavelength.

By applying instead a temperature gradient, the principle behind dynamic control

becomes apparent, with an increase in bandwidth up toBW = 1355GHz(Fig. 3.8b).

It is important to note that the direction of the temperature gradient does not af-

fect the resulting bandwidth tunability, as depicted in Fig. 3.8c: due to the single

pitch of the device, no difference can be leveraged between the two control states.

This �rst implementation can be improved by combining the thermo-optical control

with the pitch-chirped design, considering three regions with different periodici-

ties asL 1 = 297:4nm; L 2 = 298nm; L 3 = 298:6nm. By leveraging the multiple

phase-match conditions the static bandwidth can be increased up toBW = 1313GHz

(Fig. 3.9a), almost reaching the previous maximum range.

In addition to the static increase in the passive3 dBbandwidth, the real advantage

can be found when positive or negative thermal gradients are applied to the device,

as shown in Fig. 3.9b-c: while the positive thermal gradient behaves similarly to the
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(a) (b) (c)

Fig. 3.9 Drop bandwidth for the �rst pitch-chirped device:(a) default state,(b) under positive
thermal chirp,(c) under negative thermal chirp.

intrinsic case, up toBW = 1905GHz, the negative gradient case allows a reduction

of the bandwidth, down toBW = 756GHz, which is comparable to the minimum

bandwidth obtained previously.

This signi�es that the device can operate in both original bandwidth scenarios, while

increasing the maximum achievable bandwidth almost three times.

Although this seems promising as a general solution, it cannot be scaled inde�nitely,

as the distance between the adjacent phase-match condition begins to increase to

the point of degrading the frequency response of the device, as depicted in the fol-

lowing case, simulated considering a pitch-chirping range:L 1 = 296:8nm; L 2 =

298nm; L 3 = 299:2nm.

The response for this device is depicted in Fig. 3.10a, showing, as expected, an

increase in the maximum achievable bandwidth, up toBW = 2400GHz. However,

two main considerations must be made in relation to the result. Firstly, two clear

notches in the frequency response start to appear in the overlap region between the

different sections, which can be compensated for as shown in Fig. 3.10b, albeit

reducing the temperature gradient, trading off part of the tunability range. Secondly,

as depicted in Fig. 3.10c, the minimum bandwidth achievable through the negative

gradient is no longer compatible with the original static bandwidth, meaning that

the device cannot cover the same scenario as the initial device: this is due to the
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(a) (b) (c)

Fig. 3.10 Drop bandwidth for the second pitch-chirped device under positive thermal chirp
with notches formation(a), under reduced thermal chirp without no notches(b), and under
negative thermal bias(c).

thermal shift not being suf�cient to realign the phase-match conditions on the desired

channel.

This demonstrates the upper bound , or limiting factor, in the dynamic tunability

range: in order to cover the same minimum bandwidth, the magnitude of the phase-

match shift introduced by the pitch chirp cannot be higher then the one achievable

through dynamic thermal control; Consequently, it is quite straightforward to infer

how pitch chirping can, at most, increase twofold the bandwidth tunabilityDBW

achievable with a given �xed thermal shift range: with the limiting case consisting of

a chirped device with static bandwidth equal to the maximum achievable bandwidth

of the original unchirped device.

The minimum bandwidthDl min, which is achieved by introducing a negative tem-

perature gradient overlapping the multiple phase-match conditions over channel

wavelength, is instead equal to the reference bandwidth: any further decrease in the

thermal gradient after this point would subsequently increase the bandwidth, due to

the reversal of the left- and right-side phase-match conditions (like in the symmetric

case highlighted in the unchirped device depicted in Fig. 3.8).

Finally, the maximum bandwidthDl max achievable through positive thermal gra-

dient can only reach twice the original maximum bandwidth, considering both the

contributions of the pitch modulation and the thermal offsets. This limitation also
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justi�es the division into three main pitches and segmented thermal regions, proposed

in the analysis: while additional segments in either the thermal or chirped pro�les

can improve the smoothness, the limiting values are still de�ned by the highest

and lowest achievable shift in phase match condition, which is easily seen when

discretizing the device in three segments.

However, while qualitatively clear and useful to highlight the general principle of

pitch-enhanced tunability, this analysis does not provide a comprehensive guideline

for the design of a GACDC with arbitrary bandwidth. In general, devices targeting

telecom applications in the S, C, or L optical windows(l = 1:46µm� 1:625µm),

and implemented on SOI platforms, will have average waveguide widths ranging

W = 300nm� 650nm, simplifying the analysis, reducing the ranges of values for

both thermo-optic coef�cients and possible effective indices. The phase-match shift

as a function of thermal bias and pitch change is reported in Fig. 3.11a, with both

effects acting linearly in the chosen waveguide design space. Both phase-match

tunability coef�cientsdl
dT and dl

dL do not vary signi�cantly even considering the op-

posite extremes in waveguide geometries, allowing the generalization of the current

analysis: this result also further highlights the thermal control as limiting factor in

tunability, as even small pitch variations (1� 2nm) correspond to applied temperature

shifts two orders of magnitude higher (in fact, the thermo-optical shift is depicted

for T = 100� C in Fig. 3.11a). Therefore, the constraint on the temperature ranges

imposed by the metallic heater of choice (Tmax � 100� C, in the case analyzed) can

be used to evaluate the maximum range of the 3 dB bandwidthDBW.

In the proposed GACDC example, the maximum tunability for the single-pitch case

corresponds toDBW � 606GHz� 5nm, while pitch chirping has been shown to

extend the range up toDBW � 1149GHz� 11nm. These values are not representa-

tive of the absolute minimum or maximum bandwidth achievable, but represent the

tunability range, as the results of Fig. 3.10 show: higher maximum bandwidth can

be achieved albeit also increasing the minimum one, leading to the same tunability

rangeDBW.

Minimum bandwidth

The drop channel bandwidth of a GACDC, assuming constant-pitch, is directly

proportional to the contradirectional coupling coef�cientk12, depicted in Fig. 3.11b
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Fig. 3.11(a) Phase-match wavelength tunability coef�cients (left: thermal dependency, right:
pitch dependancy) as a function of the waveguide widths.(b) Minimum bandwitdth of
the CDC without thermal or pitch control, as a function of the contra-directional coupling
coef�cient.

for the reference waveguide geometry range: the simulation highlight the linear

relationship between the two, which is expected as the3 dBbandwidth is derived in

the CMT model as a function of the channel wavelength, the group indices of the

two waveguide modesng1, ng2, and the coupling coef�cient.

Dl min �
2k12l 2

0

p(ng1+ ng2)
(3.6)

This bandwidth can be therefore designed by modifying the waveguides geometry

and gap, although considering also the coupling length effect, which represents the

�nal limiting factor for the DBW. The drop response as a function of the coupling

strengthk12L can be seen in Fig. 3.12a: all these responses have been simulated

considering coupling coef�cientk12 = 50cm� 1, although the results can be general-

ized for any coupling valuek12. The general trend is reported in Fig. 3.12b, which

depicts the power coupled at the drop port for the3 dBbandwidth of target channel

(this value is normalized with respect to an ideal square �lter): the normalization

allows the direct comparison of �lter ef�ciency for varying coupling coef�cients,

even between devices with different drop bandwidths, which in theory depend on

k12 alone.

To achieve a smaller bandwidth, a low coupling factork12 is needed, which requires

a larger coupling length to improve transmission and increase rolloff.

This mechanism holds for all phase-match regions obtained from either pitch-
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chirping or thermal gradients: when the bandwidth is dynamically increased, each

new phase-match section will experience a smaller equivalent coupling length, caus-

ing a sharp decrease in transmission ef�ciency, especially in weakly coupled gratings.

These results offer insight into tunability mechanism limits, connecting the limita-

tions of the materials and geometry to the effect of the pitch chirping.

Maximum bandwidth

The maximum achievable bandwidthDl max is limited by the maximum temperature

change achievable with the chosen heating technology (Tmax).

Dl max = Dl min +
�

dl 0

dT
Tmax

�
+

�
dl 0

dL
DLmax

�
(3.7)

From the previous analysis it is clear that in order to ensure that the design

Dl min is included in the tunability range, the pitch modulation must be set to intro-

duce a shift comparable to that of the maximum achievable thermal control (i.e.,
dl 0
dT Tmax = dl 0

dL DLmax), therefore allowing simpli�cation of Eq 3.7, removing the

pitch dependency:

Dl max = Dl min + 2
dl 0

dT
Tmax (3.8)

The pitch chirp must be therefore chosen to ensure the condition above.

Number of phase-match regions

The bandwidth rangeDBW = Dl max� Dl min can be written as an integer multiple

of the minimum static bandwidthNmin =
l

Dl max
Dl min

m
: Nmin corresponds in this case to

the minimum number of non-spectrally overlapping phase match regions, each with

the same lengthL.

This result, however, does not impose an upper bound on the number of independent

pitch/thermal section that can be considered for a give GACDC: to this end, the

parameterN can be useful to evaluate the needed device lengthLtot to obtain the

desired roll-off and transmission ef�ciency: assuming regions with uniform length

Ltot = NL and setting an ef�ciency constraint on the coupled power in each region

(e.g.,k12L > 3, as previously introduced), a new constraint can be set on the device
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Fig. 3.12(a) Drop response as a function of the coupling strengthkL. (b) Normalized3 dB
coupled power as a function of the coupling strength (coupling factor times coupling length).
The colored marker represents the curves depicted in (a).

lengthLtot > N 3
k12

, which leads to the minimum overall length that ensures tunability

and avoids low coupling strength in the target rangeDBW.

3.5 PCM-based Control: toward non-volatile pro-

grammable photonics

As explored in the previous section, GACDCs can be tuned to control both the chan-

nel wavelength and the drop bandwidth, by modulating the effective index, which

can be achieved through the thermo-optical effect of silicon. The main disadvantages

of TO control have been presented in the introductory chapters, but can be the main

concerns are the crosstalk, limiting the device integration density, and the high power

consumption, due especially to the volatile nature of the tuning mechanism.

PCMs on the other hand can overcome these limits, providing larger tuning ranges,

eliminating the crosstalk effect, and allowing non-volatile power ef�cient program-

ming.

These novel materials are characterized by their large shift in optical transmission

properties between their multiple stable crystalline con�gurations: through precise

control of their crystallization fraction (Xf ), which can be achieved through thermal

or optical means [62, 63], the properties of the structure can be programmed in a

non-volatile persistent manner, allowing higher power ef�ciency.

Although different techniques can be used to integrate PCMs in waveguide designs,
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ranging from notched or slot con�gurations, in this analysis, the material is assumed

to be placed directly on top of the silicon, acting as a multilayer structure: the

crystallization control allows persistent tuning of the phase-match condition, altering

the effective index of both arms of the GACDC.

Different materials could be deployed to achieve the desired effect, although offering

a different trade-off between losses and index manipulation range. In this analy-

sisSb2Se3 has been found to represent the best solution, due to its advantageous

properties with respect to other PCMs, likeGST. In Fig. 3.13b the properties of

both materials [64] are reported, comparing their refractive index and extinction

coef�cient: while GACDCs leveragingGSThave been investigated in the literature

[65], Sb2Se3 has been selected due to both its lower losses (GSThas high absorption

in the fully crystallized state) and its smaller refractive index range, more compatible

to the SOI platform of choice, which minimizes modal mismatch in both crystalline

and amorphous state. Due to these reasonsSb2Se3, and similar compounds, are more

suited to phase-modulation only applications, whileGSTis preferred for integrated

memories, where absorption modulation can be useful for optically detecting the

crystallization fraction.

Having selected the material, the thickness of theSb2Se3 slab has been designed

based on index shift simulations, analyzing the range of possible geometries (Fig. 3.13c):

due to the dif�culties in achieving precise small-step crystallization control in PCMs,

it is fundamental to optimize the PCM geometry based on the target tunability range.

In this analysis, which focuses on C-band transmission, a layer heighthPCM=50 nm

on top of on the drop waveguide is shown to provide a reasonable range to compare

the two control techniques across the whole band: while both waveguides could be

enhanced through the additional PCM-layer, doubling the effect, this is found to not

be necessary in the target scenario.

3.5.1 Central channel tunability

In order to ensure proper comparison between the two control techniques, the tem-

perature pro�le must be selected to allow the phase change transition of the chosen

material:Sb2Se3 is characterized by a crystallization temperatureTg = 473K, with

a melting temperature required for the quenching processTl = 884K. These values

have been shown to be achievable through SiPh compatible microheater technologies

[66],[67], with varying degrees of power and pulse durations.
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(a) PCM enhanced GACDC waveguide design.

(b) Refractive index and extinction coef�cient for differ-
ent PCM materials.

(c) Heatmap of the GACDC phase-match
shift as a function of the Sb2Se3geometry

Fig. 3.13 ProposedPCM-enhanced GACDC structure: Sb2Se3is chosen due to its low losses
and index range compatible to C-band tunability.

Recon�guration of theSb2Se3 layer requires that the material is heated to temper-

atures aboveTg, inducing gradual crystallization, while to reset the layer to the

amorphous state, the material must be heated above its melting point (T � Tl ) and

then rapidly cooled, leading to quenching.

In this �rst part, uniform crystallization is considered, as to investigate the central

channel tunability, while the following section will focus on segmented control,

which modulated the drop bandwidth.

Similarly to the analysis carried out in the previous section, the thermo-optic

effect is modeled in the CMT solver, considering the silicon thermo-optic coef�cient

as dn
dT = 1:8� 10� 4K� 1, we can simulate the change in the response at the GACDC

drop port through the CMT model. Taking into account a temperature bias relative

to the ambient temperature in the rangeTl � T � 0 the resulting tunability range is

shown to be equal toDl = 20:18nm, as shown in Fig. 3.14a. For theSb2Se3 device,
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the CMT simulations model the additional PCM layer as an effective index shift

for the loaded waveguide. The intermediate values of the refractive index and the

extinction coef�cient forSb2Se3 have been determined using the Lorentz model (Eq

3.9), which allows the modeling of the properties of the material for the intermediate

crystallization fractions.

ei(l ) � 1
ei(l ) + 2

=
�
Xf

� ec(l ) � 1
ec(l ) + 2

+
�
1� Xf

� ea(l ) � 1
ea(l ) + 2

(3.9)

The waveguide effective indices have been obtained through simulation in the RSoft

suite for each crystallization fraction, using the data to model the effect in the CMT

solver.

(a) Thermo-optic tunability range. (b) Non-volatile Sb2Se3tunability range.

Fig. 3.14 Comparison of the central channel tunability between thermo-optic andPCM-
enabled control schemes.

Fig. 3.14b shows the tunability of the channel as a function of the crystallization

fraction (Xf ), which highlights a clear increase up toDl = 45:47nm. This result

illustrates not only that PCM can enable twice the dynamic tunability of the device,

but also a severe improvement in power ef�ciency. Although continuous power must

be applied to the heaters in order to maintain the desired channel in the TO case,

the PCM tuning mechanism only requires power during the recon�guration of the

crystallization fraction, with short pulses (t � 10µs) to allow fractional crystallization

atT = Tg � 473K, and the reset quenching operation (Xf = 0) requiring extremely

fast pulses, leading to the melting temperatureT � Tl = 884Kand allowing the layer

to rapidly cool down.
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3.5.2 Bandwidth Tunability

The bandwidth control through PCM follows the same principle as TO-enabled

modulation described in the previous section. By introducing a non-uniform effective

index shift along the device, multiple phase-match conditions can be introduced and

controlled, leading to a bandwidth increase: in this analysis the pitch modulation

will not be taken into consideration, as the effect does not change the underlying

comparison between TO- and PCM-enabled tunability.

(a) Thermal gradient control. (b) PCM crystallization control. (c) PCM-TO �tted control.

Fig. 3.15 Comparison of the different maximum tunability obtained through segmented
control of the GACDC.

The device has been simulated considering a monotone thermal gradient through-

out the device, considering the thermal offset (DT) with respect to the ambient

temperatureT = 20� C. In the CMT solver the linear gradient has been modeled in a

stepwise function, using a suf�ciently small discretization step to ensure a smooth

response. The devices have been simulated with lengthL = 2mm, as to ensure high

transmission in the entire tunability range and to limit ripples and notches between

the subdivisions used in the simulation.

The maximum achieved bandwidth using thermo-optic modulation is shown in
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Fig. 3.15a, yielding a maximum bandwidthBWmax=25 nmwith the applied thermal

gradient ofDT=600� C.

As expected theSb2Se3-based GACDC, shown in Fig. 3.15b, can cover a much

larger bandwidth, reaching up toBWmax=51 nm, varying the crystallization fraction

across the device from completely amorphous to crystalline. However, additional

tunability leads to a trade-off, with a lower transmission ef�ciency and in-band

ripples as high asP = � 15dB seen at the through port.

While the side-lobes and ripples seen at the side of the drop bandwidth are caused by

the grating structure and are expected for such device, the parasitic ripples seen in-

band at the through port are primarily caused by the quantization error of the solver.

Due to the way the CMT model discretizes the apodization pro�le and phase match

pro�le (due to both PCM/Thermal-based index control, as well as pitch modulation),

increasing the number of segmented regions exacerbates the through port crosstalk,

while the ripple off-shoots would not be visible in the experimental device, due to

both fabrication tolerances and �uctuations of the index.

Nonetheless the maximum PCM-enhanced tunability case depicts a much higher

cross-talk, even accounting for the numerical effects: this is considered reasonable as

the original grating region length covers twice the bandwidth, leading to an overall

weaker coupling strength, with more thanDP = 10dB difference in the in-band

crosstalk seen at the through port, between the TO and PCM case.

A closer benchmark is shown in Fig. 3.15c, where theSb2Se3 crystallization ratio is

�xed betweenXf = 30%� 70%, demonstrating the same tunable bandwidth while

leveraging less than half the crystallization fraction range. Moreover, it must be

considered how the PCM solution is non-volatile, as such the same tunability range

can be achieved with a fraction of the power required to maintain the equivalent TO

control.



Chapter 4

Modular Multiband WSS architecture

The previous chapter highlighted a single class of devices, exploring optimization

and different design strategies aimed at improving the application ranges and the

performances. This part focuses instead on the next step in abstraction, moving from

the device level up to more complex multi-structure photonic integrated circuits.

This chapter will focus on WSS, exploring a modular architecture to implement a

multiband frequency selective switches. After the device design, a complete analysis

and characterization of the transmission penalties is presented, followed by a network

simulation scenario, highlighting the effect of the device on transmission impairment

and traf�c allocation in a realistic benchmark.

4.1 Wavelength Selective Switch

Wavelength Division Multiplexing (WDM) represents today's standard technology

for optical communications, �nding ubiquitous and wide-spread adoption in most

�ber optics network. WDM systems utilize different wavelength as optical carriers,

allowing the parallel and independent transmission of many channels while utilizing

the same physical link, multiplying the available capacity. These signals comb are

allocated in the optical windows corresponding to the low-loss regions of silica-based

�bers, as the technology has evolved to allow increased available bandwidth while

not requiring expensive upgrade of the network physical links, such as the �ber

spans.
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The added complexity of the technology is handled by the processing nodes of the

systems, such as the multiplexing/demultiplexing elements used to assemble the

wavelength combs, as well as the switching units required to route and forward the

individual channels: as presented in the introductory chapter, these ideal devices

for these applications must allow transparent optical routing, controlling the light

propagation without requiring any medium conversion.

(a) 1 ×3 WSS. (b) Example of a ROADM node.

Fig. 4.1 Functional representation of a WSS: multi-�ber ROADMs can be implemented by
combining 1×N and N×1 in a switch-and-select architecture

The fundamental building blocks for these systems are Wavelength-Selective

Switch (WSS), which enables channels to be routed and multiplexed toward different

ports or �bers. These switches are typically arranged (Fig. 4.1) to enable add-drop

optical switching, meaning that the channels can also be dynamically added from

the local node in the different directions, as well as dropped from the local port

toward the target client. These devices are called Recon�gurable Optical Add-Drop

Multiplexers (ROADM), and can be assembled starting from the fundamentalWSS

blocks, leveraging different topologies based on the desired degree of freedom.

Photonic circuits can be designed to target the required �exibility of the device,

allowing wavelength compatibility on each port (Colorless), �exible routing from and

to each direction (Directionless), and simultaneous routing of identical channels on

different ports (Contentionless). The architecture analyzed in this chapter targets not

only this degree of �exibility, but is envisioned to allow deployment in a multiband
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scenario, allowing extension of theWDM channel comb from the S- to the L optical

transmission bands.

4.1.1 Multiband Transmission

The need for multibandWDM is dictated by the increase in traf�c and the expansion

of the optical networking landscape. Traf�c analysis in telecommunication networks

has consistently shown an annual increase in bandwidth ranging from 20% to 60%

over the past decade [68]. This growth trajectory is expected to intensify with the

global rollout of 5G technologies and the expanding adoption of the Internet of

Things (IoT). Forecasts indicate that such rapid expansion will soon push current

transparent optical networks toward their saturation point, heralding the advent of

the Zettabyte era [69]. To cope with this mounting demand, service providers must

increase network capacity through scalable, �exible, and cost-effective approaches.

A central strategy involves harnessing the residual capacity of existing infrastructure

to optimize capital expenditure (CAPEX) investments.

Today's optical transport systems predominantly utilize the transparent prop-

agation of Wavelength Division Multiplexing (WDM) channels, relying on dual-

polarization coherent optical technologies within the C-band. This band offers

approximately4:8 THzof spectrum, enabling a maximum capacity of about 10 Tbps

per �ber [70]. Capacity upgrades can be achieved by deploying advanced transceivers

(TRXs) capable of dynamically adapting their transmission rates based on the avail-

able Quality-of-Transmission (QoT) along a given optical path. Additionally, migrat-

ing from �xed-grid to �exible-grid WDM architectures enhances spectral ef�ciency.

Nonetheless, these techniques offer limited scalability, as current systems are already

approaching their theoretical performance limits.

Multiband Transmission (MBT) presents a promising avenue for increasing ca-

pacity in existing network infrastructures by extending WDM transmission across

the full low-loss optical spectrum. Most state-of-the-art optical networks use

standard step-index single-mode �bers without water absorption peaks (ITU-T

G.652D), which support low-loss transmission from the O- to the L-band (1260 nm to

1625 nm), providing access to more than50 THzof potentially usable spectrum [71],

as depicted in Fig. 4.2. Complementing this, prototype ampli�ers are now available

to operate over these extended spectral bands [72].
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Thus, leveraging the additional spectrum through MBT represents one of the

most cost-ef�cient strategies to scale network capacity, as it eliminates the need for a

new �ber deployment.

Fig. 4.2 Transmission attenuation for standard silica-based �bers over the main optical
windows, highlighting the main loss components.

Effective transparent wavelength switching is also a fundamental requisite in

extending Software-De�ned Networking (SDN) capabilities to the physical layer,

as it facilitates dynamic and ef�cient management of the vast bandwidth offered

by the MBT framework. Applying the SDN paradigm to the WDM optical trans-

port layer allows virtualization of WDM systems through standardized Application

Programming Interfaces (APIs). In this context, both network elements and trans-

mission functionalities must be abstracted to assess Quality-of-Transmission (QoT)

impairments and enable predictive control. This abstraction allows autonomous

management of individual network components through standardized APIs in the

control plane [73, 74, 75].

Accurate QoT modeling is therefore essential, as it plays a critical role in esti-

mating the Optical Signal-to-Noise Ratio (OSNR) of transparent lightpaths (LPs),

which is a key factor in maximizing deployed capacity.
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In this chapterPICs are explored to propose a novel integrated device that

functions as a multiband Wavelength Selective Switch (WSS), supports WDM MBT

through a modular architecture and operates over a wide spectral range, covering the

S+C+L bands. This analysis offers an insightful example of a vertical comprehensive

study, from device-level design strategies to the characterization and analysis of

transmission-level penalties and impairments. The architecture of the proposed

modular WSS is shown to be inherently scalable, allowing for an increased number of

output �bers and WDM channels while maintaining the smaller footprint achievable

through integration.

In addition to presenting the device design, the last section will showcase a

complete characterization and abstraction of the device within the SDN framework.

The SDN controller utilizes APIs for device management, incorporating a QoT degra-

dation model to support control functions down to the WDM transport layer. This

enables centralized and fully integrated control of the proposed multiband modular

WSS, allowing dynamic con�guration and performance optimization through the

SDN controller.

4.2 Modular WSS Architecture

Fig. 4.3 General structure of the proposed 1� 3 WSS.

The proposed device is a photonic integrated circuit (PIC) designed to enable wave-

length switching in a multiband optical scenario. It operates in the S, C, and L

telecommunication bands, allowing independent routing of each channel within the
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input WDM comb to a designated output �ber. In the current implementation, the

module supports three output �bers and is con�gured to switchM = 8 channels

per band, totaling 24 independently controllable channels. Filter components are

optimized for target frequencies within the S+C+L bands, with a uniform channel

spacing of100 GHz. The device's modular and extensible architecture supports

scalability, making it adaptable to a greater number of channels and/or output �bers

in future iterations.

A model of the proposed circuit is illustrated in Fig. 4.3, which describes the

architecture and the three main functional blocks responsible for enabling WSS

operation: demultiplexing, switching, and multiplexing. The �rst section separates

individual channels from the WDM comb, while minimizing insertion losses and

interchannel interference. The second section routes each demultiplexed channel to

its respective output �ber. Finally, the third section, mirroring the demultiplexing

stage, performs multiplexing by recombining channels within each band onto a com-

mon output waveguide. Each of these functional stages is detailed in the following

sections, including descriptions of the physical components and the design strategies

adopted in this implementation. In addition, we discuss the scalability potential of

the architecture and its suitability for expanded con�gurations.

The internal con�guration of each stage is illustrated in Fig. 4.4, which presents

the generalized layout of the channel �ltering cascade alongside the arbitrarily

scalable1� N switching network topology. In the scenario under consideration, the

�ltering cascade is designed to handle 8 target channels per band, while the switching

stage employs a simpli�ed1� 3 con�guration. As shown, the multiplexing stage

replicates the structure of the demultiplexing section, employing an identical number

of add-drop elements for each designated output �ber.

For the waveguide geometry used in the simulations, we assume standard silicon

photonic waveguides with a width ofW = 0:55µmand a height ofH = 0:22µm.

Ideal tapered transitions are assumed wherever variations in waveguide width are

required, ensuring minimal mode mismatch and re�ection losses.

4.2.1 Filtering Section

As previously discussed, the primary objective of the �ltering section is to isolate

each individual channel while minimizing insertion losses and interchannel crosstalk.
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Fig. 4.4 Filtering stages cascade and switching architecture.

Our approach employs a multistage �ltering strategy. The �rst stage separates the S,

C, and L bands to prevent interband interference, while the second stage performs

�ne �ltering to extract individual channels. Additionally, by distributing the �ltering

process across multiple parallel branches, the overall insertion loss is reduced as a

result of the shorter cumulative length of each add/drop �lter cascade.

The core building block used in this implementation is the Grating-Assisted

Contra-Directional Coupler (GACDC) add-drop �lter, which has been analyzed in

detail in the previous chapters. As illustrated, CDCs are highly versatile integrated

components that support a wide range of add-drop functionalities, from narrowband

high-extinction-ratio (ER) �lters to broadband applications. As with the device

design for the bandwidth-�exible CDC, in this implementation their performance

has been modeled using the Coupled-Mode Theory (CMT) framework.

The general structure and spectral response of a CDC add/drop �lter are reported

again in Fig. 4.5. Although the physical behavior of these devices is fundamentally

determined by the geometry of the waveguides and grating structures, their perfor-

mance can be effectively modeled using a set of simpli�ed parameters. These include
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(a) Generic Structure for a Contra-Directional
Coupler.

(b) Response at each port for a typical CDC add-drop.

Fig. 4.5 Contra-DC coupler �lter.

(a) Frequency Response for the Band �lters.(b) Frequency Response of the 8 channel stage
(C-band).

Fig. 4.6 CDC �lters response.

the coupling coef�cients (k11;k12;k22), device length (L), grating pitch (L ), and the

effective refractive indices of the waveguides. The waveguide gapG primarily in�u-

ences the contra-directional coupling coef�cientk12, which is critical to achieving

the desired spectral response. This coupling strength is carefully engineered on the

basis of both simulation results and experimental data available in the literature, as

outlined in the subsequent design optimization steps.

As depicted in Fig. 4.6, a straightforward CDC implementation typically exhibits

a non-ideal extinction ratio (ER) and a prominent backward re�ection peak, features

that are unsuitable for Dense Wavelength Division Multiplexing (DWDM) applica-

tions. To address these limitations and meet the stringent performance requirements

of both band- and channel-level �ltering, we adopt more advanced design strategies,

which will be discussed in detail in the following sections.
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S-band C-band L-band
L (nm) 275 293 302

DL (nm) 20 9 18
L (mm) 1.5 0.8 1.4

W1 (nm) 570
DW1 (nm) 100
W2 (nm) 430
DW2 (nm) 60

k11 = k22 (cm� 1) 10
k12;max (cm� 1) 115

k12(z) (cm� 1)

Hyperbolic tangent apodization
k12
2

h
1+ tanh

�
b

�
1� 2

�
� z

L � 1
2

�
�a

��i

a = 3;b = 2
a (dBcm� 1) 1.8

Table 4.1 Band Contra-DC �lters design parameters.

S-band C-band L-band
L 1 (nm) 284.2 298.9 312.6
L 2 (nm) 284.0 298.7 312.4
L 3 (nm) 283.8 298.5 312.1
L 4 (nm) 283.6 298.2 311.9
L 5 (nm) 283.4 298.0 311.6
L 6 (nm) 283.2 297.8 311.4
L 7 (nm) 283.0 297.6 311.0
L 8 (nm) 282.8 297.3 310.9

L (mm) 0.940
k11 = k22 (cm� 1) 10
k12;max (cm� 1) 35

k12(z) (cm� 1)

Gaussian apodization

k12;maxexp
�

� a
� z

L � 1
2

� 2
�

a = 6
Lossa (dBcm� 1) 1.8

Table 4.2 Channel �lters parameters and main model parameters

As previously mentioned, the �rst stage of the demultiplexer is responsible for

separating the operational bands, thereby minimizing insertion losses and mitigating

inter-band interference. This task requires a wideband, �at-top spectral response,

which is achieved through pitch chirping, a technique involving a gradual variation

of the grating period (L ) along the length of the device [55]. By linearly increasing

the pitch (DL), the bandwidth of the �lter can be extended while preserving spectral

�atness and maintaining low insertion losses. The responses of the three primary

band �lters are illustrated in Fig. 4.6a, and the associated simulation parameters are

detailed in Table 4.1.

To further enhance the Side-Lobe Suppression Ratio (SLSR), the grating pro�les

can be apodized, which smooths the transition between the unperturbed and high-

coupling regions of the waveguide. Among the most common apodization functions



74 Modular Multiband WSS architecture

are the Gaussian and hyperbolic tangent pro�les. Although the Gaussian pro�le

offers superior sidelobe suppression, it can adversely affect passband �atness in pitch-

chirped designs. For this reason, the Gaussian pro�le is used in the channel �lters,

where its trade-off is acceptable, whereas the band �lters adopt the hyperbolic tangent

pro�le to preserve both bandwidth and �atness. Additionally, to suppress unwanted

backward re�ections at the input waveguide, standard out-of-phase gratings design

is assumed, which effectively minimizes re�ection peaks.

Following the initial band separation, the WDM combs are further demultiplexed

into individual channels using parallel cascades of narrower CDC �lters. These

elements are optimized using similar strategies, albeit tailored to a reduced spectral

bandwidth. In our implementation, the channels are spaced with a Free Spectral

Range (FSR) of100 GHz. The corresponding grating pitch values and simulation

parameters for these channel �lters are reported inTable 4.2, while their spectral

response within the C-band is shown in Fig. 4.6b.

From a design perspective, channel �lters differ from band �lters in that they

do not utilize pitch chirping and are instead optimized for a narrow drop band,

which is a design challenge for CDC structures [48]. The standard approach for

achieving narrowband �ltering involves using low coupling coef�cients and longer

interaction lengths, an outcome further enhanced by Gaussian apodization. Given

�xed waveguide geometries, such narrowband responses are achieved by designing

weaker coupling regions, which, in practical terms, correspond to larger waveguide

gaps or modi�ed corrugation pro�les (DW). As a reference, the target coupling

coef�cient k12 can be achieved with waveguide gaps ofGch = 300nmfor channel

�lters and Gband= 200nm for band �lters.

4.2.2 Switching and Multiplexing Section

After the �ltering section, each individual channel is routed through a separate

switching network, allowing targeting of any of the output �bers. As already depicted

in Fig. 4.4, this operation is achieved by cascading a series of 1� 2 controllable

Optical Switching Elements (OSE). The proposed switching network can be designed

for any number of target output �bersN and is composed ofN � 1 OSE arranged in

log2(N) stages. The OSE implemented in these sub-networks consists of a Mach-

Zehnder Interferometer (MZI) switch.
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(a) (b)

Fig. 4.7 MZI-based tunable OSE for C-band applications. (a) MZI circuit schematic; (b)
frequency response of the C-band implementation.

Unlike MRR-based OSE, MZI devices can easily achieve a large �at response,

which makes them preferable in MBT applications because of their almost frequency-

independent switching operation [76, 77, 78].

The general structure of the Mach-Zehnder Interferometer (MZI) switching

element is shown in Fig. 4.7a, where the key physical design parameters and the

thermal control section are highlighted. Switching between the two routing states

(UP or DOWN) is achieved by locally heating one arm of the MZI through a suitable

electrical control signal. This induces a phase shift that alters the interference

condition at the output, thereby routing the signal to the desired port. The electrical

pads and control circuitry are designed to meet the required switching dynamics and

to comply with the constraints of the technological process [79].

As an example, the simulated frequency response of the device in the OFF state

(UP path) for the C-band is reported in Fig. 4.7b. The �at spectral response across

the central region encompassing the 8 target channels con�rms the suitability of the

design for frequency-independent switching. Comparable performance has been

obtained for the S- and L-band switching sections.

The �nal functional stage of the device comprises the waveguide crossings and

the multiplexing network. In this section, the signals at the output of the switching

stage are routed and recombined onto the egress waveguides of each output port. This

region represents a dense interconnect zone, where transmission penalties become

non-negligible due to both insertion losses and path-dependent signal degradation.

Each waveguide crossing is modeled to contribute an insertion loss of0:04 dB,
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which represents a conservative estimate based on state-of-the-art results in the

literature [80, 81, 82] and accounts for possible implementation imperfections.

To mitigate performance degradation due to dense interconnects, the proposed

layout employs a two-stage crossing topology, illustrated in Fig. 4.8. In this approach,

the output signals from each band's switching block are �rst multiplexed locally

before being routed to the �nal output ports. This grouping con�nes the densest

crossing area immediately after the switching stage, reducing the overall number of

waveguide overlaps and maintaining a consistent number of add/drop elements for

the multiplexing operation.

Without any optimization, the complexity of this crossing network grows rapidly.

For a device withN output �bers andM channels per band, the maximum number of

crossings is given by:

Ncross= ( 3M � 1)(N � 1):

However, by introducing a grouping strategy that divides the channels intoK separate

groups, the number of crossings can be reduced to:

Ncross=
�

3M
K

� 1
�

(N � 1)+ ( K � 1)(N � 1):

This expression is minimized when the number of groups is set to:

Kopt =
j p

3M
k

:

This grouping approach signi�cantly reduces the number of crossings encountered

by the signal, especially in large-scale implementations. The trend is visualized

in the accompanying graph. Although this represents the worst-case routing sce-

nario—applicable to only a limited subset of total routing con�gurations—it demon-

strates the importance of layout optimization. Even small per-crossing penalties,

when accumulated, can result in substantial differences in insertion loss and power

ef�ciency between optimized and non-optimized architectures.

The current model does not include the optical losses associated with �ber-to-

waveguide coupling at the input and output interfaces of the device. The primary

objective of the penalty model is to characterize internal architectural components,

such as �lters and switches, as well as path-dependent elements, including waveguide

crossings. Losses due to varying optical path lengths are assumed to be negligible,
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Fig. 4.8 Interconnect crossing stage topology with main MUX elements.M = 8, N = 3. On
the right the comparison between non-optimized and optimized worst-path crossing cost is
plotted.

as these paths can be optimized in the layout phase to equalize delays and losses

across channels. In contrast, waveguide crossings are an intrinsic limitation of the

architecture and cannot be completely eliminated through topological rearrangement.

The wavelength combiners responsible for multiplexing signals onto the common

output waveguides are modeled symmetrically with respect to the demultiplexing

stage discussed in the previous section. This symmetry ensures consistent insertion

loss across all channels.

4.2.3 Insertion Losses and Layout Considerations

Before path-dependent quality-of-transmission (QoT) penalties are analyzed, the

overall insertion loss (IL) and spectral performance of the device are evaluated. The

analysis is based on a broadband input signal spanning the full operating bandwidth

(S+C+L bands), with the output evaluated at a single reference port, as shown in

Fig. 4.9a. This simulation includes the cascaded contributions of all internal �ltering

and switching elements. The additional insertion losses introduced by waveguide

crossings are excluded from this evaluation and will be addressed separately in the

QoT analysis.
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MZI Band CDC Channel CDC Crossings
W (µm) 500 1500 900 20
H (µm) 6 6 6 20

# of elements 48 12 96 93
Footprint (mm2) 0.144 0.108 0.5184 0.0372

Total (mm2) 0.808

Table 4.3 Estimated footprint for each component.

The reference IL values for each functional block are reported in Fig. 4.9b,

derived from experimental results for1� 2 MZI switches [83] and optimized CDC

implementations. Due to the symmetric nature of the MUX and DEMUX structures,

each channel experiences an identical number of CDC stages. For example, a channel

dropped in the �rst �ltering stage is also the �rst to be added in the multiplexing

stage, resulting in an equalized cumulative IL across the channel set. The resulting

spectral response demonstrates a nearly �at IL pro�le across all channels and bands,

with an observed 4:17 dB reference IL.

These IL values are consistent with other integrated photonic solutions that em-

ploy loopback-based AWG architectures for multiplexing and demultiplexing [84].

Although this analysis does not account for layout-induced asymmetries in a

physical implementation, it assumes that optimized die placement can effectively

equalize these effects. An estimate of the footprint of the device is provided in

Table 4.3. This estimate includes standard buffer regions surrounding each functional

block to avoid optical and thermal interference. The reported footprint refers to the

aggregated component area, excluding interconnect waveguide routing. Although

waveguide bends and routing will contribute an additional area, the component-level

footprint demonstrates that the device remains feasible within the constraints of

standard silicon photonic die sizes.

Having characterized the spectral response of the main components and their

losses for the envisioned S+C+L WSS, the next section will present an application

of the Software-De�ned Network (SDN) paradigm to abstract the physical layer

properties of this device.
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(a)

Component Through port Drop port
Crossing (dB) 0.04 –

MZI (dB) 0.35 –
CDC (dB) 0.18 0.60

(b)

Fig. 4.9 (a) Simualted broadband spectrum after propagation through the1� 3 WSS (S-band).
(b) Individual insertion losses for each component.

4.3 Software-de�ned network application to the WDM

transport layer

SDN is based on a network controller that manages transmission and switching ele-

ments to optimize performance, that is, maximize transmission capacity (Fig. 4.10).

Generally, within the Software-De�ned Networking (SDN) framework, each trans-

mission element must be equipped with an open control interface and an appropriate

model for its transmission impairments. In the case of physical links, the implementa-

tion of SDN relies on the ability to abstract the Quality of Transmission (QoT) of the

optical layer using a suitable metric. This abstraction is enabled by the availability

of a QoT estimator (QoT-E), which plays a crucial role in assessing the feasibility of

transparent light paths (LPs).

The introduction of coherent transceivers (TRXs) based on dual-polarization and

multilevel modulation formats has signi�cantly facilitated the adoption of SDN in

Wavelength Division Multiplexed (WDM) optical transport systems. This technology

allows for modeling transparent LPs as Additive White Gaussian Noise (AWGN)

channels, where the QoT is fully characterized by the Optical Signal-to-Noise Ratio

(OSNR) of the LP. In this framework, TRX performance can be described in a back-

to-back con�guration to determine the minimum required OSNR for LP feasibility.

This modeling approach supports the virtualization of the optical transport layer,

in which a QoT-E evaluates the LP OSNR and compares it against the minimum
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Fig. 4.10 Control abstraction of the optical switch for the proposed SDN-controlled transmis-
sion system.

OSNR threshold de�ned by the TRX. With coherent TRXs, a transparent LP can be

dynamically established from source to destination by con�guring the optical switch-

ing fabric accordingly. To ensure feasibility, the SDN controller must accurately

estimate QoT degradation along the entire LP path, requiring predictive models for

each transmission and switching component involved.

Beyond QoT assessment, the SDN controller must also implement optimiza-

tion algorithms to determine the best operating point that minimizes overall QoT

degradation while meeting performance requirements.

In this context, the following section introduces the control architecture and QoT

degradation model speci�c to the proposed Wavelength Selective Switch (WSS).

Control is achieved through two mechanisms: (1) the con�guration of the switching

network and (2) �ne-grained thermal tuning of the �lter elements. In parallel, a
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Fig. 4.11 Switching sub-network con�gurations.

deterministic method is used to estimate QoT degradation, validated through a

system-level implementation based on the 400ZR transmission standard.

4.3.1 Control and Filter Alignment

To fully realize the SDN paradigm, the network controller must have the ability

to deploy and manage the required LPs across the optical infrastructure. Channel-

speci�c routing is performed by driving the recon�gurable switching sub-networks,

with control signals derived from a virtualized model of the WSS. This model enables

the controller to predict the required con�guration settings—both for switching and

�lter tuning—to ensure alignment with the desired channel plan and to maintain

optimal signal integrity across the optical domain.

For the proposed implementation scenario, which features three possible out-

put �bers, each switching sub-network comprises two Optical Switching Elements

(OSEs), enabling a total of four distinct control con�gurations. The routing states

of the switching network are illustrated in Fig. 4.11, along with a logical table that

outlines the achievable output con�gurations. Although the limited number of output

�bers results in a relatively simple switching circuit, this example effectively demon-

strates the general routing model and evaluation strategy. The underlying topology

of the switching structure can be abstracted as a binary tree, a well-established data

structure that facilitates ef�cient control state computation.

By encoding the output �ber index in binary, each bit represents the propagation

direction at each level of the switching tree, following the convention1 ) DOWN

and0 ) UP. As such, given the total number of output �bersN and the label of

the desired output port, the control states of the OSEs can be derived through a

low complexity deterministic algorithm. The proposed routing method is rigorously

de�ned for N = 2x; x 2 N, but can be easily generalized to non-power-of-two con-
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Fig. 4.12 Channel tuning for a considered temperature shiftDT = [ � 30;0;30]� C. Central
channel wavelength and 3dB bandwidth are highlighted by the gray lines.

�gurations. In the speci�c case of the1� 3 network, binary tags "10" and "11" are

both considered valid routing indicators for output �ber 3, since only a single OSE is

traversed, rendering the control status of the �nal stage irrelevant.

Beyond the routing control provided by the OSEs, the proposed WSS architecture

introduces an additional degree of �exibility that is not present in conventional �xed-

frequency WSS designs. While each CDC add/drop element is designed for a speci�c

central frequency and bandwidth, the operating frequency of these elements can

be �ne-tuned via thermal control. This capability allows for both post-fabrication

calibration and adaptation to different transmission scenarios than those assumed

during the initial design. Unlike MZI-based switching, where thermal control enables

binary switching behavior, CDC structures can exploit thermo-optical effects to �ne-

tune their spectral response, particularly the central drop frequency and, to a limited

extent, the passband width [60].

In the context of this analysis, the broader band-tuning potential of these devices

is not explored; instead, the focus remains on frequency alignment to ensure proper

channel matching and mitigate fabrication-induced spectral shifts.

As shown in Fig. 4.12, the thermal tuning capability of the CDC elements cannot

be exploited to shift the operating frequency range of the device to a distant band.

However, it remains effective for aligning �ltering elements with different WDM

combs, making the device compatible with other PIC implementations, such as those

employing Arrayed Waveguide Gratings (AWGs) [23]. However, thermal tuning

incurs signi�cant power consumption, and as such, �lter elements should ideally be



4.3 Software-de�ned network application to the WDM transport layer 83

Fig. 4.13 QoT simulation setup: the BER is evaluated as a function of the receiver added
noise after propagation through the Device Under Test (DUT). The degradation is calculated
based on the results from the unperturbed (no DUT) back-to-back system (TX-RX only).

designed and fabricated using methodologies that mitigate the impact of fabrication

tolerances [85].

4.3.2 QoT Evaluation

The performance of the WSS has been evaluated through simulations of a coherent

transmission scenario, conducted using the OptSim© PIC design and simulation

environment. The transmission setup adheres to the 400ZR standard [86], employing

dual-polarization 16QAM modulation with a symbol rateRS = 60GBaudand a

channel spacing of100 GHz. The WDM combs for each band are centered within

their respective frequency regions, with channel occupancy corresponding to the

component responses presented in the previous sections. This con�guration provides

a realistic and representative benchmark for evaluating the proposed device.

Transmission impairments have been quanti�ed in terms of the Optical Signal-

to-Noise Ratio penalty (DOSNR), benchmarking link performance relative to a
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Fig. 4.14 Architecture penalty model, highlighting the encountered crossing distribution (a)
and the calculated transmission penaltyDOSNR (b).

back-to-back un�ltered reference scenario (Fig. 4.13). The penalty metric was

derived by simulating the Bit-Error Rate (BER) as a function of receiver-injected

noise, using a threshold ofBERth = 10� 3. Owing to the relatively �at spectral

response of the WSS components and the symmetric nature of the MUX/DEMUX

stages, path-dependent penalties are primarily attributed to the number of waveguide

crossings encountered by each signal.

Due to the symmetric interconnect design of the device, the output �bers cor-

responding to the �rst and last ports exhibit identical crossing distributions for all

input channels. Conversely, the central output �ber consistently incurs the same

number of crossings, regardless of the originating channel. This behavior, detailed

in the crossing topology shown in Fig. 4.8, arises from the fact that any channel

Chi ; i 2 [1 : 8] targeting the central output must cross all links associated with earlier

channels (Ch1:i� 1) routed to the third output, as well as those of later channels

(Chi+ 1:8) routed to the �rst output. This results in a constant number of crossings for

any signal routed to the central output �ber.

This approach enables the characterization of the device con�guration in terms

of the number of waveguide crossings encountered, leveraging the intrinsic bijective

routing nature of the device. In contrast to traditional multistage switching archi-

tectures, where multiple routing paths may exist between the same input-output

pair, the proposed topology ensures that only one path is available for each possible

input-output combination.

The observed OSNR penalties are depicted in Fig. 4.14 as a function of the

number of waveguide crossings, demonstrating consistent performance relative to
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Fig. 4.15 Proposed arbitrary-size WSS cascade used as testbed for the characterization of the
system OSNR.

alternative solutions presented in the literature [87]. The relationship reveals a

linear dependence, which highlights the critical role of waveguide interconnects in

determining the con�guration penalty, as compared to the �at degradation introduced

by the �ltering and switching elements, observable in the zero-crossing case. This

behavior aligns with expectations due to the frequency-independent losses introduced

by each individual component across the bandwidth of interest.

A key insight from these results is the potential to reduce the complexity of

device characterization by focusing on the unique topological structure, rather than

analyzing all con�gurations of the device. For the proposed case study, with 24

independent channels and 3 output �bers, a complete study of control states and

penalties would require the analysis of324 (� 3 � 1011) cases, which is clearly

unfeasible. Using the known topology and the virtualized model of the device, the

number of simulations required is drastically reduced. Only 72 cases need to be tested

to evaluate the penalty across all channels, considering their independent routing and

limited component crosstalk. These compact data sets can be used to characterize

transmission impairments for each channel in any switching con�guration, allowing

the SDN operator to quickly estimate and predict the expectedDOSNRpenalties.

Moreover, the linear relationship between the number of crossings and the penalty

enables rapid estimation of the penalty margin for any channel in scaled devices:

given the modularity of the architecture, increasing the number of channels and

ports leads to a unique crossing topology and distribution, which can be ef�ciently

assessed.
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In the proposed simulation, each component behaves as designed, with no sig-

ni�cant variation between multiple instances. However, in reality, manufacturing

uncertainties may cause nominally identical elements to introduce different penalties,

which could alter the linear relationship observed in the simulations. Even in such

a scenario, the proposed control and evaluation scheme remains effective. This is

because the required data set, using a lookup table strategy, scales linearly with the

size of the device, following a relationship ofO(NM). This scaling behavior does

not pose any scalability issues from the controller's perspective, compared to more

traditional multistage switching devices [88, 89].

4.4 Networking Scenario Case-Study

After analyzing the proposed WSS device from both the physical and transmission

perspectives, the architecture is placed in a simple networking scenario: the test

network is made of multiple cascaded instances of the WSS, with the aim of charac-

terizing the added path-dependent penalties. The testbed con�guration is illustrated

in Fig. 4.15. To simplify the analysis, the system is modeled as a point-to-point

network with an arbitrary number of WSS stagesNstages, allowing us to characterize

the performance of the WSS across a variable number of hops. The system consists

of a single starting and ending point, with the receiver side collecting data for all

possible paths that each channel can traverse. At each stage, any given channel can

be routed to three different target WSS devices at the subsequent stage, resulting in a

total ofNcon�g = 3Nstagespossible con�gurations for each individual channel.

S-band C-band L-band

Ampli�er type TDFA EDFA EDFA

Lossa (dB/km) 0.20 0.19 0.18

GainG (dB) 15.0 14.3 13.5

Noise Figure NF (dB) 6.50 4.25 4.68

Table 4.4 OLS parameters used in the proposed network simulation.

Optical Line Systems (OLSs) connecting each stage are characterized for each

S+C+L band, using the same �ber but with different ampli�er types depending on

the band of operation. For channels in the C- and L-bands, commercially available

Erbium-Doped Fiber Ampli�ers (EDFAs) are considered. In the S-band, a Thulium

Doped Fiber Ampli�er (TDFA), with the characteristics outlined in [90], is used.
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The proposed simulation scenario only considers standard �ber losses and linear

impairments, speci�cally the Ampli�ed Spontaneous Emission (ASE) noise. The

parameters for the OLSs in each operating band are provided inTable 4.4[91]. The

cumulative LP OSNR at each stage can be evaluated using the following equation:

OSNR=
1

å
Nstages
i= 1

1
OSNRi

where OSNRi =
PRx

PASEi

(4.1)

Here,PRx represents the power of the channel at the receiver, andPASE is the

power of the accumulated ASE noise within a reference noise bandwidth of12:5 GHz

for the considered channel.

Fig. 4.16 Calculated OSNR at the receiver for different numbers of network hops.
The performances of the three considered bands are shown separately.
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(a) (b)

Fig. 4.17 OSNR Penalty distribution for different numbers of network hops. (a) Distribution
of the three bands after three hops; (b) global distribution for increasing network size.

The Noise Figure (NF) and the Gain (G) are selected based on the band of

interest, as outlined inTable 4.4(see [91] for more details). The simulation assumes

a reference span length ofL = 75km, and the power loss introduced by the �ber

is compensated by the ampli�er, ensuring that at the ingress of each stagePin =

P0 = 0dBm. The OSNR is calculated at the receiver. The penalty introduced by the

WSS devices is evaluated using data from the transmission-level simulation, which

includes the cascaded penalty for each channel under the requested routing in the

network. The simulation considers every possible channel path from the source to

the destination.

The simulated OSNR distribution at the receiver across three operating bands is

shown in Fig. 4.16 for three network scenarios: 3, 6, and 9-stage WSS cascades. The

overall QoT in Fig. 4.16 exhibits a strong frequency dependency, primarily due to

the different OLS parameters for the S-, C-, and L-bands. The WSS-added penalty

(Fig. 4.17a) after 3 hops shows a slight asymmetry in the penalty distribution across

the three bands, although the distribution peaks are still within the same region.

Similar behavior is observed for larger network scenarios with 6 and 9 hops,

as shown in Fig. 4.17b. As expected, the OSNR penalty increases and the range

broadens, and the penalty distribution begins to exhibit bimodal behavior. The

bimodality is mainly due to the band asymmetry, although even after 9 hops, the

effect remains weak, especially in comparison to the OLS effects, which are primarily

responsible for the band separation.
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Overall, the network case study con�rms the validity of the proposed control data

set: the slight asymmetry between QoT in the three transmission bands is minimal,

even when multiple instances are cascaded. Thus, the proposed average-value control

strategy is both faster and practical. By using the 72-data-point approach, which

accounts for differences in penalty distributions across bands and routing cases, the

full characterization of the device demonstrates the architecture's applicability in a

multiband scenario.

The device maintains low-loss, low-penalty behavior, and consistent multiband

performance, even in a multistage cascade.



Chapter 5

Photonic Beneš switching networks

While the previous chapter focuses on a novel modular architecture, this last ap-

plication example highlights instead the use and characterization ofPICs in more

traditional multistage switching topology, represented by the Beneš switch. Although

this study follows a similar abstraction as the previousWSS, starting from the device

and geometry characterization up to the transmission performance evaluation, the

nature of multistage structures introduce computational limitations that justify the

deployment of more advanced penalty models.

The additional complexity and multiplicity of routing solutions inside these kind of

topologies make this a suitable application to test data-driven models instead of the

more traditional deterministic approaches.

After the design and implementation phase of the photonic Beneš structure, the

penalty is shown to be predicted through the use of machine learning, highlighting

the vertical and multidisciplinary approach already implemented in the previous

chapters of this thesis.

5.1 Softwarized management of photonic switching

structures

The continuous surge in global internet traf�c, coupled with the advancement of

emerging technologies such as 5G and the Internet of Things (IoT), is driving
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the need for enhanced optical network capacity, along with greater �exibility and

dynamic capabilities across all network layers. Modern optical transport networks are

predominantly built on wavelength division multiplexing (WDM) systems operating

in the standard C-band spectral window of approximately 4:8 THz.

To increase network capacity, two main approaches are available: (i) leveraging

the unused potential of the currently deployed infrastructure, or (ii) introducing en-

tirely new network deployments. Among these, the former—maximizing the residual

capacity of existing systems—offers a more attractive solution for network operators

in terms of both cost and implementation feasibility. Within this framework, Band-

width Division Multiplexing (BDM) emerges as a promising technology, enabling

the utilization of the full low-loss optical bandwidth of standard single-mode �bers

(e.g., up to54 THzfor ITU G.652.D �ber) within legacy WDM-based infrastructures

[71].
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Fig. 5.1 Abstraction of the optical switching fabric for the control-plane of a SDN-controlled
photonic transmission system.

The need for �exible and adaptive network functionalities across all layers can be

effectively addressed by extending the Software-De�ned Network (SDN) paradigm

down to the physical layer [92, 93]. At this level, SDN employs a centralized

controller to orchestrate physical interconnections and switching elements, aiming

to optimize network performance by maximizing transmission throughput. To ful�ll
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this role, SDN mandates an open interface per transmission component, along with a

modeling mechanism capable of evaluating associated transmission impairments.

For physical-layer channels, SDN-driven applications must be capable of abstract-

ing the Quality of Transmission (QoT) of individual links into a singular performance

indicator. This is enabled by the deployment of a QoT Estimator.

Coherent TRXs have allowed innovation in optical link design, enabling the

introduction of an uncompensated approach. This eliminates the need for dispersion

compensating units that required speci�c optimization. Exploiting this transmission

technology within transparent LP systems simpli�es QoT evaluation since the non-

linear propagation impact can be easily modeled as additive white Gaussian noise

(AWGN) [94].

This AWGN-like model de�nes the minimum optical signal-to-noise ratio (OSNR)

required by the TRXs in back-to-back characterization. Then it uses this information

to determine the feasibility of deploying transparent LPs. This property allows for

full abstraction of the optical transport system through a QoT-E, which computes

the OSNR of each LP and compares it to the minimum OSNR required by the

coherent TRX [73]. Each transparent LP can be dynamically con�gured from source

to destination by adjusting the traversing switching elements. Therefore, models are

needed to evaluate the QoT degradation of each crossed switching element in order

to compute the overall OSNR.

In addition to quantifying QoT degradation due to switching elements, the

optical network controller must de�ne the operational modes for these elements. To

minimize QoT degradation, models must properly con�gure switching elements,

thus de�ning the selected transparent LP.

In this work, we focus on de�ning an SDN model for a photonic switching fabric

that accounts for both control and QoT degradation, as illustrated in Fig. 5.1. The

primary aim is to design a wideband optical switch based on PICs and model this

N� N ultra-wideband (UWB) switching system at two levels of abstraction: the

routing behavior and the QoT relation to the applied control signals. The routing

problem is solved by considering a black-box abstraction of the 2� 2 cross-bar

switching units, simplifying the circuit to consider only the ideal link between the

elements and the binary control state of each fundamental switch.
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For QoT, we propose a machine learning (ML)-based framework to predict QoT

degradation due to real switching elements. This is a topological and technology-

agnosticblind approach that uses neural network methods to model the QoT impair-

ments of theN� N photonic switch. The data-driven model is trained on a data set

generated from aN� N photonic switch. The training data set can be either experi-

mentally obtained or synthetically generated using a component software simulator.

Once trained, the ML model can provide 1predictions of QoT impairment in real

time, since ML models generally require a signi�cant amount of time only during

the initial training.

Research related to the softwarized management of photonic switching systems

has been limited. The management model for optical switches is particularly crucial

due to their path-dependent nature [95], in contrast to electronic switches where the

performance of all routes is typically identical [96]. Variations in the performance of

optical switches arise primarily from the photonic circuit topology, but can also be

in�uenced by mask-level design �aws.

Deterministic routing algorithms, commonly presented in the literature, are

effective in determining the control state of internal switches for any given output

permutation. Their effectiveness lies in their topology-dependent nature, which

allows for a faster and more ef�cient assessment of multistage networks. To this end,

the routing algorithm has been modi�ed to produce all equivalent paths for a given

output permutation. This routing scheme is then integrated with a machine learning

(ML)-based agent capable of predicting the QoT degradation of each calculated path

due to the switching and coupling units, allowing the identi�cation of the optimal

control set.

5.2 Ultra-Wideband Switching System

The device under analysis is an electronically controlled integrated transparent

photonic switch, capable of performing routing operations without the need for

electro-optical conversion of the transmitted signals. The system is characterized

by two key features: the operating frequency range, which spans the S, C, and L

bands, and the logical routing requirement, where every permutation of the input

signal must be achievable at the egress stage. This characteristic is referred to as

non-blocking switching.
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Different solutions have been described in the literature, withN� N multistage

switching networks being one of the most widely implemented architectures. In

these systems, routing is achieved by cascading several stages of elementary 2� 2

switches, known as optical switching elements (OSEs), which are arranged in various

topologies depending on the required routing properties. Each OSE in the network

can be controlled independently via an electrical signal. In this work, we apply the

proposed approach to an 8� 8 switching device, using MZI-based OSEs, as discussed

in Section 5.2.1, and interconnected through the Beneš network topology, described

in Section 5.2.2. The chosen switching network sizeN = 8 strikes a balance between

realistic implementation sizes for photonic integrated circuits, circuit complexity,

and dataset size. This size serves as a practical simulation testbed for verifying the

proposed control scheme and abstraction, while also providing a suf�ciently large

component cascade to highlight the physical device behavior.

5.2.1 Optical Switching Element

(a) 2� 2 OSE (black-box model) (b) First order MZI switch circuit

(c) BAR-state transmission [I1! O1] (d) CROSS-state transmission [I1! O2]

Fig. 5.2 (a) Optical switching element (OSE) black-box model. (b) MZI switching circuit.
(c) and (d) Dependence of transmission properties in BAR and CROSS state on wavelength
and temperature.

The OSE is the fundamental building block of the switching action, introducing

limitations on operating frequencies and contributing to some QoT degradation. At
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the logical level, the OSE 2� 2 cross-bar switch can be modeled as a black-box

(see Fig. 5.2a) with two available routing states: the BAR con�guration ([I1; I2] !

[O1; O2]) and the CROSS con�guration ([I1; I2] ! [O2; O1]), which can ideally be

toggled by a binary control signal.

Although a multitude of photonic integrated devices can be used to implement the

OSE, as discussed in Chapter 2, the two main solutions that are typically proposed

in such systems are MRRs and MZIs.

While MRR may offer advantageous properties in wavelength-selective systems,

in this type of wide-band applicationsMZI are better suited. The simplest MZI

device can be seen in Fig. 5.2b: the signal is divided into two waveguides by a

3 dBcoupling section and recombined in the egress3 dBcoupler, with the thermally

controlled phase-shift region acting as the control section for the routing state. The

routing state is controlled electrically through thermo-optic effects, leveraging the

phase delay to introduce either constructive or destructive interference at the output

ports. The transmission of the signals has been depicted in Fig. 5.2(c) and Fig. 5.2(d)

as a function of both wavelength and temperature shift between the MZI arms. The

thermo-optic simulations have been done directly through the Multiphysics solver

available in Rsoft, with the optical response being evaluated through 3D BPM. In the

OFF state (DT = 0� C), the bandwidth limitation of the device is evident, covering

roughly half of the S+C+L bands. This limitation is mainly caused by dispersion

of the3 dB coupling regions, where phase velocity dispersion in the waveguides

uneven power splitting and recombination, leading to non-negligible crosstalk at the

incorrect output port: by addressing this limitations the bandwidth of the MZI can

be increased to offer frequency-independent switching in the target optical windows.

Higher Order Coupling Regions

As illustrated, the coupling region bandwidth represents the bottleneck to achieve

ultra-wideband (UWB) operation. Although the coupler exhibits a3 dBpower ratio

at the center design frequency, waveguide dispersion causes increasing asymmetry

as the signal frequency deviates from the center of the C-band. A simple solution

that was investigated to compensate for this effect is to simply cascade multiple

coupling structures while introducing a phase shift (Df = 90� ), as shown in Fig. 5.3.

This solution compensates for the dispersion effect, resulting in a larger and �atter
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(a) Single coupler circuit representation (b) Double coupler circuit representation

(c) Single coupler frequency response (d) Double coupler frequency response

Fig. 5.3 (a)-(b) MZI switch structures: single coupler vs. double coupler. (c)-(d) Correspond-
ing transmission bandwidth properties.

bandwidth near the design frequency, while also minimizing the asymmetry at the

sides of the chosen optical window, depicted in Fig. 5.3d.

Different solutions can be deployed to achieve the same effect, such as using

more advanced MMI couplers, or other more complex waveguide designs [97],

which would allow precise control of the dispersion properties. Although these

solutions could further enlarge the bandwidth of the3 dB coupling region, the added

complexity would not bene�t the target application of the study.

The device used as OSE, implemented with the second-order coupling structure,

can be seen in Fig. 5.4a: the bandwidth of operation covers the target transmission

windows, with minimal crosstalk and penalties observed only at the edges of the

operating region, as shown in Fig. 5.4b-Fig. 5.4c.

5.2.2 Beneš Topology

Having de�ned the fundamental 2� 2 OSE, any genericN � N circuit can then be

modeled based on the desired topology, such as the Beneš network explored in this
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(a) Second order coupling MZI device tested in this study.

(b) BAR-state transmission [I1! O1] (c) CROSS-state transmission [I1! O2]

Fig. 5.4 Transmission dependence on wavelength and thermal tunability for the second order
coupling MZI device tested in the paper.

study.

The Beneš topology has been selected for several reasons, including its advantageous

circuit footprint with respect to alternative solutions, as well as connectivity proper-

ties. Many switching network topologies can be implemented; however, topologies

based on Clos networks, such as the Beneš structure, belong to a particular group:

non-blocking rearrangeable multistage switches.

The non-blocking property is essential for the target application, as all possible

permutations of theN input signals can be achieved at the egress stage of the network,

ensuring full control over the routing component for any given output request. It is

considered arearrangeablenon-blocking device, instead of astrictly non-blocking

due to the way the topology handles pre-allocated traf�c: if certain lightpaths are

already established in the network, new input-output con�guration can be always es-

tablished, albeit possibly requiring routing the pre-existing traf�c through a different

path. In this sense the whole network may need to be rearranged in order to satisfy a

new output con�guration request, nevertheless every state can be achieved, hence

the non-blocking property.
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(a) Delta Network (b) Omega Network

Fig. 5.5 Different example of blocking networks which don't allow complete routing

An example of blocking event in multistage switches can instead be seen in

Fig. 5.5, depicting a Delta and Omega networks: in these structures not all con�gura-

tions are achievable, typically due the reduced dimensionality and lower number of

switches.

The chosen Beneš device is instead characterized by a recursive structure [98], de-

picted in Fig. 5.6a), which can be generalized to any arbitrary input size. It consists

of Nsw = N � log2N � N
2 OSEs distributed across2log2N � 1 stages, as shown for

the 8� 8 Beneš in Fig. 5.6b.

(a) Generic Beneš network recursive structure (b) 8� 8 Beneš network

Fig. 5.6 Beneš network topologies.

The key characteristic of this device is the multiplicity of solutions for any given

output request: sinceNsw OSEs lead to multiple control con�gurations,Nconf = 2Nsw,

which is larger than the number of unique output permutations,Nout = N!, there

are multiple solutions for each unique output permutation request. The number of

solutions depends on the speci�c target output permutation, and these equivalent
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con�gurations may drastically differ in terms of cross and bar states of the internal

OSEs, leading to differences in performance. This is different compared to traditional

switching architectures, such as the matrix crossbar switch (Fig. 5.7a), where each

signal has a unique path toward each target port. This can be seen as an advantage

of Beneš structures, as path redundancy can mitigate OSE malfunction or partially

compensate for fabrication errors. Considering the number of switching elements,

depicted in Fig. 5.7b, it is also clear that the Beneš topology achieves this with a

reduced number of elements, leading to lower footprint, power consumption, and in

general higher ef�ciency.

(a) 8×8 Crossbar switch. (b) Number of required OSE.

Fig. 5.7 Comparison with traditional corssbar structure, showcasing the larger switch cost.

5.3 Simulation environment and dataset generation

The switching structure has been modeled at two distinct levels of abstraction: a

graph-based representation, used to evaluate control signals and routing, and a

circuit-like representation, used to model the impact on QoT of the switching status.

5.3.1 Routing model

Given the black-box abstraction of the2� 2 cross-bar OSEs, the routing problem

is approached by simplifying the circuit to consider only the logical link between
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input and output ports, as determined by the binary control state of each fundamental

switch. A virtual topological structure was generated in MATLAB® to analyze

routing and to evaluate the logical output for a subsequent simulation of the QoT

transmission level.

Due to the simple recursive nature of the network, coupled with the non-polynomial

growth in the solution space (Nconf = O(2NlogN), Nout = O(N!)), a brute-force solu-

tion combined with look-up tables becomes impractical for obtaining state con�gura-

tions for a target output request. This necessitates a scalable deterministic algorithm

to handle the problem's complexity and provide all equivalent paths for routing the

same output permutation.

While generating a single routing solution for a target output permutation is

crucial, minimizing penalties in a device-agnostic scenario requires a more general

algorithm. The device-agnostic scenario is introduced to generalize the analysis

without assuming a speci�c QoT behavior at the physical or device level. A simpler

approach to optimizing QoT might involve minimizing the number of interconnecting

crossings encountered by each signal, as these are typically the primary cause of

signal attenuation. However, such an approach depends on device assumptions that

may not always be accurate.

To address this, the problem is divided into two main sections using a "divide

and rule" strategy: the routing model is responsible for generating all equivalent

routing paths for the target output without making assumptions about the underlying

transmission penalty, while the ML agent, as proposed in later sections, handles

the QoT optimizations. The ML agent selects the best-predicted solution from the

solution space.

The proposed solution represents a generalization of the matrix-based algorithm

described in [99]. Having de�ned anN � N Beneš, withNsw/st = N
2 number of

switches per stage andNst = log2N number of stages, the proposed algorithm is

divided into the following steps (Algorithm 1-Algorithm 2):

• For each layer of the network up to the half-point stage, generate two empty

matricesM ;T 2 R
N
2 � N

2 , representing respectively the control states of the

OSEs in the layer and the rearranged signal order after the layer.

• By comparing the input signals order of the ingress layer with respect to the

output signals order of the egress layer, for every signal map, the relation
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Algorithm 1 Beneš routing algorithm
Require: Number of input and output channelsN , Input signals labelsI [1:N ], Output signals

labelsO[1:N ]
Ensure: A control state, chosen randomly among all the control states giving the requested target

output permutation
1: Number of switch per stageN sw/st= N

2
2: Number of stagesN st = log2N
3: for layer indexl = 1 to N st

2 � 1 do

4: Initialize to -1 the routing matrixMl 2 R
N
2 � N

2

5: Initialize to 0 the label matrixTl 2 R
N
2 � N

2

6: for label indexj = 1 to N do

7: SWI  
l

j
2

m

8: SWO  
� k

2

�
with k such thatOk = I j

9: if Ml (SWI ; SWO) is -1 then
10: if columnSWO of Ml contains a 0then
11: Ml (SWI ; SWO)  1 %%% 1 i.e. bottom network routing
12: else if columnSWO of Ml contains a 1then
13: Ml (SWI ; SWO)  0 %%% 0 i.e. top network routing
14: else
15: set randomlyMl (SWI ; SWO) to 0 or 1
16: end if
17: Tl (SWI ; SWO)  I j
18: else ifMl (SWI ; SWO) is not -1 then
19: Ml (SWI ; SWO)  2 %%% 2 i.e. same input-output couple request
20: Tl (SWI ; 1)  Tl (SWI ; SWO)
21: Tl (SWI ; 2)  I j
22: end if
23: end for
24: check for con�ict! Algorithm 2
25: updateI j ; O j for the evaluated routing
26: end for

between the input switch and the target output switch. The ingress and egress

layers are symmetrical with respect to the middle stageNmiddle = Nst
2 (ingress:

layer (i), egress: layer (Nst � i), for i 2 [1 : Nmiddle])

• Fill the matrix M with [0;1] using the input-output switch relationship to

select the row-column pair respectively. The matrixT contains the label of

the signal corresponding to that input-output switch pair.

• Once the matrix for the layer is compiled, verify that no repetitions occur both

row-wise and column-wise. Only one instance of "0" and "1" can occur in any

given row or column. If repetitions occur, �ip the element column-wise until

the conditions are solved.
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Algorithm 2 Routing con�ict algorithm
Require: Routing matrix M
Ensure: Balanced con�ict-avoiding routing
1: con�ict=false
2: Con�icts=empty list
3: for row indexr = 1toN do
4: R=row r of M
5: if R contains two 0s or two 1sthen
6: con�ict=true
7: appendr to Con�icts
8: end if
9: end for

10: if con�ict then
11: r � = randomly selected elementin Con�icts
12: R� =row r � of M
13: c� = randomly selected position of any element ofR� equal to 0 or 1
14: C� =columnc� of M
15: exchange 0 and 1 inC�

16: loop to 1
17: else
18: return ! Algorithm 1 (update matrix M)
19: end if

• Iterate for all layersi 2 [1 : Nmiddle]).

In the described algorithm, the "0" and "1" �ags of theM matrices correspond

to the propagation direction of the signal in each switching element relative to the

following stages. Considering the recursive structure of the Beneš topology and its

symmetry, two equivalent paths can be found at every stage in the respective top

and bottom sub-networks. Additionally, two other �ag values are introduced in the

proposed algorithm: each matrix cell is initially set to "-1" to indicate nonallocated

requests or empty cells. A further �ag is required to account for equivalent routings

in speci�c cases: while input signals of an ingress switch typically must be routed to

different egress switches, if both input signals target the same output switch, only

one single cell of the routing matrix can be targeted. To handle this, the �ag "2"

represents path equivalence between the top and bottom networks, implying the

values ("1", "0") and ("0", "1").

Once the procedure is completed, the state of the switches can be determined by

comparing the order of the signals at each layer, accounting for the interconnects

and the top-down direction de�ned by the compiledM i matrices. With a slight

modi�cation to the algorithm, evaluating all equivalent paths in terms of output

signal permutation becomes trivial. After setting the output permutation, each valid
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matrixM i represents a different equivalent routing possibility. For each routing in

the previous layer, the process is recursively iterated, exploring all switching states

for the required output.

Using this algorithm, the control unit can generate multiple solutions depending

on the task at hand. If all equivalent routing solutions are evaluated, the proposed ML

agent can optimize QoT, selecting the path with the minimum transmission penalty.

Alternatively, for simpler control units, the algorithm can provide a single control

con�guration by generating a random routing compatible with the required signal

output permutation, without exploring all equivalent paths.

5.3.2 Transmission model

To evaluate the impact of the switching fabric on QoT, numerical simulations

were �rst carried out in Synopsys OptSimTM Photonic Circuit simulation envi-

ronment [100], testing an8� 8 Beneš switch based on an OSE implemented with

the second-order coupling MZI previously described. Due to the relatively low-loss

�at-band behavior of the OSE, the critical components of the device, especially

in terms of routing optimization, are the waveguide crossings, which introduce

path-dependent losses and attenuation in the propagating signals.

It is important to note that, for strict-sense Beneš structures (N = 2x;x 2 N ), the

number of switches encountered by each signal is identical, regardless of the OSE

control signals, as shown in Fig. 5.8a. This emphasizes the critical task of charac-

terizing the control-state-dependent QoT impairments caused by the interconnect

stages.

The designed waveguide crossings introduce an average loss of0:2 dB to 0:3 dB

per instance, with a small spectral variance, as depicted in Fig. 5.8b. Although cross-

ings have been taken into account in the penalty evaluation, interconnect waveguides

and bent sections have not been considered because of their generally negligible

effect in a properly designed layout.

The general schematic of the simulated setup is shown in Fig. 5.8c. We assumed

eight input signals spaced byDf = 100GHz, with a central frequency offc =

193THz. The simulated signals consisted of PM-16-QAM modulated streams at

Br = 60GBaud, which were then demodulated at the receiver side, extracting the

Bit Error Rate (BER) as a function of the Optical Signal-to-Noise Ratio (OSNR).
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(a) 8� 8 Beneš switch schematic in OptSim Photonic Circuit. Crossings are indicated by blue blocks
while OSEs are shown as red blocks.

(b) Response of the waveguide crossing (c) Transmission environment under simulation

Fig. 5.8 Simulation model schematic and characteristics

These measurements were expressed as the QoT penalty (in decibels), comparing the

results to the back-to-back TX/RX system evaluated without the switching fabric.

Due to the previously discussed non-polynomial increase in the solution space,

characterizing the full system using a look-up table solution is not feasible, especially

at the transmission level, because of the high computational costs of such simulations.

To train the proposed ML algorithm, a dataset of simulated con�gurations was

created, measuring the QoT penalty for a random subset of control signals.

The simulation data set was generated forNsim = 5000random control con�gura-

tions, allowing for equivalent paths (output permutation), but ensuring that individual

control states were enforced to avoid erroneous training caused by repeating the same

OSE states. The general distribution of OSNR penalties for the simulated data set

is shown in Fig. 5.9. As expected, the distribution has a relatively uniform average

value ofm= 2dB for each output port, with a comparable standard deviation.
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To characterize the device in an SDN-controlled environment, it is important

to highlight the maximum value of the penalty:DOSNRmax � 3:1dB. Without a

control unit capable of reliably predicting the expected penalty in real time, the

impact of switching on QoT must always be overestimated to this maximum value,

which represents a rare worst-case assumption. However, the ML agent enables

more �exible control of the device, allowing it to identify cases where a higher

transmission rate can be applied due to a lower penalty.

Fig. 5.9 Statistical analysis of OSNR Penalties for each output port.

Furthermore, in Fig. 5.9 every data point corresponds to one of the different

equivalent solutions, highlighting the average penalty for all the output ports, as well

as the minimum and maximum values. It is clear how a real-time control strategy

can be employed to optimize the performance of such a device. At the same time,

the average port penalties are identical between con�gurations; the lower-variance

solutions offer a better alternative, as the QoT is more uniform between all the output

ports of the con�guration.

5.3.3 Machine Learning Modeling for QoT Impairment

The ML framework and complete work�ow for the training and testing phases are

here outlined, together with the architecture of the primary cognitive engine in the

proposed ML module, including the de�nition of features, labels, and additional

tuning and control parameters. The target for the ML module would be integration

as an application programming interface (API) inside the device controller.

The proposed supervised ML framework functions as a complete black-box

model, requiring only substantial training data to develop a cognitive model, with-
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out the need to consider the internal topology of the photonic circuit. Like other

supervised ML techniques, the model requires the de�nition of features and labels to

represent system inputs and outputs, respectively. The manipulated features include

the different permutations of the OSE control signals (Ctrl1, Ctrl2, Ctrl3, ..., CtrlM)

at the control ports of the photonic switch, while the QoT penalty for thek-th output

port of the photonic switch is used as the label, as shown in Fig. 5.10.

To develop cognition within the ML engine, a deep neural network (DNN) [101]

is used, as it is a widely used tool in various applications. The proposed DNN is

built using the higher-level API of the open source TensorFlow© library [102], which

offers a variety of learning algorithms and data processing functions to improve the

quality of the data set.

The core engine of the DNN is con�gured with optimized hyperparameters,

including:

• Training Steps: Set to 1000.

• Optimizer: The adaptive gradient algorithm (ADAGRAD) Keras optimizer

with a default learning rate of10� 2 andL1 regularization set to10� 3, helping

to avoid zero coef�cients in the features [103].

• Activation Functions: Several non-linear activation functions, such as ReLU,

tanh, and sigmoid, were tested during model development. Ultimately, ReLU

was selected due to its superior performance in terms of prediction accuracy

and computational load [104].

Another key hyperparameter in DNN design is the number of hidden layers. The

core engine was �ne-tuned with various numbers of hidden layers and neurons to

balance accuracy and computational time. Although increasing the number of layers

and neurons improves accuracy up to a point, further increases result in diminishing

returns, leading to over�tting and increased computational time. After evaluating

these trade-offs, a DNN with three hidden layers, each containing ten arti�cial

neurons, was chosen as the optimal con�guration for the considered dimensionN.

To further enhance prediction performance, a parallel architecture for DNN

is proposed, as shown in Fig. 5.10. This parallel structure allows the DNN to

autonomously predict the QoT penalty for eachk-th output port of the considered

N � N photonic switch. The parallel architecture ef�ciently exploits the augmented
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information provided in the dataset for each output port, improving the cognitive

performance of the DNN engine and achieving higher prediction ef�ciency.
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Fig. 5.10 Schematic of the ML module with Parallel DNN architecture

The training process begins with the core DNN engine, which is subsequently

evaluated on a separate subset of the dataset. A conventional70 %/30 %split has

been adopted to partition the generated data (5.3.2) set into training and testing

sets, respectively. Speci�cally,70 %of the data is allocated for training, while the

remaining 30 % is reserved for testing.

Each individual DNN module within the parallel architecture receives the same

set of input features, namely the OSE control signals (Ctrl1, Ctrl2, Ctrl3, � � � , CtrlM),

and is trained to predict the correspondingOSNR Penaltyi;k for each output portk of

the proposed UWB Beneš switch.

To mitigate over�tting during training, the number of training steps is used as the

primary stopping criterion. The learning process is guided by minimizing themean

square error(MSE), which is employed as the loss function and de�ned as follows:

QoT MSE=
1
n

n

å
i= 0

 
1
N

N

å
k= 1

�
OSNRPenaltypi;k � OSNRPenaltyai;k

� 2
!

(5.1)

wheren is the number of test realizations,N is the total number of input/output ports

of the speci�cN� N switching system, and OSNR Penaltyp
i;k � OSNR Penaltyai;k are

the predicted and actual OSNR Penalties of thek-th output port of the considered

topology.
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5.4 Results and Discussion

This section demonstrates the accuracy of the proposed ML modules in delivering

QoT impairment predictions for UWB photonics switching architectures. The ML

module exploits the deterministic switch control states to obtain the QoT impairments

in terms ofOSNR Penaltyi;k for each portk of the proposed UWB Beneš switch. In

addition, a complete case study is analyzed to reveal the effectiveness of the proposed

ML-based QoT penalty estimation model for the photonic switching system.

The proposed ML cognitive engine manipulates the deterministic control states

as input and exploits the QoT Penalty as an output. The metric utilized to assess the

accuracy of the ML model is de�ned as:

DOSNRi;k = OSNRPenaltyai;k � OSNRPenaltypi;k (5.2)

The parameters in Eq. 5.2 retain the same meaning as those in Eq. 5.1. The reliability

of the proposed ML-based QoT impairment estimation model is evaluated by ana-

lyzing its performance across each port of the 8� 8 Beneš switch. The distributions

of DOSNRvalues for all output ports are presented in Fig. 5.11, alongside their

corresponding mean (m) and standard deviation (s ) statistics.

As shown in Fig. 5.11, eachDOSNRdistribution is divided by a red dotted

line atDOSNR= 0. The region whereDOSNR� 0 is considered noncritical, as

it implies thatOSNR Penaltyai;k � OSNR Penaltypi;k. In this scenario, some trans-

mission capacity may be underutilized, but the operability of the system remains

unaffected. In contrast, the region whereDOSNR> 0 is critical, as it indicates that

OSNR Penaltyai;k > OSNR Penaltypi;k. To maintain proper system operation in this

regime, an additional margin must be applied over the ML prediction. The maximum

required margins, denoteddk, are indicated by green lines for each portk of the 8� 8

Beneš.

Analysis of these margins highlights the high prediction accuracy achieved by

the ML model. For the entire switch, the worst-case margin is observed at port 5,

whered5 remains below0:12 dB. This demonstrates that, in practical applications,

the OSNR penalty margin required over the ML prediction can be limited to0:12 dB

for the 8� 8 Beneš. The observed variation in prediction accuracy between different

ports is primarily attributed to the inherent randomness and limited size of the

training dataset, which results in uneven learning across various paths. In the case

study examined, the ML agent was trained with a signi�cantly reduced subset of
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the full device con�guration space. Despite this constraint, the resulting asymmetry

in prediction accuracy across ports remains minimal, especially compared to the

broader QoT improvements enabled by the proposed ML-driven approach.

Fig. 5.11 Probability density functions ofDOSNR for each port of the 8� 8 Beneš switch.
Average valuesmand variancess indicated for the individual cases are expressed in decibels.

The effectiveness of the proposed ML-based QoT impairment estimation model

is further validated through its application to the optimal routing problem. Speci�-

cally, the ML agent can be integrated with the routing algorithm described earlier

to enhance the routing process. As an illustrative example, consider a target output

mapping such as[1; 2; 3; 4; 5; 6; 7; 8] ! [7; 6; 3; 8; 5; 4; 1; 2]. For this desired out-

put pattern, there exist 32 distinct control state combinations that can achieve the

required routing. The implemented algorithm is capable of identifying and evaluat-

ing all these nominally equivalent con�gurations. These con�gurations have been

analyzed to assess their associated penalties and statistical distributions, as presented

in Fig. 5.12.

Although the average penalty in the equivalent solutions remains relatively con-

sistent, signi�cant differences emerge in the standard deviation of the penalty at

individual ports. Here, the ML agent can contribute to real-time control optimization

by selecting con�gurations that minimize overall penalties and reduce high-variance

outcomes. This approach promotes uniformity in the penalty experienced across

all output channels, thereby reducing deviation. However, alternative optimization

strategies could be adopted depending on the speci�c control objectives. The selec-

tion of theoptimalcontrol state ultimately depends on the chosen performance metric.

For example, as shown in Fig. 5.12, con�guration 18 achieves the lowest deviation



110 Photonic Beneš switching networks

among all solutions, while con�guration 27 offers the lowest overall penalty and

may be preferred when minimizing penalty is the primary criterion.

Fig. 5.12 OSNR Penalty distribution for 32 nominally equivalent control states generating
the output pattern [7, 6, 3, 8, 5, 4, 1, 2]. A label from 1 to 32 has been assigned to each
control state according to the order it is generated by the proposed algorithm.



Chapter 6

Conclusions

Photonic integrated circuits have shown to be an extremely promising enabling

technology in a wide variety of �elds, �rst and foremost in optical communications

and transparent networking applications.

The thesis focuses on the design of multiple components targeting some of the

main challenges faced in todays communications, investigating the performance

and achievable functionalities inside the �eld of Silicon Photonics. The choice

of this particular technological platform is due to its many advantages, related to

its compatibility with the electronic CMOS manufacturing process, which makes

silicon integration affordable, scalable, and an overall mature technology to usher

large-scale photonic integration.

Chapter 1 has provided a short introduction in the context of photonic switch

integration, the main motivation behind the evolution toward PICs and the alterna-

tive solutions, from the currently implemented technologies to the competing �elds

trying to emerge as the next-generation platform for optical network expansion. The

chapter also detailed the general structure of the rest of the thesis, following an

application-oriented division, from device design to transmission abstraction, up to

advanced data-drive characterization of larger-scale switching structures.

A review of the photonic integrated devices was presented in Chapter 2, detailing the

main materials, waveguide technologies, and basic building blocks used in the rest

of the thesis. A section of the chapter was also dedicated to a modeling example of a

complex cascaded MRR-based device, showcasing the dynamic device control in
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an analytical abstraction, before introducing the main tuning and control methods

available in the Silicon Photonics platform.

The design of �exible PIC components is the main focus of Chapter 3, which has

explored the optimal design techniques for GACDC devices, demonstrating the

accuracy of the simulation models, and proposed different techniques to enhance

the �exibility of these components toward �exible and elastic �ltering applications.

This class of devices was shown to be a promising solution as selective �ltering

elements for both MUX/DEMUX, as well as dynamic add-drop �lters, capable of

being integrated in more complex circuits to achieve larger functional blocks such

as WSS. A method to unlock non-volatile and power-ef�cient recon�gurability was

also analyzed, showcasing how novel Phase Change Materials applied to SiPh could

overcome the current integration limitations, due to both high power consumption

and thermal crosstalk of traditional TO solutions.

The WSS and in general wavelength-selective applications have been the main focus

of Chapter 4, in which a novel and modular WSS architecture is proposed, capable

of operating in a multi-band WDM scenario. This device has been characterized

from the device layer up to a networking simulation scenario, evaluating the QoT

effect in a DSP-aware simulation suite. This work has demonstrated the �exibility

of circuit design to tackle the multi-band scenario, which is currently investigated

as the main cost-effective solution to expand the optical networking infrastructure.

This investigation also showcased how the more rigorous device level simulation can

be used to abstract larger scale model to predict path, and routing-dependant losses

in larger scale integrated devices.

The �nal example is represented by the study of photonic Beneš structures in Chapter

5, which, similarly to the WSS study, aims to abstract the penalties and device-level

performances to the transmission and networking scenario. In this study the main

focus has been toward demonstrating data-driven techniques enabling the deploy-

ment of the SDN paradigm, abstracting the path-dependent penalty of the multi-stage

architecture allowing selection of the optimal routing con�guration.

This has been achieved through ML techniques and an opportunely modi�ed Clos

network routing algorithm, allowing training of a penalty prediction agent capable

of reducing the required penalty margin for lightpath deployment. This problem has

been chosen due to the non-polynomial nature of the solution space, with an expo-

nential and factorial increase of the routing possibilities, which cannot be handled by
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traditional deterministic approaches.

All of these studies have explored a different challenge in both current optical

communications and SiPh integration techniques, maintaining a vertical multidisci-

plinary approach to abstract the performances from the material/waveguide layer up

to the networking scenario. SiPh has been shown to be a promising technological

platform for the deployment of both traditional switching solutions, such as core-

(Beneš) and wavelength-switching (WSS), as well as versatile dynamic components,

capable of handling �exible bandwidth allocation and non-volatile power-ef�cient

switching in a wide variety of applications.

Through both rigorous analytical modeling and simulation in electromagnetic and

multiphysics suites, the main class of photonic integrated devices has been explored

and characterized, demonstrating PICs as an enabling technology in telecommunica-

tions and transparent signal processing.

Future Work

The work presented in this thesis focuses on speci�c telecom applications and re-

lated requirements, albeit draws from many aspects and tackle challenges found

also in many adjacent photonic �elds. Over the last years photonic integration has

experienced many technological leaps, ranging from the standardization of multiple

foundry processes and improvement in CMOS-compatible scalable integration tech-

niques. While the studies reported in the thesis may apply to switching architectures

and their virtualization, the methodologies have been developed to allow generaliza-

tion toward other applications, such as computing and neuromorphic, which have

seen growing interest and maturity and may bene�t from multi-layer aware design

pipelines.

Similarly, while the extension toward multi-bend transmission and routing is directly

addressed, emerging technologies and hybrid material integration may be further

researched to explore the limits and capabilities of PICs toward wider applications

such as O-band transmission.

The improvement in electrical co-packaging and interfaces has led to commercially

available programmable optical chips, paving the way for generalized photonic

interfaces for both prototyping, as well as for photonic AI accelerators. These results,

together with the integration of novel phase-change materials, compatible with low-
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power, non volatile, and multi-level optical control, is expected to unlock general

reprogrammable photonic chips: despite this thesis research focus of such technology

toward �exible grid allocation, large scale integration of these functional blocks can

also greatly bene�t the photonic �elds outside transparent communications.

Multiple aspects not explored in this thesis deserve future investigation such as

control strategies, such as MEMs and LCoS, as well as advanced structures, like

photonic crystals, albeit the methodology and investigation showcased in this work

can be extended toward such technologies. Moreover, the data-driven techniques

deployed over the course of the research activity can be extended for diverse future

applications, and can be expected to fare even better with the rise of large scale

integrated devices, regardless of the future platforms and target applications that the

photonic �eld may steer towards.
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