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Abstract
Thanks to their low decoherence and compatibility with optical fiber infrastruc-

tures, quantum states of light are ideal carriers of quantum information and are
expected to form the backbone of future quantum communication and information–
processing networks. The ability to generate and manipulate photon pairs with a
high degree of entanglement is key to scaling up the number of photonic qubits and
quantum gates, enabling light–based secure quantum communication and efficient
quantum computation. Achieving this goal requires a monolithic and stable integ-
rated platform embedding all the necessary optical and electronic components on a
single chip. Among the available photonic platforms, silicon photonics stands out
thanks to its compatibility with complementary metal–oxide–semiconductor tech-
nology, crucial for large–scale fabrication, high reproducibility, and co–integration
of photonic and electronic circuits on the same millimeter–scale devices.

In this thesis, I present the design, fabrication, and experimental characterization
of silicon photonic integrated circuits developed for high–dimensional quantum in-
formation processing based on frequency–encoded photonic states. This three–year
PhD research work, carried out half at the research center CEA-Leti in Grenoble
and half at the Quantum Photonics Laboratory of the University of Pavia, focuses
on two approaches to increase both the dimensionality and the programmability
of frequency–bin quantum states: hyperentanglement and integrated quantum fre-
quency processing.

First, I demonstrate an integrated source of photon pairs entangled simultan-
eously across two independent degrees of freedom, time and frequency, based on mul-
tiple high–brightness silicon microring resonators. I generate 16–dimensional bipart-
ite quantum states and experimentally verify genuine hyperentanglement through
quantum state tomography techniques and hyperentanglement witnesses. I then
introduce and characterize a new generation of silicon hyperentangled sources with
a higher level of on–chip integration, devices currently being fabricated in the CEA-
Leti cleanroom. These devices incorporate photon–pair generation, routing, and
spectral filtering, enabling the combination of frequency–bin and, potentially, time–
bin entanglement with additional degrees of freedom such as path and polariza-
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tion, with the aim of further increasing the quantum information capacity of single
photons.

Finally, I present the first monolithic silicon quantum frequency processor, in-
tegrating a microring–resonator source of high–dimensional frequency–bin states,
two phase modulators, and a programmable spectral phase shifter in between the
two. This device enables coherent and reconfigurable transformations of frequency–
encoded qubits and qudits. Its capabilities are showcased through the realisation of
a post–selection–free tunable frequency beam splitter over two classical frequency
modes, showing high fidelity and low leakage to neighboring modes, a key prerequis-
ite for quantum information processing in the frequency domain. Furthermore, the
processor is operated in the quantum regime to implement a frequency–domain
quantum walk and to reconstruct, via quantum state tomography, the density mat-
rix of a two–photon state generated on the same chip.

Overall, this work confirms the suitability of the silicon photonics platform
for quantum information processing, proposing possible strategies to scale up the
telecommunication–compatible frequency–bin encoding for the on–chip generation
and manipulation of complex quantum states.
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Introduction

Quantum technologies have emerged as one of the most promising strategies to po-
tentially revolutionize future computation, communication, and sensing. The year
2025 has been proclaimed the International Year of Quantum Science and Techno-
logy, indicating the rapidly growing worldwide interest in this field. Today, quantum
technologies are moving from fundamental research toward practical deployment.
Fundamental and applied research activities have experienced a significant accel-
eration driven by private investors and government funding programs across the
globe. According to McKinsey, the global quantum technology market is expected
to reach up to $97 billion by 2035 [1]. Many countries have launched dedicated
national quantum strategies and roadmaps for the coming years, including Italy [2]
and France [3].

The present work is situated within this rapidly evolving scenario. In this ma-
nuscript, I describe the research projects I have carried out through a collabor-
ation between the Quantum Photonics Laboratory of the University of Pavia and
the French government–funded technological research center CEA–Leti in Grenoble.
The work presented in this thesis focuses in particular on silicon integrated photonic
circuits and their application to quantum technologies, with special emphasis on
the generation, manipulation, and analysis of frequency–encoded quantum states of
light. This introduction provides a broad overview of the scientific and technological
context.

Quantum integrated photonics

Quantum photonics is a leading technological frontier for the implementation of
quantum information technologies, including computation [4] and quantum com-
munication [5]. Photons are often considered the ideal medium for qubit encoding
and manipulation, thanks to their low interaction with the environment, i.e. long
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INTRODUCTION

coherence times, support for high–speed and room–temperature operations, and
compatibility with existing optical fiber networks.

Light offers a large variety of degrees of freedom (DoFs) to encode informa-
tion [6], such as polarization, spatial (or path) modes, orbital angular momentum,
time–bin and frequency modes. Each encoding presents specific advantages and
limitations; however, across all of them, a common trend has emerged in recent
years: the transition from early bulk–optical demonstrations toward more scalable
implementations in integrated photonic platforms.

Photonic integrated circuits play a central role in enabling robust quantum
photonic technologies [7, 8, 9, 10]. Beyond the reduction of weight, size, power con-
sumption and cost, integration provides lower optical losses, enhanced phase and
thermal stability, and improved reproducibility. These advantages directly trans-
late into higher fidelity of the implemented quantum operations and, depending on
the chosen DoF, may also produce a reduction in system complexity. As a result,
quantum photonic integrated circuits (QPICs) are indeed often considered the way
toward scalable quantum systems [11, 12, 13]. In particular, thanks to its compatib-
ility with complementary–metal–oxide–semiconductor (CMOS) technology, silicon
photonics is the leading platform for the development of low–cost and high–volume
quantum photonic technologies [14, 15]. Moreover, it offers the possibility to gen-
erate, filter, (de–)multiplex, and modulate quantum states of light on chip, using
ready–to–use components developed for the telecommunication industry.

Frequency-bin quantum information processing

Among the available photonic DoFs, the frequency has recently attracted consid-
erable attention, shifting the paradigm from being used primarily to multiplex in-
formation in telecommunication networks to exploiting the orthogonality of different
colors to encode quantum information itself. Specifically, in its discrete-variable ver-
sion [16, 17] extremely large Hilbert spaces can be realized by taking as quantum
levels non-overlapping frequency intervals, i.e., the frequency-bins (FBs). They can
all coexist within a single spatial mode, i.e. one optical fiber or waveguide, making
frequency-bin encoding easier to transmit than alternatives based on, for example,
path modes [18]. Moreover, FB quantum gates are known for their parallelizability,
i.e. the extension of a quantum operation from one to multiple qubits without chan-
ging its implementation [19, 20], confirming the inherent compactness and resource
efficiency of this encoding technique.
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INTRODUCTION

Last but not least, entangled photon pairs distributed across multiple FBs are
easy to generate through spontaneous parametric down conversion or spontaneous
four wave mixing (SFWM). More interestingly, by means of integrated optical cav-
ities, at the narrow resonances the probability of generation of quantum states of
light is enhanced [21], thus directly producing entangled photon pairs encoded in
the FB DoF more efficiently.

In this manuscript, I present the development, fabrication and test of multiple
circuits for FB states generation and manipulation, all based on the use of integ-
rated silicon microring resonators. In particular, I explored different approaches
to increase both the dimensionality and the programmability of SFWM-generated
FB quantum states. The two strategies are briefly presented in the next two para-
graphs, but dedicated introductory sections are reported at the beginning of each
project’s chapter.

Hyperentanglement

The simultaneous entanglement of photons in multiple degrees of freedom, namely
hyperentanglement (HE) [22], is considered a promising approach to increase the
dimensionality of photonic quantum systems, a crucial requirement for the devel-
opment of large–scale quantum technologies [23, 24]. Although frequency–bin en-
tanglement is already intrinsically high–dimensional, encoding multiple qubits onto
a single photon by adding further DoFs such as time–bin, path, or polarization
can efficiently save quantum computing resources [25]. Moreover, hyperentangle-
ment unlocks a range of unique capabilities, including the realisation of Bell–state
analyzers using linear optics [26, 27], superdense coding [28, 29], and cluster–state
quantum computation [30, 31, 32]. It can also be directly employed in quantum
communication protocols, showing either higher robustness against decoherence in
lossy channels compared to multi–photon quantum states with equal Hilbert space
dimensionality [33], or enabling high–fidelity entanglement distillation [34].

While the generation of high–dimensional entanglement within a single DoF
on photonic chips has already seen substantial progress [35], experimental demon-
strations of HE sources in integrated platforms remain relatively limited (see the
introduction of chapter 2 and chapter 3). In this thesis, I therefore explore hyper-
entanglement as a way to further extend the capabilities of frequency–bin–based
quantum photonics. This is done both by experimentally demonstrating a source of
time–frequency HE photon pairs based on multiple silicon microring resonators, and
by designing additional integrated circuits combining FB entanglement with other
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DoFs, such as path and polarization. These approaches aim to increase not only
the dimensionality of the generated quantum states, but also the level of integration
and on–chip programmability achievable within silicon photonic platforms.

Quantum optical processors

Integrated optical processors are chips incorporating all the necessary functions to
generate, process, and transmit information based on light. To date, the working
principle of classical processors is based on shaping the amplitude and phase of the
processed optical fields by using large interferometric networks [25, 36]. The same
paradigm has been successfully transferred to the quantum domain. Path–encoding
has emerged as the leader of this new landscape, thanks to easy–to–implement
manipulation gates based on meshes of beam splitters and phase shifters, already
capable of implementing arbitrary unitary transformations on high–dimensional
quantum states [37, 38, 39].

On the other hand, frequency–bin processing has so far been mostly realized
using bulk components, with performance limited by losses and stability issues, and
would therefore greatly benefit from integration [16, 17]. An on–chip quantum fre-
quency processor (QFP) would require (i) a source of frequency–encoded quantum
states, (ii) a mechanism for implementing coherent, reconfigurable frequency mix-
ing with high fidelity, and (iii) line–by–line spectral phase and amplitude control to
implement arbitrary mode transformations.

Contrary to the path DoF, works demonstrating the co–integration of multiple
necessary building blocks for frequency–domain processing remain limited. Nev-
ertheless, QFPs have solid theoretical foundations [40] and relevant experimental
demonstrations using hybrid bulk–integrated approaches have confirmed their po-
tential (see the introduction of chapter 4). In this thesis, these concepts are pushed
further by presenting the first integrated quantum frequency processor that com-
bines a FB source, frequency mode mixing, and programmable single–mode phase
control, all integrated on a monolithic silicon photonic chip, paving the way toward
scalable frequency–based quantum information processing.

Outline

Chapter 1 provides the theoretical background necessary for the development of
silicon photonic devices, with particular attention to the practical aspects required
for the efficient and accurate design of the components used across the various
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projects. The remainder of the manuscript details these research projects, focusing
on my specific contributions across each chapter.

In Chapter 2, the demonstration of an integrated HE source in the frequency–
and time–bin DoFs is presented, with emphasis on the concept, the experimental
implementation, and the analysis of the generated quantum state. In Chapter 3,
the simulation, design, and preliminary linear optical characterization of other HE
sources are presented. These devices feature a higher level of integration and are
currently undergoing the final fabrication steps.

Chapter 4 is dedicated to the quantum frequency processor, a project to which
I contributed across all its fundamental aspects. The simulation and design of
the photonic building blocks are first presented, together with their linear optical
and electrical characterizations. In the final part, key experimental demonstra-
tions showing the system–level capabilities of the processor are reported, including
the realisation of a post–selection–free frequency beam splitter and the quantum–
state manipulation and analysis of on–chip–generated biphoton quantum frequency
combs.
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Chapter 1

Integrated Silicon Photonics

Photonic Integrated Circuits (PICs) have made significant progress since the late
1980s [41], when the concept of guiding light in silicon was first introduced. Since
then, various material platforms have been studied, with the ultimate goal of en-
abling efficient generation, transport, processing, and detection of light within a
single miniaturized circuit. Much of this development has been driven by the tele-
com and datacom industries, focusing respectively on light processing in the C–band
(wavelength band across 1550 nm) and O–band (1310 nm). Historically, thanks to
its transparency window accommodating both wavelength ranges and the possibility
of integrating lasers, indium phosphide (InP) rapidly became the platform commer-
cially utilized for advanced PICs [42]. However, emerging markets demand higher
performance, a broader wavelength range of operation, and scalability. All these
requirements are met by Silicon Photonics (SiPh), which combines lower losses, a
broader transparency region, and higher integration density. Moreover, it leverages
the robust processing infrastructure of the CMOS electronic industry, promising
significantly cheaper PICs compared to other options, including InP–based micro-
chips [43].

Silicon Photonics is a cutting–edge technology now entering the era of large–scale
integration, possibly integrating up to 104 components on a single chip [44]. Its mar-
ket is expanding rapidly and is expected to reach USD 9.02 billion within five years,
with a compound annual growth rate of 30.5% [45]. Major industrial players such as
TSMC, GlobalFoundries, and STMicroelectronics have established their own silicon
photonics programs, while research and innovation centers such as CEA-Leti and
Imec have also set up pilot lines. Today, basic passive and active devices (wave-
guides, splitters, couplers, modulators, thermal shifters, etc.) are manufactured in
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CHAPTER 1. INTEGRATED SILICON PHOTONICS

these centers with well–established performance, and they are available in device
libraries, namely Process Design Kits (PDKs), making them accessible to external
customers [46, 43]. The road ahead is rich with opportunities, motivated also by on-
going research across numerous potential applications, from traditional high–speed
communication to optoelectronics, LIDAR, nonlinear optics, and quantum photon-
ics [47].

In this chapter, I describe some of the basic SiPh components and the associated
design optimization process, covering the theoretical concepts and the simulation
steps required to match the target performance. The list presented here does not
aim to include all the devices that can be realized on this platform, which would be
much broader. It contains instead the building blocks embedded in the quantum
photonics circuits described in detail in later chapters. In particular, the focus is on
waveguides, microring resonators, directional couplers, Mach–Zehnder interferomet-
ers, and phase modulators, designed for the Silicon–On–Insulator (SOI) platforms
employed in the presented research work: the SOI 200mm Si220nm (CEA–Leti [48])
and the SOI 300mm Si300nm (CEA–Leti [49] and STMicroelectronics [50]).

1.1 The waveguide

The core concept behind integrated photonics is guiding light waves from one point
to another through planar circuits. The fundamental physical structure is the so-
called waveguide (WG), a nanometric-scale dielectric channel in which light propag-
ates along predefined paths.

By exploiting both vertical (y-axis) and horizontal (x-axis) confinement, one can
create “optical wires” whenever the refractive index of the wire is higher than that
of the surroundings (n1 > n2). The electromagnetic field is then confined in the me-
dium with the higher refractive index, namely the core, thanks to the phenomenon
of total internal reflection (TIR) [51], which occurs at the interface with the lower-
index medium, i.e., the cladding. The shape of the waveguide cross–section affects
the distribution of the fields, the so-called optical mode, and consequently the prop-
erties of the propagating light, as explained in the next paragraph. Waveguides
are typically designed as simple rectangular (strip) geometries or “T”-shaped (rib)
geometries. For the latter, two etching levels are applied, producing a WG head on
top, with typical dimensions around 0.4–1.0µm, and a much larger bottom region
(around 3–4µm), usually called the slab region. Thanks to this lower part, the
fields interact less with the Si/SiO2 interface, experiencing lower scattering losses
compared with strip waveguides. Although this is usually considered a significant
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CHAPTER 1. INTEGRATED SILICON PHOTONICS

advantage, strip WGs allow the design of more compact circuits and are therefore
preferred for high-density integration.

The situation becomes even more complex for components such as silicon mod-
ulators, in which doped-silicon regions are involved, and the WG cross–section can
differ from the two geometries presented here [52]. As a matter of fact, an accur-
ate study of the modes supported by the WG and their properties is necessary to
achieve the target performance, usually carried out through numerical simulations,
as more specifically reported in the dedicated section (1.2).

As previously mentioned, the description focuses on CMOS–compatible SOI

(a) (b)
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Figure 1.1: SOI waveguides. (a) Strip and rib waveguide geometries. The light propag-
ates along the z-axis, confined in the core material by TIR if n1 > n2. (b) Cross–section
scheme for tunable passive silicon photonic components.

waveguides and devices, since this is the platform used to integrate the circuits
presented in this work. Light is confined within a thin silicon core medium, sur-
rounded by silicon dioxide (silica), as depicted in Figure 1.1. This configuration
provides a high refractive index contrast (around 40% at 1550 nm) and thus tight
confinement, allowing the integration of small device cross–sections and high in-
tegration density [53]. In particular, two main standards are used in the industry,
differing in the thickness of the silicon slab: 300 nm and 220 nm. In this chapter,
the simulation results obtained for both Si slab thicknesses are reported. A more
detailed treatment of the fabrication of these SOI–based circuits can be found in
the chapter dedicated to the integration of novel circuits for quantum photonics
applications, namely chapter 3.

1.1.1 Theory of linear optical propagation in waveguides

Light propagates in the dielectric medium along the length of the WG (z–axis in
Figure 1.1) in what are commonly called optical modes. They describe the distri-
bution of the electric and magnetic fields (E, H) in the cross–section plane (x, y),
propagating along the z–axis without changing shape.

15



CHAPTER 1. INTEGRATED SILICON PHOTONICS

If we assume that the two dielectric media are homogeneous, isotropic, and non–
absorbing, the distribution of the refractive index along the vertical profile n(x, y)
is a real value. Under these hypotheses, following the treatment reported in detail
in [51], the discrete solutions of the Maxwell equations have the form:

E = ℰ(x, y, ω) exp [i (βz − ωt )] ,

H = ℋ(x, y, ω) exp [i (βz − ωt)] ,
(1.1)

while the Maxwell equations reduce to:

∇2ℰ+

[(ω
c

)2
n2(x, y)− β2

]
ℰ = 0 . (1.2)

This can be seen as an eigenvalue problem, where the complex amplitudes of the
electric field ℰ(x, y, ω) are the eigenfunctions and β2 are the eigenvalues, i.e., the
propagation constant associated with the given mode, squared. For each angular
frequency ω at which the field oscillates there are, in general, an infinite number of
eigenvalues for a given index profile. However, only a discrete set of propagation
constants β(ω) corresponds to confined modes. If the set includes only one mode,
they are called single–mode WGs1; otherwise, we generally speak about multi–mode
WGs.

From the propagation constant of the supported modes, other fundamental
quantities commonly used to describe light propagation in structured media can
be derived. By expanding β in a Taylor series, each term of the expansion can be
rewritten by defining the following quantities: the effective index neff (ω), the group
index ng, and the dispersion D (usually measured in ps/nm/km), namely

neff
def
=
βc

ω
, (1.3)

ng
def
=
δβ

δω
· c = neff + ω

δneff

δω
, (1.4)

D def
=

δ2β

δω δλ
= −λ

c
· δ

2neff
δλ2

. (1.5)

A given nanostructured material can be classified as exhibiting either normal dis-
persion, when D < 0, or anomalous dispersion, when D > 0. It is also worth
mentioning the group velocity dispersion (GVD), which is sometimes defined in-
stead of D: β2

def
= δ2β

δω2 = −D λ2

2π c .

1 In SiPh circuits, SM WGs support only the fundamental TE mode and the fundamental
TM mode, i.e., the two lowest-order transverse modes, namely TE00 and TM00.
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CHAPTER 1. INTEGRATED SILICON PHOTONICS

All the reported quantities depend on the wavelength and on the refractive in-
dex distribution of the analyzed cross–section; therefore, their values can be tuned
through careful WG geometry engineering. An example of this process is reported
in section 1.2.

The supported waveguide modes have intrinsic orthogonality properties, which
give rise to two different types of modes: transverse electric (TE), with compon-
ents Ey, Hx, and Hz, or transverse magnetic (TM), whose non-zero fields are Hy,
Ex, and Ez [51]. Since TE modes usually have a higher effective index than the
corresponding TM mode of the same order [53], they are more strongly confined
in the core medium. As a consequence, they are less localized in the cladding and
along the sidewalls of the WG, where roughness contributes to light leakage. For
this reason, designers mainly choose TE modes to transfer and manipulate light
on-chip, thanks to their lower propagation losses.

It is worth introducing at this point the definition of propagation losses in optical
integrated circuits. The power transmitted at the end of a WG with length L is
equal to:

P(L) = P(0)e−α̃L , (1.6)

in which α̃ is the power attenuation coefficient, expressed in m−1. Usually, the
value of losses of a photonic component (as well as for optical fibers, etc.) is
given in dB/cm. One can easily convert between the two using the dB defini-
tion2: α̃ [cm−1] = ln(10)/10α [dB cm−1] = 0.23α [dB cm−1].

In Figure 1.2 two examples of fundamental TE modes can be visualized, i.e.,
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Figure 1.2: SOI waveguides. (a) Example of the TE00 mode in the two standard SM
WGs of the CEA-Leti SOI platform of thickness th = 300nm at wavelength 1550nm.
In particular, the parameters are: for the strip geometry WGw = 400nm; for the rib
geometry WGw = 450nm, partial etching depth D = 150nm, slabw = 3µm. (b) General
scheme of the WG, with all the geometrical parameters defined. These labels will be used
in section 1.2 to refer to the parameters used to optimize the WG performance.

2 Given the power at the end of a line of length L, P, and the reference power P0,
both measured in linear scale (usually mW), the power level can be expressed in decibels
as: 10 log10(P/P0) [dB].
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the distribution of the magnitude of the electric field in the case of the two typical
SM waveguides of the Si300 nm platform (respectively with waveguide width WGw

of 400 nm for the strip and 450 nm for the rib).
The quantum photonic circuits presented in this work are all based on the gener-

ation, propagation, and manipulation of light in the TE00 mode. Therefore, in the
following section 1.2, the analysis carried out to properly design the silicon photonic
components for operation in the fundamental transverse electric mode is reported.

1.1.2 Theory of nonlinear optical phenomena in waveguides

In semiconductor waveguides, an external optical field interacts with the electrons of
the material, generating nonlinear optical phenomena that couple electromagnetic
fields with different amplitudes and frequencies. Assuming the (linear) isotropy of
the material and an instantaneous dielectric response, the input electric field E(t)

induces a polarization of the form [54]:

P (t) = ϵ0

(
χ(1)E(t) + χ(2)E2(t) + χ(3)E3(t) + ...

)
, (1.7)

where χ(i) are the i-th order susceptibilities, complex tensors of rank (i+1). Their
role is briefly examined in the following lines, focusing mostly on the material under
consideration here: silicon.

The first-order susceptibility χ(1) is related to single-photon–induced dipole ex-
citations, arising from the interaction between the photon and the bound and free
electrons of the material. In particular, its real part is connected to the refractive
index of the medium, while its imaginary part is related to optical gain and losses.

Nonlinear phenomena are thus expressed by the higher-order susceptibilities,
describing the exchange of energy among different frequencies, i.e., electromagnetic
fields at different frequencies. Both second- and third-order processes, respectively
arising from susceptibilities of rank i = 3 and i = 4, can be divided into two
groups. In parametric processes, such as harmonic generation (second and third)
and Four-Wave Mixing, the energy transfer occurs only between waves, with no
energy exchange with the material itself. These processes can be described by the
real part of the corresponding susceptibility term. In the case of processes such
as Stimulated Raman Scattering and Two-Photon Absorption, the conservation of
energy is fulfilled by the whole system, therefore also involving the material. These
are called non-parametric processes and are described by the imaginary part of the
corresponding susceptibility tensor.

Crystal symmetry and properties influence the entries of the susceptibility tensors
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and may limit the variety of allowed phenomena [55]. In centrosymmetric crystals
such as Si, the second-order susceptibility term χ(2) is absent. Therefore, the in-
terest in silicon as a nonlinear medium arises from the variety of third-order effects
described by its χ(3), which are discussed later.

Moreover, all optical WGs, and thus also the Si-based ones, offer important
advantages with respect to their bulk counterparts:

• The light confinement enhances the field strength inside the nonlinear WG,

• The propagation is not affected by diffraction effects; therefore, the light–
matter interaction can be maintained efficiently over centimeters, or even
more,

• The WG geometry can be adapted to optimize the efficiency and the band-
width of the desired nonlinear effect.

In the following paragraph, I focus on third-order nonlinear phenomena in silicon
WGs. There are a multitude of processes, all described in various reviews [56, 57,
58] and textbooks [54, 55]. Therefore, the description here is limited to presenting
the basic concepts behind nonlinear optical processes, in order to define the key
quantities that are usually optimized when designing efficient silicon-based nonlin-
ear WGs. Particular attention is given to Four-Wave Mixing (FWM), Two-Photon
Absorption (TPA), and Free Carrier Dispersion (FCD), as they are directly em-
ployed/experienced in the research works presented in this thesis.

Third-order processes in silicon waveguides

Silicon-based integrated waveguides exhibit strong nonlinearities that can be used
to generate and process optical signals. Even if other materials, such as AlGaAs
and other III V semiconductors, show much higher nonlinear coefficients [59], the
CMOS compatibility of silicon photonics motivates the use of third-order nonlinear
phenomena on this platform. The polarization P induced by an electric field E is:

P
(3)
i = ϵ0

∑
jkl

χ
(3)
ijkl EjEkEl , (1.8)

where I have re-written the third term of Equation 1.7 hiding the time depend-
ence and making explicit the tensor nature of the equation. The indices i, j, k, l
representing the components along a generic axis, can assume the value 1, 2 or 3,
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indicating the component respectively along axis x, y and z. By including the in-
duced polarizations in the wave equation given above (Equation 1.2), the perturbed
fields travelling inside the WG can be written as:

E(r, ω) ' ℰ(x, y, ω)ℰ(z, ω) ,

H(r, ω) ' ℋ(x, y, ω)ℋ(z, ω) .
(1.9)

It holds under the assumptions that the waveguide modes ℰ(x, y, ω) are not affected
(slowly varying envelope approximation), and that the induced polarization is re-
garded as a small perturbation producing a modulation in the propagation direction
ℰ(z, ω) [60].

The polarization induced by the χ(3) terms, as reported in Equation 1.8, involves
four fields. Let’s start the description from the simplest case, the third-order non-
linear effects induced by a monochromatic beam, i.e. the nonlinear contribution to
the polarization at the same frequency as that of the incident field. Given a material
with susceptibility χ(3) to which a beam E(t) is applied, the term of polarization
in Equation 1.8 becomes P (3)(t) = ϵ0χ

(3)E(t)3. The two possible effects caused by
three identical fields are the third harmonic generation (THG) and the Kerr effect.

In the former process, destroying three photons at frequency ω, one photon at
3ω is created. The feasibility of the process is limited by momentum conservation,
and thus by the chromatic dispersion of the nanostructured WG, similarly to what
will be outlined in further detail for the FWM process in section 1.1.2.

The latter describes how the real part of the refractive index n of the material
changes by applying an external electric field with intensity I. In particular, the
equations governing the Kerr effect are:

∆n = n2 I , n2 =
3Re(χ

(3)
eff )

4 ϵ0 c n2
(1.10)

The index change induces phase effects, affecting the propagation of the optical
beam. As a consequence, self-phase modulation (SPM) and cross-phase modulation
(XPM) arise. In the expression of the Kerr coefficient n2, we have introduced an
effective susceptibility χ

(3)
eff , due to the anisotropic optical nonlinearity of silicon.

In particular, it depends on the independent terms of the susceptibility tensor [61],
and reduces to χ(3)

eff = χ
(3)
1111. In silicon, the values reported in the literature for the

Kerr coefficient vary greatly, as pointed out in the review [62]. The value usually
taken as reference at telecommunication wavelength is the one measured in bulk
silicon, close to 4.5± 1.5 · 10−14 cm2/W [63, 64].
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When multiple optical frequencies copropagate inside an SOI waveguide simul-
taneously, i.e. the implied fields have different frequencies, the situation becomes
more complicated. This is the case of FWM, a four–photon elastic scattering pro-
cess originating from the third–order nonlinearity. Here, we take into account some
approximations to simplify its theoretical description, following [65, 66]; a more
complete treatment can be found in [60, 56]. Specifically:

• The case of degenerate FWM between fields with the same polarization is con-
sidered, so only three waves are involved: the pump, the idler (higher energy)
and the signal (lower energy). These must satisfy the energy conservation law
2ωP = ωI + ωS ;

• Phonon contributions are neglected and only the electronic part of the third-
order susceptibility is considered (Eq. 99 of [60]);

• Only a continuous-wave (CW) pump is considered, with limited power (on
the order of a few mW ), as is typically the case in practical silicon photonic
experiments. Consequently, in intrinsic Si WGs, free-carrier and TPA effects
are marginal (see the next paragraph for a more detailed description) and are
neglected in the following equations;

• The pump is assumed to be much more intense than the generated beams,
therefore SPM and XPM induced by the idler and the signal are neglected.
The undepleted pump approximation [67] is adopted, i.e. the number of pump
photons remains effectively constant along propagation.

As a result, the complex amplitudes of the three electric fields along the propaga-
tion direction z can be written as [60]:

dℰP (z)

dz
= −αP /2ℰP (z) + i γP 𝒫P ℰP (z) ,

dℰS(z)

dz
= −αS/2ℰS(z) + 2i γSP 𝒫P ℰS(z) + i γSPIP ℰ2

P ℰ⋆
I(z)e

−i∆βz ,

dℰI(z)

dz
= −αI/2ℰI(z) + 2i γIP 𝒫P ℰI(z) + i γIPSP ℰ2

P ℰ⋆
S(z)e

−i∆βz .

(1.11)

The following quantities have been defined: 𝒫P = |ℰP (z)|2, which is proportional
to the pump power in the WG [56]3, while ℰj(z) is the complex mode amplitude at

3 The total optical power carried by the perturbed field at frequency ωP , i.e. the pump
while the nonlinear interaction is occurring, is PP = PP0 𝒫P (z, ωP ), where PP0 is the power
of the unperturbed electromagnetic pump field, i.e. in the absence of nonlinear interactions.
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position z and frequency ωj , according to the definition in Equation 1.9. Notice that,
in the last term, the term is ℰ2

P , meaning the square of the pump field amplitude,
i.e. the pump phase explicitly enters this term. γijkl is the nonlinear parameter,
which quantifies the strength of the interaction among the fields involved in the
process (see next paragraph for a more detailed definition). The phase mismatch
∆β = βS + βI − 2βP has also been introduced.

In the group of equations 1.11, looking at the elements in the right-hand side, one
can recognize, from left to right: the contribution of optical losses, the contribution
of XPM and SPM due to the more intense pump field, and finally the FWM term.
In the next paragraph, I will focus on the FWM term and the related fundamental
nonlinear properties specifically for the here considered SOI WGs.

Four Wave Mixing

The 4th term in Equation 1.11 describes the degenerate Four Wave Mixing effect.
It is responsible for a contribution to the signal and idler fields coming respectively
from the pump–idler and pump–signal energy exchanges. The SPM and XPM
contributions are now neglected in order to focus on a more detailed description of
the FWM properties.

Nonlinear parameter in FWM process The rigorous definition of the third-
order nonlinear parameter, specifically for the FWM process, is reported here. From
the study of the effect of dispersion on the optical pulses circulating in the WG, the
following general expression is derived [58]:

γijkl =
3ωi

√
ng,i ng,j ng,k ng,l

4 ϵ0A0 c2
Γijkl , (1.12)

where A0 is the WG cross–section, ng,i(jorkorl) is the group index of the modes
participating in the nonlinear process (i, j, k, l), and Γijkl is the effective nonlinear
susceptibility, i.e. the weighted integral of the χ(3) tensor over the four modes.

A simplified expression for these quantities can be obtained by considering the
following three conditions: the degenerate FWM case, idler and signal generated in
the same mode in which the pump light propagates, and idler and signal wavelengths
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close to the pump one λP . The result is reported below:

γIPSP = γSPIP
def
= γ(SOI) =

3ωP n
2
g,P

4 ϵ0A0 c2
Γ(SOI) , (1.13)

Γ(SOI) =
A0

∫
core

ℰ⋆(x, y)χ(3) ℰ(x, y)ℰ⋆(x, y)ℰ(x, y) dx dy(∫
n2(x, y) |ℰ(x, y)|2 dx dy

)2 . (1.14)

The effective susceptibility can thus be calculated for the pump mode only, since
ωP ' ωI ' ωS and ℰ(x, y, ωP ) ' ℰ(x, y, ωI) ' ℰ(x, y, ωS) have been assumed. The
numerator represents the nonlinear overlap, i.e. the integral of the optical mode
over the nonlinear medium cross–section (only the WG core region). The contribu-
tion of the surrounding SiO2 can be neglected, since its third-order nonlinearity is
much smaller (∼ 10−3 lower).

It should be noted that the resulting nonlinear coefficient strongly depends on
the considered pump frequency and on the WG geometry, via the integral over A0

and, above all, through the group index of the propagating pump mode ng,P . In
the more general case, the overlap integral between the different propagating modes
must be considered.

It is also worth mentioning that in the literature [60, 57] another definition is
often reported, directly coming from the more standardized fiber optics field [68,
67]:

γ(F ) =
2π n2

λAeff
, A

(F )
eff =

(∫
|ℰ(x, y)|2 dx dy

)2∫
core

|ℰ(x, y)|4 dx dy
. (1.15)

Here, the effective mode area ([m2]) is defined from the electric field distribution at
the WG cross–section.

Comparing equations 1.14 and 1.15, describing the nonlinear parameters for SOI
and optical fibers, respectively, reveals a key conceptual difference. The SOI expres-
sion reduces to the well–known fiber expression only if the group index is close to
unity, an assumption that typically holds for the weak dispersion of optical fibers.
In practice, the strong dispersion of silicon WGs, caused by the high optical con-
finement in high–index contrast nanostructures, is essentially neglected in the fiber
formulation. Due to its compact form and its dependence solely on the cross–section
and the modal electric field distribution, the nonlinear coefficient γ(F ) is frequently
adopted in the literature for silicon waveguides, even though the definition of γ(SOI)

is physically more accurate given that ng/n, i.e. the ratio of the mode group index
to the refractive index of the material, is significantly larger than unity. A detailed
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quantitative comparison between these two formulations is provided in Appendix
section A.2.

In this work, the expression introduced for the fiber optics case will be adopted.
Beyond aligning with standard literature conventions and enabling direct compar-
ison with published works, this choice is justified by a pragmatic consideration:
any theoretical definition of the nonlinear parameter serves as a simplified model
parameter rather than an exact, deterministic predictor of real–world nonlinear ef-
ficiency. In experimental implementations, such as SFWM–based sources of photon
pairs, the overall performance is governed by several practical factors, including lin-
ear propagation losses, two–photon absorption, free–carrier absorption, dispersion
engineering, and fiber–to–chip coupling efficiency. Consequently, a highly refined
theoretical estimation of γ alone does not directly yield an exact prediction of the
measured nonlinear response. I will thus adopt the simplified formulation. In the
following, the notation will be simplified to γ and Aeff and will refer to the fiber
optics case. Since γ ∝ 1

Aeff
, a smaller effective area directly corresponds to stronger

light confinement and enhanced nonlinear interaction strength. This renders Aeff

a convenient and robust figure of merit for comparing different WG cross–sections
and spatial modes in terms of their capacity to enhance nonlinear phenomena such
as FWM.

Efficiency of the FWM process The treatment reported above refers to the
stimulated FWM case, where a signal wave is injected together with the pump and
an idler is generated. The symmetric situation can also occur, without any difference
in the derivation. Under the undepleted-pump and small-signal approximations,
and in the limit of negligible loss, the degenerate FWM conversion efficiency can be
written as

ηFWM
def
=

PI(L)

PS(0)
=
(
γ PP (0)Le

−α̃L
)2

sinc2
(
∆β L

2

)
, (1.16)

where PP (0) = PP0 𝒫P (0) and PS(0) = PS0 𝒫S(0) are the pump power (P ) and
the signal power (S) at z = 0 (cf. footnote 3), γ is the nonlinear coefficient, L
is the physical waveguide length, ∆β is the phase mismatch above defined, and α̃

represents the propagation loss of the interacting waves, assumed equal for all three
interacting wavelengths.

Clearly, the efficiency is maximized when ∆β = 0 (perfect phase matching con-
dition), i.e. 2ωP neff (ωP ) − ωS neff (ωS) − ωI neff (ωI) = 0 in the approxima-
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tion in which the SPM and XPM contributions are neglected (the nonlinear phase-
mismatch term is negligible for typical pump powers < 100mW [69]).

For symmetric detuning around the pump ∆ω = ωS −ωP = ωP −ωI , expanding
the phase mismatch parameter as a Taylor series yields ∆β ' β2 ∆ω

2 (stopping
at second order). From this, the approximated expression for the bandwidth of the
FWM process is usually derived as:

BW '

√
∆βmax

β2
=

√
4π

|β2| · L
∝

√
1

|D| · L
. (1.17)

Longer devices yield a narrower bandwidth, while engineering the waveguide dis-
persion to approach β2 ' 0 at the pump wavelength enables broadband FWM.

In the limit of perfect phase matching, the generated idler power increases quad-
ratically with the pump power and linearly with the signal power:

PI(L)FWM = PS(0)
(
γ PP (0)L

)2
. (1.18)

Spontaneous FWM process As can be seen from Equation 1.11, the FWM
process is stimulated by the presence of a signal beam. However, even in the absence
of a signal field, one pair of signal and idler photons can be generated spontaneously
from two photons of the pump, i.e. stimulated by random vacuum fluctuations. This
process is called spontaneous FWM (SFWM) and is the basis for the generation of
correlated photon pairs in silicon waveguides.

The theoretical description of SFWM is more complex than that of stimulated
FWM and goes beyond the scope of this thesis manuscript (see [70, 71, 72]). In
the stimulated case, the generation of a fixed idler frequency occurs, determined
univocally by the signal and pump frequencies. In the spontaneous case, instead,
the generation of a broadband spectrum of signal and idler photon pairs is possible,
provided that they satisfy the energy conservation law 2ωP = ωS+ωI and the phase–
matching condition. Given the bandwidth T −1 of the process, which depends on
the material dispersion and on the filtering applied to the total SFWM spectrum,
and in the limit of perfect phase matching, the role of the signal seed field is played
by ℏωP /T . Thus, again under the undepleted–pump approximation and assuming
low conversion efficiency (i.e. the probability of generating more than one photon
pair is negligible), the average power of the generated idler and signal photons is

PI,S(L)SFWM =
ℏωP

T
(
γ PP (0)L

)2
. (1.19)
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Two Photon Absorption

Among the third-order nonlinear interactions, it is worth looking more closely at
one non-parametric process: TPA. Given (in the general case) a polychromatic
beam with frequencies such that ℏω1 + ℏω2 > Eg, where Eg ' 1.12 eV is the
energy band gap in Si, the simultaneous absorption of two photons may occur,
assisted by phonons. It produces an electron–hole pair (free carriers) across the
valence and conduction bands of the semiconductor. Of course, the process can also
be degenerate; thus, two photons from the same pump laser at frequency ωP are
absorbed; from now on, this case is considered for simplicity.

The density of electron–hole pairs, N , evolves in the presence of a time-varying
optical intensity I(t) as described by the following equation [73]:

dN(t)

dt
=
βTPA

2 ℏωP
I2(t)− N(t)

τFC
. (1.20)

βTPA is the so-called TPA coefficient, and it is directly linked to the imaginary part
of the (effective) third-order susceptibility tensor via:

βTPA =
3ωP I(χ(3)

eff )

2 ϵ0 c2 n2
. (1.21)

Its measured value, reported in the literature for wavelengths around 1550 nm,
ranges from 0.4 to 0.9 cm/GW [74, 64], relatively small compared to III V semi-
conductors.

By looking at Equation 1.20, we can identify a first term on the right–hand
side. Because the excitation process is nearly instantaneous (10 fs [60]), this term
describes the generation of free carriers as directly proportional to the square of
the injected optical beam intensity. The second term is responsible for the slower
decrease in the number of electron–hole pairs due to their recombination. This
process is characterized by the FC lifetime τFC , which is of the order of 100 ns
in bulk silicon, but is considered shorter in nanostructured WGs. In practice, the
Si–SiO2 interfaces are populated by interface defect states, giving rise to surface re-
combination. Values ranging between 10 and 200 ns are reported in the litterature
[74, 75], confirmed also by measurements performed within this research work (see
Figure 1.3).

The produced charges are responsible for other processes: free–carrier absorp-
tion (FCA) and free-carrier dispersion (FCD, often called plasma dispersion PD).
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In addition, since silicon is an indirect band–gap semiconductor, the process is
phonon–assisted, thus heat is produced, which changes the refractive index through
the thermo-optic effect (TOE). These effects are of fundamental importance in the
field of phase and intensity modulation in silicon WGs; they are therefore briefly
described in the next paragraphs.

FCD and the TOE have been largely used as the physical mechanisms to modify
the optical properties of photonic components. For resonant devices, such as photonic
crystals, microdisks, or microrings, the two effects respectively produce a blue and
a red shift in the resonance wavelength, characterized by different time scales. Of
particular interest is the regime of optical bistability [76, 77, 78], which enables
switching [79, 80, 81], logic-gate [82] and memory [83, 84] operations. For other
applications, such as the generation of light through parametric nonlinear effects in
which high power is employed, optical bistability represents in most cases a detri-
mental effect. As a matter of fact, the change in the refractive index modifies the
resonance condition and introduces deformation of the resonance shape itself [85].

Free Carrier Absorption

Electrons in the conduction band, which may be present due to two-photon ab-
sorption or due to doping of the silicon WG, have access to a continuum of energy
states. As a result, they contribute to the absorption of light over a broad frequency
spectrum, thus in the presence of other nonlinear phenomena such as FWM, the
pump, idler, and signal components would all be affected. Therefore, FCA often
introduces undesired losses in photonic WGs.

As an example, the effect of TPA–induced FCA in a silicon WG under a pump–
probe experiment is reported here. A CW probe laser is transmitted through a 1 cm
WG; in the same WG, a short bright optical pulse is also injected, at a wavelength
around 1550 nm but far enough from the CW wavelength to ensure off-chip separ-
ation of the CW and pulsed lasers. The CW power measured with a high-speed
photodiode is reported in Figure 1.3, featuring a clear dip corresponding to the time
instant at which the pulse copropagates inside the WG. This dip is due to the pres-
ence of free carriers in the WG, generated by TPA of the pump photons. Because
they are out of equilibrium, these free carriers immediately start recombining; thus,
the reference transmitted power is recovered after the typical exponential decay. The
FC lifetime is extracted through the exponential fit (pink line) as τFC = 11.1±0.3 ns.

Finally, once the electrons relax to the bottom of the conduction band, addi-
tional heat is generated, which changes the refractive index through the TOE (see
section 1.1.2).
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Figure 1.3: TPA–induced FCA. Experimental characterization of TPA–induced FCA
obtained through a pump–probe experiment, pumping with a femtosecond laser (10 MHz
repetition rate at 1560 nm) and probing with a continuous–wave laser at 1550 nm. The
sample under test is a 1 cm-long straight waveguide with a strip cross–section of 300 ×
400 nm2. The x-axis shows the time delay between the arrival of the pump pulse at the
waveguide input and the measured CW probe transmission at the output. The dip in
transmitted power is caused by free carriers generated via two–photon absorption of the
pump photons. The pink solid line represents an exponential fit to the power recovery,
from which the free–carrier lifetime is extracted.

Free Carrier Dispersion

As stated before, a change in free-carrier concentration produces both a change in
the material refractive index and in the absorption coefficient. In particular, the
free-carrier dispersion effect arises because the present free carriers interact with
the travelling electromagnetic waves, effectively producing an oscillation of the free
carriers themselves that follows the optical wave and, at the same time, affects the
wave propagation [60].

This effect, known since the first studies on integrated photonics thanks to the
work of R. A. Soref and B. R. Bennett in 1987 [86, 87], produces a change in both
the real and the imaginary parts of the refractive index, which depend on the local
density of electrons and holes. In Ref. [87], they report the empirical expressions
of the variation of the absorption coefficient α̃ and of the real part of the refractive
index n in silicon, due to injection or depletion of charges. At the wavelength of
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interest λ = 1550 nm, the equations are:

∆α̃(Ne, Nh) = 8.5 · 10−18Ne + 6.0 · 10−18Nh

∆n(Ne, Nh) = −8.8 · 10−22Ne − 8.5 · 10−18N0.8
h ,

(1.22)

where Ne and Nh are the concentrations of electrons and holes in the considered
region in cm−3; notice that here ∆α̃ is in cm−1. Therefore, the presence of FCs
produces a decrease in the refractive index (blue-shift) and is always associated with
amplitude modulation (increase of the absorption coefficient), both proportional to
the density of free carriers.

This effect can be further enhanced and engineered by applying voltages across
doped Si regions, thus obtaining a variation of charge concentration inside the region
where the voltage-driven current flows. Furthermore, since the FCD is caused by
the interplay between the electromagnetic wave and the charges, in an integrated
structure the magnitude of the effect is governed by the overlap between the optical
mode and the profile of the charge variation. In a WG, the propagation loss and
the effective index become [88]:

αWG(V ) = α̃WG +∆αWG(Ne, Nh) + ∆αWG(V )

neff (V ) = neff +∆neff (Ne, Nh) + ∆neff (V ) ,
(1.23)

where α̃WG (cm−1) and neff are the respective quantities in the intrinsic WG, i.e.,
in the absence of applied voltage and charges.

Finally, FCD is the method of choice in Si to produce conventional silicon optical
modulators and variable optical attenuators (VOAs) [89]. Electrical carrier injec-
tion/depletion is employed in integrated p-n/p-i-n junctions [90, 91] for high-speed
optical signal processing, but also in less common applications [92]. More details
on those devices are reported in subsection 1.8.2. FCD generated through photo-
excitation has also been reported in other photonic structures, such as photonic
crystals [81], microdisks [93], and microring resonators [94, 79].

Thermo-Optic Effect

The thermo-optic effect finds its origin in the displacements of the atomic nuclei in
the presence of thermal energy stored in the crystal. The polarization that arises
from it produces an overall increase in the refractive index of the medium, governed
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by the thermo-optic coefficient.
Silicon has a large thermo-optic coefficient, which allows tuning its optical re-

sponse by inducing a local change in the temperature T . At 1550 nm it is around
three times higher than the one measured in those materials where it has been his-
torically exploited, precisely dn

d T = 1.86 · 10−4 K−1 [95].
This TOE is the one used in classical CMOS-compatible phase shifters, the

heaters. More details on those components are reported in subsection 1.8.1.

1.2 Waveguide simulation

A good photonic design always begins with WG simulations. As noted earlier, the
supported optical modes propagate without changing shape along the optical wire,
with associated parameters such as effective index, group velocity (vg = c/ng), dis-
persion, and propagation loss. Depending on the application and the role of a given
component within the photonic circuit, one parameter may be more critical than
the others, so a single cross–section choice is not always feasible. Moreover, in some
applications multiple wavelengths and/or modes can be accommodated within the
same WG, such as in intermodal SFWM [96], where the cross–section must be en-
gineered to support higher-order modes. In this work, the fundamental mode at
telecommunication wavelength is chosen to propagate the pump and the generated
photons throughout the circuits. Therefore, all the following simulations will be
focused on this mode and wavelength range.

A fixed parameter is the Si slab thickness, determined by the SOI wafer used
in fabrication: Si300nm and Si220nm in this work. An eigenmode solver is used
to extract the mode field distribution and its properties in the studied WG cross–
section. I used the Finite–Difference Eigenmode (FDE) method implemented in
the Lumerical MODE software [97], solving Maxwell’s equations in the frequency
domain on a meshed WG cross–section, providing a solution for a single optical
frequency. Examples of the obtained electric field distribution for the TE00 mode
of strip and rib Si300nm WGs are shown in Figure 1.2. In addition, integrated
frequency sweeps enable the calculation of group velocity and dispersion.

Regarding the rib geometry, the thickness (th) and partial etching depth (D,
Figure 1.2) are fixed by the technology process: D = 110 nm for Si220nm and
D = 150 nm for Si300nm. The slab width is set to slabw = 3µm, which is compat-
ible with both the platforms presented here. Therefore, the WG geometry optimiz-
ation presented below focuses on varying the waveguide width WGw.
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The effective indices at our operating wavelength λ = 1550 nm have been ex-
tracted for both rib and strip WGs, for the two slab thicknesses mentioned above,
and are reported in Figure 1.4.

As pointed out in section 1.1.2, the effective area Aeff is widely exploited in
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Figure 1.4: SOI WG FDE simulation at λ = 1550nm. Extracted effective index and
group index of the TE00 mode of strip and rib WG, as a function of WGw.

both fiber and integrated photonics studies as a metric for nonlinear performance.
Its values are reported in Figure 1.5. In the lower panel, the resulting γ is shown,
calculated from Equation 1.15. As discussed above, the estimations for the coeffi-
cient n2 in silicon vary greatly. Considering the value of 4.5 · 10−14 cm2/W [63, 64]
measured in bulk silicon, together with the more recent of 6 · 10−14 cm2/W , coming
from studies on nonlinear effects in SOI WGs (in particular SM Si220nm WG, with
WGw = 500nm) [98], the value used here is n2 = (4.5± 1.5) · 10−14 cm2/W , follow-
ing Ref. [57]. Therefore, in the plot the points correspond to the central value of
n2, while the shaded region behind indicates the uncertainty in the γ value, coming
from the error of n2.

The effective index and the group index are also used to calculate the dispersion
of the WG; an example is reported in Figure 1.6 (for the platform Si300nm, see
Appendix A, Figure A.1). As pointed out in section 1.1.2, dispersion influences
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Figure 1.5: Calculated effective area and nonlinear parameter at λ = 1550nm.
The reported values are calculated using Equation 1.15, here reported for the fundamental
TE00 mode of strip and rib WG, as a function of WGw.

the efficiency of nonlinear processes such as FWM. Ideally D should be as close
as possible to zero in order to prevent phase mismatch between the wavelengths
involved in the generation process. Moreover, the smaller the dispersion, the larger
the bandwidth; thus idler and signal can be generated farther away from the pump.

The value of the dispersion at 1550 nm of the 220× 600 nm2 WG is very close
to zero, confirming that among the standard cross-sections that can be considered,
it is the most suitable for the FWM process. All the indices of this WG geometry
are summarized in Table 1.1.

Indices for strip WG 220× 600 nm2 at 1.55 µm
neff 2.56
ng 4.05
D (ps/nm/km) 83
Aeff (µm2) 0.20
γ (m−1W−1) 90±30

Table 1.1: WG simulations: indices of the fundamental mode of our Si waveguide 220×600
nm, extracted from Figure 1.6.

32



CHAPTER 1. INTEGRATED SILICON PHOTONICS

1350 1400 1450 1500 1550 1600 1650 1700 1750
Wavelength (nm)

2.0

2.2

2.4

2.6

2.8

3.0

n e
ff

Si220nm Rib WGs

WG_w=400
WG_w=500
WG_w=600
WG_w=700

1350 1400 1450 1500 1550 1600 1650 1700 1750
Wavelength (nm)

2.0

2.2

2.4

2.6

2.8

3.0

Si220nm Strip WGs

1350 1400 1450 1500 1550 1600 1650 1700 1750
Wavelength (nm)

3.6

3.8

4.0

4.2

4.4

n g

1350 1400 1450 1500 1550 1600 1650 1700 1750
Wavelength (nm)

3.6

3.8

4.0

4.2

4.4

1350 1400 1450 1500 1550 1600 1650 1700 1750
Wavelength (nm)

6000

5000

4000

3000

2000

1000

0

1000

D
 (p

s/
nm

/k
m

)

1350 1400 1450 1500 1550 1600 1650 1700 1750
Wavelength (nm)

6000

5000

4000

3000

2000

1000

0

1000

Figure 1.6: WG dispersion simulations. Extracted WG indices as a function of the
wavelength for the fundamental TE00 mode of strip and rib WG for the platform Si220nm,
as a function of WGw.

Finally, more sophisticated WG geometries can in principle be considered to
obtain higher mode confinement (higher γ) and/or engineered dispersion for a large
variety of applications. For example, the etching depth and the sidewall angle
could be optimized [69], or more sophisticated sub-wavelength structures could be
explored [99]. However, all these solutions are more subject to fabrication vari-
ability and/or are not suitable for large-scale production using CMOS-compatible
techniques.
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1.3 The ring resonator

Microring resonators (MRRs) are compact, wavelength-selective devices that play
a central role in silicon photonics. They are employed as filters [100, 101], multi-
plexers/demultiplexers [102], modulators [91], and, thanks to their resonant field
buildup, as platforms for enhancing nonlinear interactions [103]. Their small foot-
print and high quality factor (Q) make them indispensable in integrated photonic
circuits. In this work, ring resonators are used both as filters and as nonlinear
enhancement cavities for FWM.

1.3.1 Coupling formalism

The fundamental building block of a ring resonator is the coupler, where two side
waveguides exchange power through evanescent interaction. The coupling struc-
tures are many: point couplers, directional couplers (two parallel straight WGs, see
section 1.5), pulley couplers (arc of a circular WG), or even Mach–Zehnder inter-
ferometers, which offer a certain level of tunability by acting on the phase shifter
in one of the two arms (see section 1.6). As a matter of fact, the amount of light
exchanged at the coupler is crucial to match the required performances for any ap-
plication.
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Figure 1.7: MRR configurations. (a) All-pass and (b) add–drop rings. (c) Description
of the field propagation directions and interplay.

As the simplest and common coupler type, I now consider the point coupler,
depicted in Figure 1.7, where the interaction region is assumed to occur only at the
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point of minimum distance, i.e., the gap. The input and output fields are related
by a unitary matrix, i.e., the coupler transfer matrix :(

Et1

Et2

)
=

(
t κ

−κ∗ t∗

)(
Ei1

Ei2

)
(1.24)

where ti and κi are the bar- and cross-coupling coefficients of the i-th coupler, which
are real numbers and satisfy |ti|2 + |κi|2 = 1 in the lossless case. Any other coupler
geometry featuring the same ti and κi will behave as in Equation 1.24. This formal-
ism is the starting point for modeling both all–pass (AP, single bus) and add–drop
(AD, double bus) configurations. As a matter of fact, by cascading the transfer
matrices of the couplers and the free propagation regions, i.e. semi-circumference
for the AD and full circle for the AP, the transmission spectra of the two configur-
ations can be derived, but also more complex structures such as coupled MRRs. In
Appendix A (section A.5) a particular structure comprising a pair of identical AD
rings with connected drop ports is considered.

1.3.2 Resonance condition and transmission spectra

The ring itself is a closed waveguide loop of round-trip length Lrt. A resonance
occurs whenever the optical phase shift per round trip equals an integer multiple of
2π:

mλm = neff Lrt , m ∈ Z . (1.25)

This condition defines a discrete set of resonant wavelengths λm.

All–pass (AP). In the AP geometry, the ring couples to a single bus waveguide.
Therefore, an additional constraint for the fields circulating inside the ring is: Ei2 =

Et2 ·P 2
θ/2, where Pθ/2 = ei θ(ω)/2− α̃/2Lrt/2 accounts for the accumulated half round-

trip phase in the free propagation region (depicted in Figure 1.7), with θ(ω) =

neff (ω)
ω
c · Lrt. The power transmitted at the out port of Figure 1.7 (a) is:

TAP(ω) =
t2 + a2 − 2at cos

(
θ(ω)

)
1 + a2t2 − 2at cos

(
θ(ω)

) , (1.26)

where a = e−α̃Lrt/2 accounts for round-trip loss. On resonance, i.e., θ(ωm) = 2πm,
this simplifies to

TAP(ωm) =
(a− t)2

(1− at)2
. (1.27)
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The critical coupling condition for the AP geometry is therefore reached when the
on-resonance transmission vanishes, i.e., when

a = t (AP critical coupling). (1.28)

Physically, this means that the intrinsic round-trip loss (a) equals the coupling
leakage (t), so that the directly transmitted field destructively interferes with the
field leaking back from the ring, producing a deep transmission null at resonance.
This condition simultaneously maximizes the intracavity energy (useful for nonlinear
enhancement) and the extinction ratio (useful for filtering).

Add–drop (AD). For the AD geometry with two couplers (first coupler charac-
terized in general by t1, κ1 and the second by t2, κ2), the power transmitted from
the input (IN) to the through (THR) port of Figure 1.7 (b) is:

TIN→THR(ω) =
t21 + a2t22 − 2at1t2 cos

(
θ(ω)

)
1 + a2t21t

2
2 − 2at1t2 cos

(
θ(ω)

) . (1.29)

Similarly, the power transferred from the input to the drop (DROP) port is

TIN→DROP (ω) =
κ21κ

2
2a

1 + a2t21t
2
2 − 2at1t2 cos

(
θ(ω)

) , (1.30)

which follows from the squared modulus of the corresponding field transfer ex-
pression. The add–drop critical coupling condition that yields zero through-port
transmission (i.e., maximum transfer to the drop port) is therefore

a t2 = t1 (AD critical coupling). (1.31)

As a matter of fact, the AD configuration can be treated exactly as the AP one with
an additional channel for losses, the second coupler. In the common symmetric limit
(t1 ' t2), this condition holds only in the limit where the coupling rates are much
higher than the intrinsic losses, i.e., a ' 1. This ensures efficient dropping of the
resonant channel.

In practice, satisfying the critical coupling condition requires accurate know-
ledge of both the waveguide propagation loss and the point–coupler cross–coupling
coefficient ( or coefficients, for the asymmetric AD). Neither can be predicted a
priori with sufficient accuracy: the former depends on fabrication–specific losses
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that are only known after measurement, while the latter is typically affected by a
non-negligible mismatch between simulated and fabricated values. For this reason,
a Design of Experiments varying the point–coupler gap is always included in the
mask, to ensure that the critical coupling condition is reached in at least one of the
fabricated devices. See chapter 3 for a practical example of this procedure.

1.3.3 Figures of merit

Several figures of merit (FoMs) characterize the performance of a ring resonator.
Here I summarize the main FoMs, which will be mentioned multiple times through-
out the following design and experimental chapters. For the specific AP and symmetric-
AD configurations, all the listed formulas can be further simplified, and simple rela-
tionships with the ring and point coupler geometry can be established. All of them
are summarized in the Appendix A (section A.3).

Free Spectral Range (FSR).

∆λFSR =
λ2

ngLrt
. (1.32)

It quantifies the spacing between adjacent resonances. A small FSR enables dense
wavelength multiplexing but risks channel crosstalk, while a large FSR provides
spectral isolation.

Quality Factor (Q).

Q =
λm
δλ

, (1.33)

where δλ is the FWHM linewidth. Q measures spectral selectivity: higher Q means
narrower resonances, smaller losses experienced on resonance, longer photon life-
time, and stronger energy storage.

The total Q (or loaded) can be decomposed into intrinsic (Qi, or unloaded) and
coupling (Qc) contributions:

Q =
2π ng Lrt

λ (
∑w

c=1 κ
2
c + α̃Lrt)

=

(
1

Qi
+

w∑
c=1

1

Qc

)−1

, (1.34)

where w is the number of couplers, κc the cross-coupling coefficient of the c-th
coupler, and α̃ the linear propagation loss coefficient.
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Finesse (F).

F =
∆λFSR
δλ

. (1.35)

The finesse expresses how many distinct resonant cycles can be resolved within the
FSR. It is crucial for applications requiring precise wavelength discrimination.

Visibility (V).

V = 1− T (θ = 2π)

T (θ = π)
, (1.36)

which is maximum (equal to 1) when the device is in critical coupling (Eq. 1.28
and 1.31). A high V is essential for high-performance filtering, switching, and logic
operations.

Field Enhancement (FE). The intracavity field enhancement factor is calcu-
lated as the ratio between the field traveling inside the ring and the input one
FE =

∣∣∣Et1

Ei2

∣∣∣. It is approximately ∝
√
Q and is directly relevant for nonlinear optics:

it measures the amplification of the interaction between the optical mode and the
hosting WG medium.

Furthermore, it can be shown (see [66]) that in the critical coupling condi-
tion, FE is directly measurable from the resonance shape, as it can be written
as: FE@λm

=
√
F/π. This relation is very useful because it allows estimating the

nonlinear enhancement of a MRR just by looking at its transmission spectrum.

1.3.4 Nonlinear Enhancement

Inside the ring, nonlinear processes can be largely amplified near resonance frequen-
cies due to constructive interference of the electromagnetic field. The circulating
intracavity power is increased by a factor FE(ω)2 compared to the input. If we
assume that the pump and the signal frequencies are each centered on one ring
resonance, the stimulated FWM efficiency (cf. Eq. 1.16) becomes [104]:

ηMRR
FWM =

(
γ PP (0)Lrt

)2
FE(ωP )

4 FE(ωS)
2 FE(ωI)

2 . (1.37)

By assuming that the three fields are close enough in wavelength to experience
similar enhancement, and furthermore that we are at the center of critically coupled
(c.c.) resonances, the efficiency simplifies to:

ηMRR@c.c.
FWM '

(
γ PP (0)Lrt

)2
FE(ωP )

8 =
(
γ PP (0)Lrt

)2( Q · c
πνng Lrt

)4

. (1.38)
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This makes MRRs ideal candidates for integrated nonlinear photonics: compared
with the simple WG case in Equation 1.16, the process is enhanced by the eighth
power of the field enhancement.

A similar enhancement also applies to SFWM, where:

PMRR@c.c.
I,S SFWM '

(
γ PP (0)Lrt

)2( Q · c
πνng Lrt

)3 ℏωc
2ng Lrt

. (1.39)

which is the average generated power at the signal and idler frequencies coupled to
the bus WG, as the coupling is already considered in the Q factor and in the c.c.
condition assumed here.

As mentioned previously, SFWM is widely used in silicon MRRs to generate
correlated photon pairs for quantum information applications [103, 105]. Being
in the single photon-pair regime, the generation rate is more relevant than the
generated power. The generation rate R (in pairs per second) can be estimated
from the average generated power as R = PMRR@c.c.

SFWM /ℏω.

1.4 Ring resonator simulation

As presented in the previous sections, the MRR target performances, measured in
terms of the above-listed FoMs, highly depend on the target application. In par-
ticular, here I will focus on depicting the optimization needed for a device meant
to operate as an efficient nonlinear source. The discussion will be limited to the
simplest geometry: a circular microring coupled to the bus WG through point
couplers, but as mentioned previously other configurations may be employed.

In the analytical formulation, these FoMs depend essentially on three paramet-
ers:

• the resonator length Lrt = 2πR, where R is the radius, which fixes the FSR
once the waveguide cross–section (hence neff and ng) is defined;

• the propagation losses, determined mainly by the quality of the fabrication
steps and on the geometry of the materials stack;

• the coupling strength between the bus WG and the ring, expressed by the
cross-coupling coefficient κ.
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The first two parameters have been analyzed and derived through simulations in
the waveguide design section; I therefore focus here on the modeling of the coupling
region.

1.4.1 Point coupler simulation

The point coupler between the straight bus and the curved ring waveguide plays a
central role in defining the overall performance of the resonator. In practice, the
coupling efficiency depends not only on the nominal gap between the two wave-
guides, but also on the curvature radius of the ring and the modal overlap along
the coupling region. For this reason, the effective coupling cannot be estimated
analytically with sufficient accuracy, and numerical simulations are required.

Using the commercial software Lumerical, the geometry of the point coupler
is reproduced (see the schematic in Figure 1.8), and the coupling is modeled by
injecting light in the desired mode (here TE00) from the input port (IN) and re-
cording the transmitted power in the through port (THR) with the Finite-Difference
Time-Domain (FDTD) solver [106]. Thanks to a 2D monitor we have recorded an
example of how the amplitude of the electric field propagates through the photonic
structure, shown in the right panel.

Figure 1.8: Point coupler simulation. (a) Simulation setup: the input light is injected
from the left (IN) and collected at the output of the straight WG (THR). (b) Example of
simulated electric field amplitude propagation in the point coupler structure is reported.
Precisely, it corresponds to a cross–power of 5% and a bar–power of about 95%.

In a lossless coupler, the transmission function of the through port is related to
the field transmission coefficient t by TTHR = |t|2. From the same simulation, the
squared cross-coupling coefficient κ2 can be extracted from the power transferred to
the coupled port, imposing the condition |t|2 + |κ|2 = 1. This quantity depends on
the WG cross–section (the more confined the mode, the smaller the cross coupling),
on the ring resonator radius R (a larger radius means a larger effective coupling
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length), and of course on the gap (the smaller the distance, the larger the coupling).
Moreover, κ2 can be directly compared with the ring losses 1 − a2 (rectangles) to
evaluate the critical coupling condition. A typical cross coefficient versus gap ob-
tained from the simulations is shown in Figure 1.9.

Figure 1.9: Point coupler simulation results. Cross-coupling and cross coupling per
length for different R, gaps, and cross-sections. The points represent the simulated data
(λ = 1550 nm), and the dotted lines represent exponential decay fits. The colors red, blue,
green, and yellow correspond respectively to FSRs of 200, 400, 600, and 800 GHz. In
(a), the standard SM Si300nm strip WG 300× 450 nm2 has been considered. The colored
rectangles at the bottom of the curves in (a.1) represent the amount of losses experienced
per Lrt 1− a2 (corresponding to the range 1–1.5 dB/cm). In (b), the coupling per length
for a different WG geometry, 300 × 600 nm2, is reported to underline the impact of the
cross–section. In the insets, the mode profile of the two WGs considered is shown.

The radii have been chosen in order to have an FSR compatible with the DWDM
grid (multiples of 100GHz). The WG cross-sections considered here are the standard
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SM Si300nm strip WG, whose cross–section is 300×450 nm2, and the 300×600 nm2

one. The latter is more suitable for nonlinear optics applications (see the dedicated
analysis in subsection 3.4.1).

For design purposes, it is useful to introduce the coupling per length: κ2
/Lrt. As

simulations with the different radii give very similar results, mostly for larger gaps,
the simulation time can be highly reduced. In particular, it is possible to perform
the FDTD simulation for different gaps for a single radius, extract the coupling per
length, and then apply the results to a wide range of radii. This holds if the cross–
section of the WGs involved is the same, since the cross–section highly influences
the coupling strength, as one can notice by comparing the y-axis of the plots in
panels (a.2) and (b).

1.4.2 Figures of merit calculations

All the FoMs of the resonator can be derived from the analytical expressions sum-
marized in the Appendix A (A.3). They link the electromagnetic simulations of the
coupler, i.e., the values of κ2, to the final device performance, for both AP and AD
configurations. As a matter of fact, usually the design starts from a given set of
desired device performances, and the geometrical parameters (the gap and radius)
are finally set by means of electromagnetic simulations. In Figure 1.10, I report vis-
ibility, quality factor, and field enhancement, which are the fundamental quantities
to refer to when looking for light generation through nonlinear processes. I thus
report in Figure 1.10 an example of FoM calculation for strip WG of cross–section
300 × 600 nm2. The 2D maps report the values obtained for both the AP and the
symmetric AD configurations, as a function of the propagation loss and the cross-
coupling per unit length defined above.
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Figure 1.10: MRRs FoMs calculations. Visibility, Q-factor and field enhancement are reported versus cross-coupling per unit length
at λ = 1550 nm and cross–section 300 × 600nm2 (ng = 4.06). In (a) the MRR configuration is AP, while in (b) it is symmetric AD.
The black star coordinates correspond to a typical FoM target search discussed in the text (expected loss of 1 dB/cm and a high visibility
above 95%).
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As is clear from the AP and AD treatments, a different behavior of these
resonance-related FoMs is expected. For the former configuration, the critical coup-
ling condition occurs only when Equation 1.28 is fulfilled; therefore, a precise κ2

exists for each loss value at which the visibility is maximized. In the symmetric
AD case, it occurs whenever the intrinsic losses are negligible with respect to the
fraction of light lost by coupling with the bus WG; therefore, for sufficiently high
κ2 the visibility always approaches unity. As regards the Q-factor, the values for
the AD case are slightly lower. In the right panel we report the field enhancement,
which reaches maximum values of about 33 and 24 for the AP and AD configur-
ations, respectively. Notice that FE is a fundamental quantity for the nonlinear
enhancement, thus for the case in which the MRR is used as a source of photon
pairs (see subsection 1.3.4). Therefore, one may be tempted to obtain the efficiency
and the generation rate directly from this value. Even though the equations are
formally correct, the measurable values are unfortunately much more complex to
obtain a priori. As already mentioned in the discussion on the nonlinear paramet-
ers in section 1.1.2, the overall performance is governed by several practical factors,
which are not directly taken into account either in the FDTD simulations or in the
analytical formulas used here to obtain the FoMs. Therefore, this analysis can cer-
tainly drive the design, but is not expected to quantitatively match the measured
value when nonlinear processes are involved.

Keeping the discussion on the linear properties of the resonators, for the values
of Q, FE, and V to be close to the calculated ones, it is fundamental that the
coupling coefficient and propagation losses are identical in the ideal and fabricated
device. However, as mentioned previously regarding the critical coupling condition,
the actual values of the cross-coupling coefficients and losses inside the bend WG
of the resonators are not known precisely, unless experimental data from previously
fabricated devices are available. Therefore, the target performance is expected to
be matched by one of the fabricated devices, but only within a parameter tuning
range, which in the case of the MRR involves the gap. See chapter 3 for an example
of this approach, in which simulated performance is matched to, and subsequently
confirmed by, the characterization of the fabricated device.

Another relevant aspect is the relationship between Q, FE, and V, explicitly re-
ported later in the manuscript in the plots dedicated to specific source design, such
as Figure 3.10. Here I report a specific case study to underline this aspect, indicated
by the black stars in the plots. For the given cross–section, the typical propagation
loss is about 1 dB/cm. Targeting a visibility V > 95% (i.e., operation very close to
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critical coupling, as required for both filtering and efficient SFWM pair generation),
the AP configuration requires a cross-coupling per unit length of about 0.15 cm−1.
This corresponds to a quality factor Q ' 420000 and a field enhancement FE ' 10.

For the AD configuration, instead, achieving the same visibility requires a much
stronger coupling per length, i.e., κ2Lrt ' 0.47 cm−1. This results in a quality
factor about three times smaller and a field enhancement reduced to FE ' 6. Even
more importantly, electromagnetic simulations of this cross–section (see Figure 1.9
(c)) show that such high coupling would correspond to an extremely narrow gap of
about 70 nm. While it is possible in principle to fabricate sub-100 nm features in
silicon photonics even with our CMOS-compatible deep-UV immersion photolitho-
graphy [49, 107], this is not advisable for large-scale devices due to process vari-
ability and reproducibility issues. Instead, one should respect the so-called critical
dimensions, defined by the PDK design rules to ensure robust fabrication, namely
a minimum silicon critical dimension CDSi

min ' 60 nm and a minimum oxide gap
CDSiO2

min ' 100 nm for the Si300 nm platforms employed in this work.
Therefore, given the target performance (V > 95%), the cross-section, and the

associated propagation loss, the resonator can be reliably designed only in the AP
configuration. Alternatively, one could consider a smaller waveguide width (e.g.,
300 × 450 nm2; see Figure 1.9(b)) to achieve near-unity visibility in the AD con-
figuration. Other waveguide geometry choices may also be made depending on the
target performance, such as the one presented in subsection 3.4.1. The case study re-
ported here highlights how the simulation techniques briefly introduced above must
be jointly exploited to design a practical and reproducible device, always keeping
in mind its target performance and application. A more complete and detailed
simulation-to-layout workflow can be found in [108].

1.5 The directional couplers

The directional coupler (DC) is the integrated photonic counterpart of the beam
splitter. The energy of the optical signal carried by one WG is coupled to a second
one, and the strength of the coupling can be continuously tuned by changing the
design parameters. Similarly to the point coupler already described, the physical
mechanism is the evanescent coupling of the optical mode from the carrying WG
to an adjacent WG, separated from the first one by a SiO2 gap. This time, the
coupling region is not limited to a point, but it extends over a certain coupling
length Lc, in which the gap is kept constant. It is a two-input, two-output optical
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element, as shown in Figure 1.11 (a). The input light is injected from one of the two
WGs (IN) and collected from the two output ports (CROSS, BAR). The amount of
power collected from each output port is usually expressed through the cross- and
bar-coefficients, defined as C = PCROSS/PIN and B = PBAR/PIN , respectively. In a
lossless DC, they satisfy C +B = 1.

Figure 1.11: Directional coupler simulation. (a) Simulation setup: the input mode
(TE00) is injected from the bottom left WG (IN) and collected from the two output ports
(CROSS, BAR). (b) Example of simulated electric field amplitude propagation in the DC
structure, corresponding to a cross-coefficient of 4% and a bar-coefficient of about 96%.

Here the simple geometry reported in Figure 1.11 is used: two SM WGs shar-
ing the same cross–section, Lc is a linear segment, and the inputs and outputs are
90◦ bends with a certain radius R. More complex geometries can be considered,
which try to solve different DC-related issues. For example, to increase the operat-
ing bandwidth, i.e., the wavelength range in which the DC operates at the target
splitting ratio, either bent waveguides [109] or straight WGs with width asymmetry
along the coupling length [110] can be introduced. Furthermore, to reduce the loss
and the amount of back-reflected light (which is in general always undesired), the
90◦ bends used as transition between uncoupled and coupled WGs can be replaced
by adiabatic bends.

1.5.1 Directional coupling modeling

The coupling mechanism in a directional coupler (DC) is often described in terms
of supermodes [89], i.e., the optical modes supported by the coupled waveguides. In
the simplest case, only two supermodes are supported: the symmetric (even, +) and
antisymmetric (odd, −) combinations of the fundamental modes of the individual
waveguides. Their effective indices differ slightly, denoted here as n+eff and n−eff ,
respectively. The power transferred from the input port to the cross port after a
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coupling length Lc is given by:

PC(Lc) = PIN sin2
(
π Lc ∆n

±

λ

)
, (1.40)

where ∆n± is the absolute difference between the two supermode effective indices.
Its behavior depends on the WG cross–section, gap, and wavelength.

As an example, the single-mode Si300nm strip WG is considered. The depend-
ence of ∆n± on both wavelength and gap is shown in Figure 1.12 (left), obtained
from FDE simulations, as in the case previously reported for the single WG. Al-
though the difference is small, its variation with wavelength, which arises from the
considered material dispersion and mode confinement, demonstrates the intrinsic-
ally narrowband nature of standard DCs [51].

By extracting ∆n± at λ = 1550 nm, the normalized cross-coupled power as a
function of the coupling length Lc is calculated (central panel), according to Equa-
tion 1.40. As expected, larger gaps result in weaker coupling, which in turn requires
longer coupling lengths to achieve the same power transfer. The effect is periodic,
reflecting the fact that light oscillates back and forth between the two waveguides.
Consequently, for a given target splitting ratio, there are multiple possible choices
of Lc. However, as explicitly shown in the right panel, there is one important differ-
ence: the longer the coupler, the narrower its spectral bandwidth. This is because
the accumulated phase mismatch between the supermodes increases with length,
reducing tolerance to wavelength detuning. Therefore, in practice, shorter couplers
are often preferred when broadband operation is required.

The previous analysis is based on the supermode theory, which provides a good
first-order estimate of the coupling behavior. However, in practical cases, the coup-
ling starts (and ends) outside the Lc region. Therefore, full electromagnetic simu-
lations using the FDTD method must be performed to evaluate the contribution of
the transition regions between uncoupled and coupled waveguides. The simulations
show that LFDTD

c < LMODE
c , and this is in general a non-negligible correction. In-

deed, in Figure 1.13 the transmittivity obtained through full 3D FDTD simulations
of one of the DCs previously shown in the right panel of Figure 1.12 is reported.
In particular, using the simulation setup described in Figure 1.11 (a), the transmit-
tivity at the cross and bar ports is directly obtained for different coupling lengths.
By interpolating the simulation points with a polynomial fit, the estimated LC for
the target 50:50 splitting ratio is obtained, which is ∼ 2µm shorter than expected
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Figure 1.12: DC simulations results using the supermode method. Left panel:
∆n± as a function of the wavelength and the gap for SM Si300nm WG. Central panel:
normalized cross-coupled power as a function of the coupling length and the gap at λ =
1550nm. Right panel: comparison of the spectral dependence of the cross-coupled power
for a 50:50 DC with GAP=200 nm for three different coupling lengths L.

from the previous analysis (∼ 16.1 obtained from FDTD and ∼ 18.5 obtained with
the FDE simulations and the following analytical calculations). Therefore, the con-
tribution of the 90◦ bends of radius R = 10µm is not negligible, confirming the
importance of performing full FDTD simulations also in the DC case after a first
estimate of the expected parameter range through the analytical method.
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Figure 1.13: DC simulations results using FDTD. FDTD simulation of a 50:50 DC,
of standard geometry as in Figure 1.11 (a), with R = 10µm and gap=200 nm, varying
the coupling length. The considered WG cross–section is 300×450 nm2.

1.6 The Mach–Zehnder interferometer

The Mach–Zehnder interferometer (MZI) is a fundamental building block in in-
tegrated photonics, widely used for modulation, switching, filtering, and sensing
applications. It consists of two DCs connected by two waveguide arms, as shown in
Figure 1.14 (a). Light is injected (in general) into the two left WGs and combined

Figure 1.14: Mach–Zehnder interferometer. (a) Light injected (in general) into the
two input WGs is combined in the first 50:50 DC; a phase difference between the paths
is then introduced and, finally, the light is recombined in the second 50:50 DC. (b) The
transmission at the two output WGs is reported as a function of the overall phase dif-
ference between the two paths, while injecting light only in the IN 1 port, according to
Equation 1.41.

by two consecutive 50:50 DCs separated by a dephasing region. The phase difference
acquired by the two branches determines the interference condition at the second
coupler and thus the power splitting at the two output ports (CROSS and BAR).
The behavior can be modeled by introducing the transfer matrix of the component,
i.e., the product of the coupling matrices (Equation 1.24, UC) and the propagation
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matrix (UFP ):(
EBAR

ECROSS

)
= UC 2 · UFP · UC 1

(
EIN 1

EIN 2

)

=

(
t2 κ2

−κ∗2 t∗2

)
·

(
eiϕ1 0

0 eiϕ2

)
·

(
t1 κ1

−κ∗1 t∗1

)
·

(
EIN 1

EIN 2

) (1.41)

where ϕ1 and ϕ2 are the phases accumulated in the two arms.
In the simple case where light is injected only into the first input port (EIN 1 =

EIN , EIN 2 = 0), and considering two identical lossless 50:50 DCs (|t1|2 = |t2|2 =

|κ1|2 = |κ2|2 = 0.5), the power transmission at the two output ports takes the form
of a simple sinusoidal function of the overall phase difference ∆ϕ = ϕ1−ϕ2, reported
in Figure 1.14 (b).

The phase difference between the two paths can be introduced in different ways:
either by changing the effective index neff experienced by the optical mode in one of
the paths, for example by exploiting the TOE using thermal phase shifters (yellow
element in the upper arm of the schematic), or by introducing a path imbalance
∆L, thus ϕ2 =

2πneff ∆L
λ (lower arm). In the first case, a tunable coupler can be

realized, while in the second case the splitting ratio between the output ports is
fixed for a given wavelength.

Other methods can also be used to introduce and/or tune the phase difference
between the paths, such as exploiting the free-carrier dispersion effect through the
integration of p-n or p-i-n junctions.

1.6.1 The cascaded MZI filters

An MZI with asymmetric arm length (here called aMZI ) can operate as a periodic
optical filter, playing a central role in Coarse Wavelength Division Multiplexing
(CWDM). By exploiting the wavelength dependence of ∆ϕ, a periodic transmission
spectrum is obtained, whose free spectral range (FSR) is given by

∆λMZI
FSR =

λ2

ng ∆L
. (1.42)

The transmission spectrum can be further engineered by cascading several aMZIs
and properly adjusting the coupling ratios of the DCs and the arm length differ-
ences. These devices, usually referred to as cascaded MZI filters, are widely used in
silicon photonics because of their broadband operation, low insertion loss, and the
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possibility of achieving flat channel responses.

Figure 1.15: Flat-band cascaded MZI filter. (a) Scheme of the design: light is injected
at the IN and routed to two separate output WGs (OUT 1 and OUT 2) depending on the
wavelength. (b) Theoretical spectra of the two collected channels, featuring an FSR of
1600GHz. The spectra are obtained neglecting the WG and DC chromatic dispersion.
The two plots specifically report the cases of a single stage and a double stage, the latter
obtained by cascading two identical stages represented in (a).

Here a possible configuration allowing a flat-band demultiplexer is introduced,
corresponding to the model used to design the devices integrated and characterized
in the framework of this research work. Following [109, 111, 112], the MZIs are
arranged as reported in Figure 1.15 (a). It is composed of three aMZIs (thus four
DCs in total), with bar transmission coefficients of 50%, 20%, 20% and 4%. The

∆L1 ∆L2 ∆L3 ∆LFSR
λ2
/ng λFSR 2 ·∆L1 2 ·∆L1 + ∆LFSR/2 λ/neff

Table 1.2: Flat-band cascaded MZI filter model. Arm length imbalance of the one-
stage 3-aMZI flat-band cascaded MZI filter employed in this work.

arm-length imbalances are given in Table 1.2, where λ is the central wavelength
of the filter, and ng and neff are the group and effective indices of the waveguide
mode. This filter routes periodic rectangular spectral channels into two separate
WGs, according to the desired FSR λFSR, typically ranging from a few to several
nanometers.

Using the transfer matrix method (i.e., multiplying the matrices of the indi-
vidual MZIs written as in Equation 1.41), the theoretical filter spectrum can be
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calculated. In Figure 1.15(b), the transmission spectra of the two channels are re-
ported for a single 3-MZI stage (left), and for a double-stage configuration, i.e.,
where an identical stage is cascaded at each output (right). In the latter case, only
one output WG per branch is collected.

The reported single-stage cascaded MZI filter provides periodic channel sep-
aration with a crosstalk level of about 20 dB (calculated as the amount of light
collected in one channel at the center of the band of the other one). By increas-
ing the number of stages, the crosstalk is further reduced, as already observed in
the double-stage configuration reported here (about 20 dB of improvement), and
the passband becomes flatter. The drawbacks of cascading multiple stages are, as
expected, increased insertion loss, but also the narrowing of the spectral channels,
together with a larger footprint and higher fabrication sensitivity.

Some experimental results on such integrated filters will be reported later in
Chapter 3 (Figure 3.19).

1.7 In- and out-coupling devices

Coupling light from a fiber to a SiPh chip is challenging due to the large mode
mismatch between the two systems. A standard SMF-28 fiber features a mode field
diameter of 10µm at telecommunication wavelengths, while typical silicon WGs
have cross-sections of only a few hundred nanometers. Efficient coupling structures
are therefore required to adapt the fiber mode to the waveguide mode. This prob-
lem is usually addressed using either edge couplers, where light is coupled in and
out through the chip facet, or grating couplers, where light is coupled vertically
at the chip surface. Both the coupling methods are schematically represented in
Figure 1.16.

(a) (b) (c)

Figure 1.16: In- and out-couplers. (a) Edge coupler; image adapted from [113]. (b)
Single-polarization grating coupler; image adapted from [114]. (c) Dual-polarization grat-
ing coupler; image adapted from [114].
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Both approaches have advantages and drawbacks. In this thesis, edge couplers
are used to couple light in and from the chip exploited in chapter 2. The cicruits
I have personally designed, presented in chapter 3 and chapter 4, employ instead
grating couplers, mainly because of their more robust fiber–chip alignment, which
is particularly convenient when multiple input and output fibers must be coupled
to the chip [114]. Specifically, both single-polarization (Figure 1.16 (b)) and dual-
polarization (Figure 1.16 (c)) GCs have been used in the different projects reported
in this manuscript and are described in more detail below. As these devices are
taken directly from the foundries’ PDKs, no design or simulation work on them has
been personally carried out within the framework of this thesis.

1.7.1 Edge couplers

Edge couplers are known for achieving higher coupling efficiency, broader band-
width, and polarization insensitivity compared to their GC counterparts. They
consist of a tapered WG in which the WG width is varied adiabatically along the
propagation direction. In the simplest case the variation is linear, although expo-
nential profiles have also been shown to provide ultra-low-loss performance [113].

Depending on the integrated platform and on the desired input/output fiber,
the taper can be designed either to reduce the WG width, so that the optical mode
becomes mostly guided in the cladding and its diameter increases, or to enlarge
the WG width when smaller mode field diameters are required (for example when
lensed fibers are used or when the WG mode is already relatively large). The first
configuration is typically used in SOI platforms.

More complex structures may also be implemented, such as tapers incorpor-
ating sub-wavelength regions, side-by-side multiple tapered WGs, or combinations
of these approaches [113]. Nowadays, most foundries also provide material stacks
incorporating additional lower-index guiding layers placed above the WG. For ex-
ample, both the STMicroelectronics and IMEC SiPh platforms include upper sil-
icon nitride tapers together with efficient Si-to-SiN evanescent transitions, allowing
higher-performance edge coupling [115, 116].

1.7.2 Grating Couplers

Grating couplers are periodic structures diffracting light between free space and
a single WG (input and output GC). They allow coupling at almost any point of
the chip surface, provided that the radiative area is not covered by metal layers;
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typically, a region of about 100× 50µm2 is reserved for this purpose.
Compared with edge couplers, their coupling efficiency depends strongly on

wavelength and on the injected polarization. The spectrum of standard SOI GCs is
typically Gaussian-like, with a 1-dB bandwidth of about 40–50 nm, and they usually
couple the TE polarization more efficiently. Major advantages are their compact
footprint, compatibility with wafer-scale testing, and higher tolerance to fiber–chip
misalignment, which overall supports low-cost mass production. Moreover, their
use has become highly standardized, and a fiber tilt angle of about 8◦ in glass (ap-
proximately 11◦ in air) has become the common SOI standard.

SOI GCs provided in foundries’ PDKs typically exhibit losses below 3 dB, al-
though significant effort has been devoted to further improving their efficiency. Par-
tial etching, focusing geometries [117], and grating-period apodization are widely
used strategies. The incorporation of sub-wavelength structures in standard SOI
dual-etch platforms has enabled state-of-the-art insertion losses down to about
1.5 dB per coupler, although such small features often require electron-beam litho-
graphy. To increase the compatibility of these designs with high-volume production,
efforts have been made to implement similar structures using standard immersion
photolithography in CMOS-compatible SiPh processes, showing experimental res-
ults around 1.8 dB [118]. The coupling efficiency can also be enhanced through
heterogeneous integration of additional materials assisting the diffraction process,
such as aluminum or gold mirrors on the backside of the chip [119, 120], or through
the integration of other materials such as PolySi [121].

1.7.3 Dual-polarization Grating Couplers

Dual-polarization grating couplers (2DGCs), also known as polarization-splitting
GCs, couple orthogonal polarization components from a single-mode optical fiber
into two planar waveguides [122]. They are essentially designed as two orthogonally
arranged 1D gratings, as the ones previously introduced, each coupling light into the
target polarization (typically TE) of its corresponding WG, resulting in a periodic
array of holes.

Considering an input 2DGC for simplicity, a standard SMF-28 fiber carrying
light with an arbitrary (generally elliptical) polarization state is placed at the ap-
propriate coupling angle (for SOI, the same standard tilt used for single-polarization
GCs). The optical power transmitted to the two WGs depends on the input polariz-
ation state, while the excited mode in each WG remains fixed. An important figure
of merit of such structures is the polarization-dependent loss (PDL), defined so that
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the sum of the transmitted powers in the two WGs remains as constant as possible
when the input polarization state changes. Typical coupling losses are below 5 dB
[123], although many studies have focused on improving the coupling efficiency.

Similarly to single-polarization GCs, focusing geometries [124] and backside mir-
rors have significantly improved performance [125]. In particular, record insertion
losses of about 1.8 dB have been experimentally demonstrated in Ref. [120]. In
addition, photonic-crystal-based designs have driven further developments, mainly
through optimization of hole dimensions, shapes, and grating pitch [126, 127].

Among the proposed geometries, crossed ellipses acting as grating scattering
elements have emerged as particularly promising. This geometry is used in the
CEA-Leti PDK 2DGC and is therefore also employed in this work. A SEM image
of such a 2DGC is reported in subsection 3.5.3.

1.8 Active devices

In the previous sections, the fundamental passive components of integrated photon-
ics were presented. However, to build a complete photonic circuit, active devices
are often required. In silicon photonics, the most common active components are
modulators and photodetectors, which enable the manipulation and detection of op-
tical signals, respectively. They require additional fabrication steps to build a more
complex cross–section including electrical contacts, doped silicon regions, and pos-
sibly heterogeneous integration, such as with germanium as reported in Figure 1.17.
It is worth noting that heaters are sometimes also labeled as “active” devices, as
they can control the optical phase through an external electrical signal. However, in
this manuscript, “active” components refer only to devices in which doping or het-
erogeneous integration is present, while “passive” refers to devices and/or circuits
where only intrinsic silicon and heaters are present, together with the corresponding
electrical contacts.

The active devices employed in the circuits developed within the framework of
this research work are briefly introduced in the following paragraphs. Only their
working principle is described, as simulations and designs were not performed per-
sonally.

1.8.1 Thermal phase shifters

The working principle of thermal phase shifters, or heaters, is the thermo-optic
effect, described in section 1.1.2. A heater is an integrated metal bar (purple layer
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Figure 1.17: SiPh complete layer stack. In particular, it represents CEA-Leti’s silicon
photonic platform for monolithic integration of passive and active chip components. Image
adapted from [128].

in Figure 1.17), connected to two electrical contacts exposed at the chip surface,
where a potential difference is applied. The heater acts as a resistor: the electrical
power dissipated as current flows is Pth = V · I (Joule effect), producing a local
increase in the temperature. If the metal slab is close enough to the silicon WG to
transfer part of the generated heat, the effective index experienced by the optical
mode is locally tuned (TOE), thus acting as a phase-shifter.

The conducting material (often titanium nitride) is deposited and patterned
on top of the Si WG, previously encapsulated with a suitable SiO2 layer to avoid
optical absorption. The thickness of the oxide layer is a trade-off between optical
loss and thermal efficiency, together with compatibility with the other stack layers.
Therefore, it is defined by the foundries’ process flow.

The heater modulation speed is limited to 10–100 kHz, corresponding to the
typical timescale of heat dissipation. Therefore, heaters are usually employed for
calibration and slow feedback control of the circuit. For high-speed applications,
p-n and p-i-n modulators are preferred, which can reach tens of GHz.

1.8.2 Phase modulators in silicon

In optical communication systems, modulation (i.e., a change in the optical field
phase and/or amplitude due to an external stimulus) is a key functionality. The
modulation mechanism relies on a refractive index change of the material, which
produces a phase shift of the optical field traveling through it. If the index change
follows a sine-wave function, typically with frequencies ranging from DC to 100GHz,
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the resulting phase modulation generates equispaced sidebands [51], separated by
the modulation frequency. Their amplitude depends on the modulation index, which
is proportional to the strength of the index change. This effect can be used for
various applications, such as frequency comb generation [129], and quantum state
manipulation [130, 131].

Silicon modulators are usually realized by exploiting the free-carrier dispersion
effect (see section 1.1.2), by establishing a current flow in integrated p-n or p-i-n
junctions, thus injecting or depleting carriers in the WG [91]. Their fabrication
is CMOS-compatible, typically achieved through ion implantation, with multiple
implantation steps (p++, p+, n+, n++) followed by rapid thermal annealing. An-
other possibility is the heterogeneous integration of materials featuring Pockels or
Kerr effects [132], such as lithium niobate [133, 134]. However, this approach is not
CMOS compatible, thus here silicon-only-based modulators have been used.

P–n junctions require highly doped p– and n–type regions in the WG, which
cause strong free–carrier–induced propagation losses. To mitigate this, multiple
doped regions are typically implemented, with decreasing doping levels toward the
WG center, where the optical mode is mostly confined. These modulators operate
through a carrier depletion mechanism: by applying a reverse bias across the diode,
a depletion region is produced, whose width increases with the applied (negative)
voltage, i.e. the reverse bias (see Figure 1.18(b)). By modulating the bias voltage
around this initial operating point, the electric field generated across the waveguide
is modulated, and so is the effective refractive index of the guided mode.

In p–i–n diodes, the guided optical mode is mostly confined in the central in-
trinsic Si region of the WG. Doped regions are placed on the sides of the WG (see
Figure 1.18(a)), sufficiently far to ensure low loss at zero bias. Carrier injection into
the i–region is then the index-tuning mechanism, controlled by applying a modu-
lated electrical signal across the junction [89].

Both diode structures can be integrated into various devices, from single-waveguide
phase shifters to Mach–Zehnder interferometers (MZIs) and microring resonators.
In particular, MZIs are widely used as amplitude modulators, converting phase
modulation into intensity modulation through interference. It is worth noting that
foundries develop their own doping profiles for each modulator geometry, which may
vary with the operating wavelength and the desired performance.

Important metrics guiding the optimization of modulator design and fabrication
are the modulation speed, insertion loss, footprint, and phase–shifting efficiency.
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Figure 1.18: Silicon modulators. (a) Schematic of a typical p–i–n modulator, with
doping profile and electrical contacts shown. (b) Schematic of a typical PN modulator,
showing at the center the depletion region created under reverse bias. (c) Schematic of
a traveling-wave electrode on an amplitude modulator based on a push–pull MZI. Images
(a) and (b) adapted from [91], and (c) from [135].

The latter is often expressed through the VπLmod product, i.e., the voltage required
to obtain a π phase shift (Vπ, often called the half-wave voltage) multiplied by
the modulator length (Lmod) [136, 132]. Ideally, this product should be as low as
possible in order to reduce both the driving voltage and the device footprint.

Electrodes

In Si phase modulators, the electrical signal is usually applied through coplanar
waveguide electrodes: the electrical and optical signals propagate in the same direc-
tion and, if the phase velocity of the RF signal matches the optical group signal, the
modulation is efficient [51]. The electrodes are placed on top of the WG, separated
by an oxide layer to avoid optical absorption. Their design is crucial to achieve
high–speed and low RF–power operation, as it must ensure good phase–velocity
matching and mode overlap between the RF field induced at the junction and the
optical mode, while minimizing losses and dispersion.

Several electrode topologies exist, each with its own advantages and drawbacks.
Here the focus is on the traveling-wave (TW) type, as it is the one employed in this
work. For a comparison among different configurations, see [52]. As an example,
Figure 1.18(c) shows a typical geometry of an MZI push–pull modulator: the elec-
trodes are placed on the sides of the two WGs, featuring mirrored p-n junctions. The
high-frequency signal is injected at one end and propagates in the same direction
as the optical wave. The transmission line is terminated with a resistor matched
to the electrode wave impedance (usually designed to be 50Ω), in order to prevent
reflections of the RF signal [137, 52]. Modulators excited through TW transmission
lines can reach lengths of a few millimeters, but long phase shifters also introduce
loss and velocity mismatch, thus limiting their electro-optical bandwidth [138].

More advanced schemes are widely employed for high–speed operation; in partic-

58



CHAPTER 1. INTEGRATED SILICON PHOTONICS

ular, the two MZI arms may be independently controlled with two signals. Three–
or five–electrode geometries are therefore often introduced: the Signal–Ground-
Signal (SGS) and the Ground–Signal–Ground–Signal–Ground (GSGSG) configura-
tions [139, 138, 140].

1.9 Conclusions and further perspectives

In this chapter, the foundational framework for designing and modeling integrated
silicon photonic devices on SOI platforms was presented, focusing specifically on
the core components that constitute the quantum photonic circuits designed and
exploited in the subsequent chapters. The silicon photonics platform stands out as a
highly promising route for scalable, reconfigurable quantum photonics. Leveraging
mature, fully CMOS–compatible manufacturing techniques, it offers a complete
toolkit of both passive and active components: from high–confinement waveguides
and resonant cavities to high–speed phase modulators and thermal phase shifters.

While monolithic SOI technology serves as the primary benchmark for this
work due to its commercial availability and high fabrication yield, looking to-
ward further perspectives, additional silicon–based architectures can be envisioned.
Currently, the development of hybrid and heterogeneous integration platforms is
driven by the need to overcome the intrinsic physical limitations of pure silicon,
such as two–photon absorption at high optical powers and free–carrier–induced
propagation losses in active modulators. A major industrial trend involves co–
integrating silicon with silicon nitride (Si3N4). Low-loss SiN waveguides offer a
five–times lower thermo–optic coefficient, thus significantly reducing temperature–
induced wavelength shifts, while providing high optical power handling due to the
absence of TPA. Multi–layer platforms combining the tight footprint integration of
Si waveguides with SiN devices are currently commercially available, as exemplified
by 300 mm foundry processes such as STMicroelectronics’ PIC100 platform [141].
Furthermore, heterogeneous integration of thin-film lithium niobate (TFLN) onto
silicon-based optical circuits emerges as a game-changing strategy for electro-optic
modulation [142]. Thanks to its Pockels effect, lithium–niobate–on–silicon modu-
lators enable ultra fast, gigahertz–bandwidth operation with negligible absorption
losses, effectively bypassing the efficiency–vs–loss trade-off of traditional carrier–
depletion p–n junctions. Commercially available options are already reaching the
market, such as Ligentec MPW runs dedicated to SiN co-integrated with TFLN
[143, 144]. Incorporating this material platform into future quantum photonic sil-
icon circuits will combine the photon-pair generation of SFWM silicon sources with
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ultra-high bandwidth and low modulation loss.
Regardless of whether these architectures rely purely on SOI or incorporate

hybrid materials, a central takeaway of this first chapter is that realizing high-
performance photonic circuits requires careful physical design. Accurate simulation
workflow combining FDTD and FDE methods is essential to guarantee reliable
circuit execution. Moreover, as demonstrated across this chapter, every building
block demands a tailored optimization approach based on a deep understanding
of competing trade-offs.For instance, choosing between strip and rib geometries, as
well as between 220 nm and 300 nm silicon film thicknesses, highly depends on the
target application, requiring a balance between optical field confinement, sidewall
scattering losses, and group velocity dispersion. Similarly, tunability highlights
the classic trade-off between compact, lossless thermo-optic tuning and ultra-fast,
gigahertz-bandwidth carrier-depletion p-n junctions.

By systematically presenting the physical concepts and modeling strategies for
these fundamental building blocks, this chapter presents the necessary theoretical
and engineering tools for the subsequent chapters, where these components are com-
bined to realize integrated sources of hyperentangled photon pairs and monolithic
quantum frequency processors.
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Chapter 2

Generation of
hyperentangled photon pairs

This chapter bridges the theoretical framework of nonlinear integrated optics intro-
duced in Chapter 1 with the practical realisation of a hyperentangled-state source
based on a silicon photonic chip. In particular, I first review the state of the art,
underlining those research works reporting integration of HE sources, with a specific
focus on the simultaneous entanglement on the two degrees of freedom here used:
time–bin (TB) and frequency–bin (FB).

The main part of the chapter is based on the results published in [145], repres-
enting, to the best of my knowledge, the first demonstration of a silicon integrated
source of photon pairs hyperentangled in those two DoFs. First, I introduce the
SiPh source itself, presenting its design together with the optical setup used for the
photon–pair generation. After having characterized its generation rate and bright-
ness, I then introduce the analysis setups and methods developed in the framework
of this research work to verify the effective generation of the target 16–dimensional
HE state.

Finally, I present the experimental results demonstrating the presence of en-
tanglement in the individual DoF through quantum state tomography performed
independently in the two subspaces, while the hyperentangled nature of the gener-
ated state is confirmed through the measurement of an HE witness.
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2.1 Motivation and state of the art

To date, most experimental demonstrations of HE rely on photon pairs generated by
spontaneous parametric down–conversion (SPDC) in nonlinear crystals [24]. These
typically exploit polarization, momentum, or time–energy entanglement [146, 147,
148, 149] in different combinations, reaching Hilbert-space dimensions equivalent to
multiple qubits, in particular up to five and ten qubits, respectively, in Refs. [150,
151]. Such bulk systems, however, lack scalability and are difficult to integrate into
larger quantum photonic circuits.

The move toward integrated HE sources began with periodically poled lithium
niobate (PPLN) waveguides. Early demonstrations reported hyperentanglement in
spatial–mode and polarization DoFs [152], but also in frequency and polarization,
enabled by an SPDC waveguide incorporated into a fiber-based Sagnac interfer-
ometer [153]. However, silicon photonics has emerged as a leading platform for
integrated quantum photonics due to its compatibility with CMOS fabrication and
the numerous demonstrations of on–chip generation and manipulation of quantum
states of light. Entangled photon pairs naturally encoded in the time–energy DoF
are often generated through SFWM in silicon WGs and MRRs [35, 154], but demon-
strations of HE state generation on SiPh chips are, to the best of my knowledge,
still limited.

Previous demonstrations include HE states entangled in time–polarization DoFs
using silicon MRRs [155], and in the frequency–time–bin DoFs on the Hydex plat-
form [32]. More recently, a hyperentangled source in the energy–time and frequency–
bin spaces was reported by Gianini L. et al. [156], to which I also partially contrib-
uted within the framework of a collaboration between the Laboratory of Quantum
Photonics of the University of Pavia and the Laboratory of Integrated Silicon
Photonics of CEA–Leti, as part of the HYPERSPACE European Project [157].

2.1.1 Time and frequency –bin hyperentanglement

Frequency and time DoFs are particularly appealing for encoding information in
photonic quantum carriers. In particular, their discretized versions, i.e. time–bin
and frequency–bin encoding, are compatible with both free-space and fiber-optic
links, as evidenced by the widespread use of telecommunication infrastructures that
already exploit time–division and frequency–division multiplexing. Moreover, they
naturally support high–dimensional state spaces, in contrast to, for example, the
polarization DoF, which is intrinsically binary.

Photonic temporal modes can be easily generated using fast modulators and
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are suitable for long–distance transmission through optical fibers [158], free space
[159], and even in ground–satellite applications [160]. Recent demonstrations have
reported multidimensional entanglement distribution [161, 162], confirming their
suitability for high–dimensional information encoding. Furthermore, TB states are
highly compatible with integrated photonic platforms [162, 163], whose intrinsic
phase stability removes the need for active stabilization typical of fiber–based inter-
ferometer setups [164]. In particular, a recent demonstration of post–selection–free
TB qubit entanglement certification and QKD protocol implementation using a
fully integrated receiver [163] overcomes the manipulation limitations arising from
the traditional Franson–like analysis scheme in a stable and compact fully–packaged
photonic device.

On the other hand, FB–encoded quantum states are naturally generated through
SFWM in MRRs [130, 165, 166], spanning high-dimensional Hilbert spaces [16]. Re-
cently, they have also been employed in long–distance entanglement–based QKD ex-
periments [167, 168, 169], demonstrating high resilience. In particular, in Ref. [167]
the authors report a real–time phase compensation technique to enhance the sta-
bility of quantum state transmission over long distances when subjected to environ-
mental thermal fluctuations, thus further improving the scalability and robustness
of this encoding method.

Although time and frequency are often regarded as correlated and dependent
variables, they can be jointly exploited to encode quantum information. In particu-
lar, they can be treated as two distinct DoFs if the frequency-bin spacing f and the
time-bin duration tw satisfy the condition f · tw � 1, i.e. if the temporal extents of
the different frequency-bin wavepackets do not overlap.

Prior to the demonstration reported here, the on–chip generation of HE states in
this particular combination of DoFs had been realized only once, in the pioneering
work of Ref. [32]. That work presents a high–refractive–index glass source consisting
of a single high–brightness ring resonator with an FSR of 200 GHz, which required
the use of non–commercial electro–optic modulators (EOMs) to efficiently perform
quantum state analysis in the FB basis.

The silicon integrated source of HE photon pairs over discrete time–frequency
modes used in this work is composed of two high–finesse silicon microring resonat-
ors. The use of multiple resonators allows one to achieve high brightness and, at
the same time, a small frequency–bin spacing [170, 165, 166], which are key require-
ments for efficient electro–optic manipulation using standard phase modulators and
high–rate transmission over lossy links. This approach circumvents the limitation
of using a single large resonator, where a small frequency–bin spacing is obtained
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at the cost of a reduced photon-pair generation rate [170].

2.2 Experimental realisation

In the following, I first illustrate the device used, reporting both its linear charac-
terization and its nonlinear operation in the photon-pair generation regime. I then
describe the experimental setup built around the sample to generate and fully ana-
lyze the HE state. Finally, I present the experimental results, including the quantum
state tomography of the reduced density matrices in the TB and FB subspaces and
the measurement of the HE witness.

2.2.1 Silicon source design and characterization

The design and fabrication of the silicon chip were carried out within a previous col-
laboration between the Quantum Photonics Laboratory of the University of Pavia
and the research center CEA–Leti. The device was fabricated on a 200 mm SOI
wafer using the CMOS–compatible silicon photonics pilot line [48].

The source is composed of two nominally identical MRRs (R1 and R2), side-
coupled to a single bus WG, as shown in Figure 2.2(b). They are designed to operate
in the fundamental TE mode at the telecommunication wavelength of 1550 nm. The
WG is implemented in strip geometry, with a cross–section of 220× 600 nm2. The
ring radius is set to 22µm, corresponding to an FSR of ∼ 524GHz, and the bus-ring
gap is 150 nm. Light is coupled into and out of the chip through on-chip inverse
tapers and off-chip lensed fibers, selected experimentally to minimize coupling losses.
This configuration, which was the only pre–existing element of the setup prior to
this work, yields a coupling loss of approximately 3.5 dB per facet. Further details
regarding the sample, its component figures of merit, and its fabrication process are
reported in Refs. [66, 165, 166].

Heaters are integrated on top of the rings to allow resonance alignment and
tuning, yielding the desired frequency-comb output used for the generation of HE
photon pairs through SFWM. The resulting spectrum after heater calibration is
reported in Figure 2.1 for the wavelength ranges of interest: from left to right, the
idler, pump, and signal resonances, spaced by f = 18.25GHz. I personally calib-
rated the resonance positions by iteratively adjusting the power dissipated across
the individual heaters while monitoring the continuous-wave (CW) laser trans-
mission spectra on an oscilloscope. Once the target spacing f was achieved, the
heater settings were saved, and no further optimization was required throughout
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a)

idler signalpump

f

SFWM
in R1

SFWM
in R2
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Figure 2.1: Linear characterization of the SiPh source and generation scheme.
(a) Transmission spectrum of the device in the wavelength range of interest. In particular,
it shows the resonances exploited in this work, with |0, 1⟩i,s labeling the resonances at which
photons are generated, according to the state notation in Equation 2.3; from left to right:
idler (R1 and R2), pump (R1 and R2), and signal (R1 and R2) resonances, spaced by
f = 18.25GHz. (b) Photon-pair generation scheme illustrating the relationship between
energy-matched bin triplets belonging to the same microring.

the entire setup construction or final experimental execution. The spacing f is
chosen to achieve efficient frequency-bin mixing in the analysis stage with commer-
cial EOMs, typically operating at frequencies up to 70GHz at modulation voltages
Vpp ≤ 20V, while maintaining near–zero spectral crosstalk between the frequency
modes. Given measured resonance quality factors in the range Q ∼ (100–120)×103,
the ratio between the mode spacing and the mode full width at half maximum is
f/FWHM = f · Q/ν ≈ 100 � 1, indicating that the spacing could in principle be
further reduced. In this work, the lower limit for f is set by the frequency–resolving
detection stage, which relies on narrowband filters featuring a FWHM ∼ 12GHz
(detailed in the following section), thus requiring f > 12GHz to enable independent
coincidence analysis between photons originating from different frequency bins.
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Generation of photon pairs setup

To characterize the nonlinear response of the silicon MRRs, the generation rate was
first measured as a function of the pump power using the setup depicted in Fig-
ure 2.2(a). The results for R1 are reported in Figure 2.3, while the rate for R2 is
not reported, as it is very similar to that of the first ring. The experimental setup
used is described in the following.

Light emitted from a continuous-wave butterfly laser diode at a wavelength
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Figure 2.2: Source generation rate characterization. (a) Setup used for the meas-
urement of the source generation rate. τ is the pulse delay, applied by the pulse generator
to the amplitude modulator (AM); f is the frequency of the RF signal applied by the RF
generator to the phase modulator (PM). BC: bias controller, EDFA: Erbium-doped fiber
amplifier, ISO: fiber isolator, BPF: free-space band-pass filter within a fiber-to-fiber U-
bench, VOA: variable optical attenuator, FPC: fiber polarization controller, TF: tunable
filter, SNSPD: superconducting nanowire single-photon detector. (b) Schematic of the
chip containing the two rings R1 and R2.

of 1543.656 nm is amplitude modulated (AM) to carve a train of two rectangular
pulses, with a relative delay τ = 13 ns and a duration of tw = 2 ns. The repetition
rate of the experiment was set to 50MHz. To increase the reproducibility of the
generated pulses, the AM is locked to its minimum using a bias controller (BC).
The coherence between the two pulses, which define the early (e) and late (l) TB
modes, is ensured by the large coherence time of the laser (Santec, TSL–710), which
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is much longer than the delay between the pulses: tcoh ∼ 1ms � τ .
The choice of the pulse duration and delay represents a trade–off between the

repetition rate of the experiment and the indistinguishability between the joint
signal–idler photon wavepackets of the two TB modes. For the former, the limita-
tion lies in the requirement that the pulse duration be shorter than the timescale of
other relevant processes occurring in the silicon WG. In particular, at the present
optical power levels, the dominant process is the generation of free carriers through
two-photon absorption inside the cavity, imposing the condition tw � τFC . Regard-
ing the time delay between the two pulses, the main constraint is again imposed by
the free-carrier dynamics. In this case, the photon pairs emitted in the early and late
pulses may not be perfectly indistinguishable, as free carriers generated by the first
pulse may not fully recombine before the arrival of the second pulse. This results
in different losses and a slight shift in the resonance wavelength experienced by the
two pulses. Given these constraints, the delay is set to satisfy τ > τFC . The estim-
ated free–carrier lifetime is τFC ∼ 10 ns, obtained from independent measurements
conducted on long WGs with the same cross–section as our sources, employing a
methodology and experimental procedure similar to those presented in Figure 1.3.

The modulated pulses are then sent to an electro–optic phase modulator (PM)
driven by a sinusoidal signal of amplitude around Vpp = 9V at a frequency equal
to the chosen FB spacing f . This results in the generation of an electro-optic comb
composed of several coherent sidebands equally spaced in frequency by f [51].

The modulated pump is then amplified by an Erbium-doped fiber amplifier
(EDFA) and filtered by a band-pass filter (BPF) to suppress amplified spontan-
eous emission (ASE) noise and undesired electro-optic comb lines. In practice, the
filter selects only the two central comb lines, one for each pump resonance, thus
allowing simultaneous pumping of the two resonators and generation of entangled
photon pairs through SFWM in the corresponding sets of idler and signal reson-
ances, as depicted in Figure 2.1. The pump power is controlled by a variable optical
attenuator (VOA), monitored through a 3 dB tap, and then coupled to the chip
after polarization adjustment using a fiber polarization controller (FPC).

The light exiting the chip is filtered using a DWDM, providing an isolation of
approximately 80 dB between non-adjacent ITU channels. The idler photons are
separated from the signal and pump photons, which are collected in the same fiber.
A free-space BPF (3 dB bandwidth of 5 nm centered at 1555 nm) is then used to
eliminate the pump photons, providing an extinction ratio of up to 90 dB. Finally,
the frequency bins of interest, corresponding to the idler and signal wavelengths
associated with R1 for the generation-rate measurement reported here, are selec-
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ted using tunable filters (TFs) based on fiber Bragg gratings (3 dB bandwidth of
12.5GHz). Frequency-resolved detection is then performed using two supercon-
ducting nanowire single-photon detectors (SNSPDs). The electrical signals from
the SNSPDs are sent to a time-to-digital converter (Qtag, Time Tagger) for coin-
cidence analysis, together with the trigger from the pulse generator.

Brightness estimation

The brightness of the source is extracted from the internal generation rate R, re-
ported in Figure 2.3, i.e., the coincidence counts at the SNSPDs corrected for the
total losses from generation to detection. Specifically, by fitting the experimental
data (points in the graphs) with a quadratic function of the pump power (solid
lines in the graphs), the brightness is commonly defined as the quadratic coefficient.
At high power (> 150µW) the rate deviates from the quadratic behavior expected
for SFWM generation in Equation 1.19, due to two-photon absorption (TPA) and
free-carrier absorption (FCA) in the silicon WG.

In the CW regime, the brightness of the source was previously measured to be
27± 1MHz mW−2 in an earlier experiment. The result, reproduced from Ref. [167],
is shown in Figure 2.3(a). In the HE demonstration presented here, the same sample
and the same set of resonances were used. However, since the additional time-bin
encoding requires pulsed pumping, the pump must operate in the pulsed regime
rather than in CW. Therefore, the generation rate R was measured by operating
the chip under the same pulsed conditions used in the experiment, as described in
the previous paragraph. The obtained internal generation rate and coincidence-to-
accidental ratio (CAR) are reported in Figure 2.3(b) and (c). The latter is defined
as:

Cc − Ca

Ca
, (2.1)

where Cc and Ca are, respectively, the detection events associated to coincidences
under the coicidence peak and accidental events, associated to coincidences delayed
by multiples of the repetition period. Both quantities are integrated within equal
duration time windows. The quantity Cc −Ca are the coincidence events of proper
photon pairs.

From the quadratic fit obtained in the pulsed regime (Figure 2.3 (b)), and
considering the average pump power corresponding to the train of pulses, the ex-
tracted brightness is 24 ± 2MHz mW−2, which is compatible within two stand-
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Figure 2.3: Internal generation rate of one ring resonator as a function of the
pump power coupled into the chip. (a) Generation rate in the CW regime (image
reproduced from [167]). (b), (c) Generation rate R and CAR measured in the here repor-
ted experiment, using a train of 2ns-long pulse pairs separated by 13ns and repeated at
50MHz. The solid lines in (a) and (b) correspond to quadratic fits of the data, yielding
brightness values of 27± 1 and 24± 2MHz mW−2, respectively. Error bars are calculated
assuming Poissonian statistics for the coincidence counts.

ard deviations (STDs) with the CW value. Given the average resonance linewidth
FWHM ' 15 pm, the measured spectral brightness of the source is B ' 1.5 ·
107 Hz mW−2 GHz−1. This value is comparable to state-of-the-art silicon MRRs, as
clearly summarized in the table 1 of Ref.[20].
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2.2.2 Generation method

The HE biphoton state is created by combining techniques traditionally used for
single-DoF entanglement. Specifically, time-bin entanglement is generated by pump-
ing the source with two coherent pulses, while frequency-bin entanglement is ob-
tained by simultaneously exciting two nominally identical MRRs. The complete
setup used for the generation and analysis of the HE state is reported in Figure 2.5.

The pump preparation stage is identical to the one described in section 2.2.1.
The on-chip pump peak power used in the experiment is Ppeak = 350µW, selec-
ted for the HE state generation demonstration. This pumping power corresponds
to an out-of-chip photon-pair rate of HE photons of Rout = 4.7 ± 0.1 kHz and a
coincidence-to-accidental ratio of CAR ' 30.

t

�

t

�

t

�

a) b) c)

Figure 2.4: Schematic representation of the biphoton HE state. The four modes
are defined as |0⟩ and |1⟩ for the frequency-bin and |e⟩ and |l⟩ for the time-bin DoF,
respectively. (a) TB entanglement, (b) FB entanglement, (c) HE state.

In the pump preparation stage (section 2.2.1), the source is driven by two coher-
ent optical pulses. If these pulses are identical and no distinguishability is introduced
between them (as discussed previously with respect to both free-carrier effects and
pulse shaping), they have equal probability of triggering photon-pair generation
inside the resonators. When, in addition, the generation probability per pulse is
kept sufficiently low, multi-pair emission is negligible. Under these conditions, the
generated state in the time domain is a TB-entangled biphoton state of the form
[171]:

|Φ+
TB〉 =

1√
2
(|e〉s |e〉i + |l〉s |l〉i) , (2.2)

where |e(l)〉s(i) denote the photon states associated with the signal (idler) photon
generated in the early (late) pulse. The more general TB state that may be gen-
erated with this scheme can be written as ∝ |ee〉 + eiϕ |ll〉, where ϕ is a relative
phase between the two components. In this case, this phase is zero owing to the
long coherence time of the CW laser pump, i.e. the carrier, from which the pulses
are carved, which guarantees their mutual phase coherence.

The double-ring configuration, together with the generation of two coherent side-
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bands at the frequencies of the pump resonances by the off-chip PM, allows each
pump pulse to generate a frequency-bin-encoded Bell state:

|Φ+
FB〉 =

1√
2
(|0〉s |0〉i + |1〉s |1〉i) , (2.3)

where |0〉s(i) and |1〉s(i) denote the photon states associated with the signal (idler)
FB generated by R1 and R2, respectively. This requires equal generation probabil-
ities in R1 and R2, while keeping the overall pair–generation probability low enough
to avoid simultaneous population of both FB modes. In practice, this is achieved
by adjusting the intensities of the two electro–optic comb lines used to pump the
rings (i.e., the power of the driving RF signal), balancing the generation rates while
maintaining a per-pulse generation probability on the order of 10−4/pulse. Similarly
to the TB case, the relative phase between the two components is set to zero. This
time, this is ensured by the phase coherence of the employed RF driver (Anapico,
APMS20G), offering relative phase stability between different channels of 3mrad.

With these parameters, the time-bandwidth product is f · tw ' 36 � 1, which
ensures that TB and FB can be treated as independent DoFs. Under these condi-
tions, a genuine two-photon HE state in two DoFs is generated, expressed as the
product of the two Bell states:

|Φ+
HE〉 = |Φ+

TB〉 ⊗ |Φ+
FB〉 =

1

2
(|ee〉+ |ll〉)TB ⊗ (|00〉+ |11〉)FB . (2.4)

Each of the two photons can occupy a total of four possible modes, as schematically
depicted in Figure 2.4. Therefore, the system finally spans a 16-dimensional Hilbert
space.

2.2.3 Quantum state analysis

To verify the effective generation of the target HE state, the signal-idler photon pairs
and the pump are collected by a lensed fiber at the output of the chip and sent to
either the time analyzer or the frequency analyzer, respectively denoted as T-a and
F-a, as shown in Figure 2.5(b) and (c). These analyzers allow the implementation
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of projective measurements in the three Pauli bases X,Y, Z, written as

Z = {|0〉 , |1〉} ,

X =

{
1√
2
(|0〉+ |1〉), 1√

2
(|0〉 − |1〉)

}
,

Y =

{
1√
2
(|0〉+ i |1〉), 1√

2
(|0〉 − i |1〉)

}
,

(2.5)

where (|0〉 , |1〉) label the logical states of either the TB or FB encoding for each
DoF. A complete set of measurements is therefore performed to reconstruct the
density matrix in both subspaces [172].

In the following, I describe how the projectors are realized, starting from the
analyzers’ setups and finally reporting the data analysis method used.
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Time-analyzer

The time-analyzer stage is based on a fiber unbalanced Mach–Zehnder interfero-
meter [173]. The interferometer is constructed from two 2× 2 50:50 beam splitters,
and its long and short arms introduce a temporal delay exactly equal to the time-bin
separation τ . This configuration enables the analysis of quantum states in the time
domain, as will be discussed in detail in the following paragraph. In this section, the
setup is instead described, emphasizing the practical measurement-based procedure
implemented to calibrate it.

To guarantee stable operation, the MZI is actively stabilized. A small portion
of the CW pump light, after ASE removal and passage through an optical isolator,
is injected into one of the interferometer ports in the counter-propagating direction
with respect to the pulsed pump and the generated photons. At the opposite side
of the interferometer, a photodiode detects this control beam, and a Field Program-
mable Gate Array (FPGA) closes the active feedback loop. The FPGA feedback
signal controls the wavelength of the butterfly laser, which is thus finely adjusted to
maintain the relative phase of the interferometer constant. Locking the interfero-
meter at the relative phase of the pump θp ensures stable interference at the pump
wavelength. At the same time, stabilization of the interference of the generated
idler and signal photons θi(s) is guaranteed by the phase-matching condition of the
SFWM process itself [174].

The use of a single MZI for analyzing both signal and idler photons usually
introduces a limitation, since it does not allow independent control of the phases
θs and θi. Here, this issue is overcome by introducing a programmable waveshaper
in the long arm, which allows independent control of the amplitude and phase of
the signal and idler photons. This innovation greatly simplifies TB quantum-state
analysis, eliminating the need for two separate MZIs, both of which would require
stabilization to a common reference in order to perform the biphoton projectors
necessary for state analysis.

Another critical practical aspect is polarization control of the photons entering
the MZI: any polarization drift leads to reduced interference visibility. To address
this issue, polarization-maintaining (PM1550) fibers were used whenever possible,
and the polarization was adjusted in the sections where a transition from SMF-28
to PM1550 fibers was unavoidable. This was achieved using a FPC and an in-line
fiber polarizer (ILFP), ensuring that the output polarization was correctly aligned.
This solution was implemented in particular after the lensed fiber and after the WS,
both of which are SMF-28-based fiber components.
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The WS, together with the ILFP and the FPC, introduces approximately 3 dB
of additional loss in the long arm, which is compensated by inserting an attenuator
in the short arm. This balancing ensures high indistinguishability between the two
optical paths, thus maximizing the visibility of both classical and quantum inter-
ference.

After recombination at the output of the interferometer, the photons are demul-
tiplexed: a dense wavelength-division multiplexer (DWDM, Opneti CH58, 80 GHz
channel bandwidth) separates the idler from the signal and the pump. In the signal
branch, the pump is further suppressed by a notch filter (BPF, Semrock). Finally,
the photon pairs are directed to the detection apparatus, consisting of a pair of
SNSPDs, each preceded by a FPC to account for their polarization dependence.

Time-bin quantum state analysis

The above-described time-analyzer setup realizes a typical Franson-like interfero-
meter [173, 175]. The unbalanced MZI introduces a delay τ between its two arms,
equal to the separation between the early and late time bins. Single-photon de-
tectors, together with the time tagger, register coincidence events, producing the
characteristic three-peak histogram in arrival time. These three peaks map directly
to the time-bin projectors as follows.

Detection at the early time ∆t = 0 corresponds to pairs generated in the early
pulse with both photons taking the short (S) arms (SS events); this yields the pro-
jector |ee〉 〈ee|. Detection at the late time ∆t = 2τ corresponds to pairs generated in
the late pulse with both photons taking the long (L) arms (LL events), i.e. |ll〉 〈ll|.
Coincidences in these two lateral peaks therefore provide the diagonal elements of
the TB density matrix, corresponding to the Z-basis projectors.

The central peak at ∆t = τ originates from two processes: pairs generated in
the early pulse that both traverse the long arms, and pairs generated in the late
pulse that both traverse the short arms. These two processes are indistinguishable
at the detectors, thus their probability amplitudes interfere; therefore, coincidences
in the central peak implement projectors in the superposition bases (the X and Y

bases) of the TB qubit. By controlling the relative phase between the early and late
contributions (via the WS in the long arm), different superposition projectors can
be implemented. For example, choosing the relative phase φ = π projects onto the
X basis, while φ = ±π

2 implements the Y basis.
Operationally, TB projectors are realized by post-selecting coincidence events in

the three time windows (∆t = 0, ∆t = τ , ∆t = 2τ) and by scanning the WS phase
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at the idler and signal frequencies. Importantly, signal and idler photons, regardless
of the frequency bin in which they are generated, are processed identically by the
WS and the MZI interferometer and are detected according to their arrival time
only, without resolving their frequency. As a result, the measurement projects the
state in the time domain while effectively tracing out the frequency DoF.

Frequency-analyzer

The frequency-analyzer stage is designed to characterize the frequency-bin states of
the generated photons. The light collected at the chip output first passes through
a DWDM filter, which provides about 80 dB isolation between non-adjacent ITU
channels. This allows the idler photons to be separated from the signal and pump
photons, which remain in the same fiber. To further suppress residual pump light,
a free-space band-pass filter (BPF, Semrock, 5 nm 3 dB bandwidth centered at
1555 nm) is used, achieving up to 90 dB extinction at the signal wavelength.

The core of the frequency-bin analysis consists of two PMs, one acting on the
signal and one on the idler photons. They are driven by an RF signal coherent
with the input pump. The amplitude of the modulating RF signal is chosen to
maximize the power transfer from the carrier to the first-order sideband. However,
higher-order sidebands are unavoidably generated by the PMs, leading to scattering
into unwanted frequency modes and additional losses. To isolate the desired modes,
narrowband tunable passband filters (TFs) based on 12.5 GHz-wide fiber Bragg
gratings are placed after the modulators. In particular, the photons are directed
to a Bragg grating whose reflection band is tuned by straining the fiber and are
finally collected through a circulator (C), as schematically illustrated in the inset
of Figure 2.5(c). These filters allow precise selection of the frequency modes, com-
pleting the state analysis in the FB subspace. Finally, the photons are directed to
superconducting nanowire single-photon detectors (SNSPDs), and detection events
are recorded using time-tagging electronics, enabling measurement of coincidence
counts between signal and idler photons.

Frequency-bin quantum state analysis

The FB projective measurements are implemented through the F-a described above.
In particular, projectors in the Xs(i) and Ys(i) bases require coherent mixing of the
|0〉s(i) and |1〉s(i) frequency-bin states [166]. This is achieved by activating the RF
signal that drives the signal (idler) PM and adjusting the RF power to equalize the
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intensities of the sidebands involved in the mixing. In this way, coherent interference
between |0〉s(i) and |1〉s(i) is obtained with high visibility. The specific superposition
projector is then selected by tuning the RF phase: setting ϕ = 0 implements the
Xs(i) basis projector, while ϕ = ±π

2 realizes the Ys(i) projector. Conversely, the
Zs(i) basis projectors are realized by switching off the RF signal, so that no mixing
occurs.

As pointed out in the T-a description, the procedure here can also be regarded as
independent of the other DoF. Since the PMs and TFs are insensitive to photon ar-
rival time, the analysis is performed purely in the frequency domain, effectively tra-
cing out the time DoF. By contrast, the SNSPDs and the time tagger resolve photon
arrival times and therefore distinguish between early and late time-bin photons. The
trace over the TB DoF is thus performed, for each signal-idler frequency-bin com-
bination, by summing all events over s, i.e. both photons are detected at ∆ts(i) = 0

(pairs generated in the e-pulse), ∆ts(i) = τ (pairs generated in the l-pulse), or with
a relative delay of τ .

2.3 Results and discussion

To demonstrate the generation of the 16-dimensional target state |Φ+
HE〉, I first

verified entanglement in the TB and FB DoFs separately and then measured an HE
witness. The former is performed by means of quantum state tomography and by
extracting the S-parameter to verify the violation of the Clauser-Horne-Shimony-
Holt (CHSH) inequality [176] in each DoF. The HE witness is necessary to rule out
the possibility that the target state, although exhibiting entanglement in each DoF,
could be written as a mixture of two or more non-HE states [177]. In addition,
two-photon interference fringes were measured in both DoFs, which are required for
the calibration of the two-qubit projectors implemented for the entanglement and
witness measurements, as explained in the following section.

All the results reported here are published in the peer-reviewed article Ref. [145].

2.3.1 Two-photon interference

The signal and idler photons are jointly measured in a superposition basis using
either the F-a or the T-a, namely 1/

√
2(|0〉 + eiΦ |1〉), while the phase Φ is swept.

This results in two-photon interference fringes of the form ∝ 1 + V cos(Φ). The
visibility

V =
Cmax − Cmin

Cmax + Cmin
(2.6)
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quantifies the coherence between the two components of the superposition: a value
above 1/

√
2 is sufficient to violate the CHSH inequality, thus demonstrating entan-

glement.
In practice, the theoretical phase Φ defining the measurement basis differs from

the experimentally applied phase ϕ, due to phase offsets introduced by the optical
elements of the analyzer. The two are related by Φ = ϕ− ϕ0, where ϕ is the phase
detuning applied experimentally and ϕ0 represents the calibration offset determined
from the interference measurement. Therefore, the two-photon interference curves
are reconstructed prior to the QST and HE witness analyses in order to calibrate
the projectors.

Time-bin interference

The phase ϕ is scanned by applying a relative phase shift between the idler and
signal wavelengths using the WS in the long arm of the T-a. Coincidence counts
in the above-defined time windows are recorded. The result is reported in Fig-
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Figure 2.6: TB two-photon interference. Coincidence counts in the central peak of
the time histogram as a function of the phase ϕ introduced by the WS in the long arm of
the MZI are shown (red points), together with their sinusoidal fit (dashed red line). Coin-
cidence counts in the lateral peaks, corresponding to SS and LL events (green points), are
also reported. Error bars are calculated assuming Poissonian statistics for the coincidence
counts. Each measurement is integrated for 120 seconds; the reported values are expressed
in Hz.

ure 2.6. The coincidence counts in the central peak (red points) show a visibility
of VTB = (93.2± 1.2)%, thus confirming high coherence between the early and late
contributions of the TB state.
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The counts obtained in the lateral peaks (in green) are also reported in the plot
to demonstrate that the sine–like behavior originates from genuine two-photon in-
terference, excluding the possibility that the observed modulation arises from phase-
dependent losses in the interferometer. As expected, the peaks corresponding to SS
and LL events remain constant over the entire phase sweep, further demonstrating
the correct operation of the interferometer stabilization method.

A final remark concerns the phase acquired by the two different FB modes while
propagating through the setup before recombination in the MZI. The two modes
accumulate slightly different phases, resulting in two distinct Franson interference
curves that are shifted with respect to each other. When the frequency DoF is traced
out, this phase offset would strongly reduce the measured visibility. To compensate
for this effect, a preliminary calibration measurement was performed to determine
the relative phase shift, which was then corrected by applying an additional phase
offset to one of the two frequency-bin pairs using the WS filter. The result shown
above is obtained after applying this calibration.

Frequency-bin interference

The phase ϕ is scanned by changing the relative phase between the two RF signals
driving the idler and signal PM. In this case, the coincidence counts can be recor-
ded either in the first or the second pair of frequency modes, since they correspond
respectively to projector |+〉 〈+| or |−〉 〈−|, thus the two curves will differ of only
by a π phase shift. The result is reported in Figure 2.7, showing a visibility of
VFB = (83.1± 1.4)%.
The phase corresponding to the maximum of the curve (ϕ0) is recorded and used

for the calibration of the projectors employed later.

2.3.2 Quantum state tomography

A complete set of two-qubit tomographic projectors is implemented in each DoF,
and the corresponding coincidence counts are recorded. In particular, 24 = 16 meas-
urements are performed in each DoF to unambiguously determine the density matrix
ρr. It is then reconstructed using a maximum-likelihood estimation algorithm [166].
Several figures of merit are then obtained: the fidelity with respect to the target
density matrix ρt = |Φ+〉 〈Φ+|, the purity, and the S-parameter; they are defined
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Figure 2.7: FB two photon interference. Sum of the coincidence counts recorded in
the SS-events and LL-events time window (red points). The phase shift ϕ reported in the
x-axis is introduced in the RF signal by the driver. The dashed red line is a sinusoidal fit of
the data. The error bars are calculated assuming Poissonian statistics for the coincidence
counts. Each measurement is integrated for 10 seconds, here the values are reported in
Hz.

as follows:
F = Tr

√√
ρtρr

√
ρt ,

P = Tr(ρ2r) ,

S = 〈ψ|A0 ⊗ (B0 +B1) +A1 ⊗ (B0 −B1)|ψ〉 .

(2.7)

The first quantifies the distance between the target state and the reconstructed one,
the second quantifies the mixedness of the state, while the last is used to verify the
violation of the CHSH inequality, thus demonstrating entanglement.

A0, A1, B0 and B1 are local observables defined for two general qubits (A, B)
[176]. In this case, the target state is the maximally entangled Bell state Φ+; there-
fore, to achieve the maximum CHSH violation the optimal settings are employed:

A0 = σZ ,

A1 = σX ,

B0 =
1√
2
(σZ + σX) ,

B1 =
1√
2
(σZ − σX) ,

(2.8)
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where σX,Y,Z are the Pauli matrices. The maximum value achievable by a separ-
able state is S = 2, while in the presence of quantum correlations the limit becomes
S = 2

√
2 ' 2.828.

a)
t

�

b)
t

�

Figure 2.8: TB and FB reconstructed density matrices. (a) Reconstructed reduced
density matrix (real and imaginary parts) of the HE state in the TB subspace, while tracing
out the FB DoF. (b) Same as (a), but referred to the FB subspace, while tracing out the
TB DoF. The associated fidelity, purity, and S-parameter are reported in Table 2.1.

The results of the QST in the TB and FB DoFs are reported in Figure 2.8, as
the left and right matrices, respectively. The corresponding values of the figures of
merit listed above are reported in Table 2.1. The errors are obtained from Monte
Carlo simulations by generating multiple instances of the dataset and calculating
all the FoMs for each of them. The simulated datasets are generated assuming that
the measured coincidence counts follow a Poissonian distribution with a mean value
equal to the measured coincidence rate. From the mean and the STD, the experi-
mental value and the associated uncertainty of each FoM are extracted.

DoF Fidelity (%) Purity (%) S-parameter
FB 90.6± 1.1 83.7± 1.3 2.55± 0.02
TB 94.9± 0.6 92.1± 0.6 2.669± 0.013

Table 2.1: Figures of merit of the reconstructed density matrices. Values of the
fidelity, purity, and S-parameter extracted from the reduced density matrix in each DoF.
The errors are estimated assuming Poissonian statistics for the coincidence counts.

The high values of fidelity and purity confirm the successful generation of the
target Bell state in both DoFs. Furthermore, the presence of entanglement is con-
firmed by exceeding the bound of S = 2 by more than 27 STDs in both subspaces.
The slightly lower values obtained in the FB subspace can be attributed to the
reduced indistinguishability between the two frequency modes, as discussed later.
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2.3.3 HE witness

Following Refs. [178, 179, 177], various witness operators can be defined for a gen-
eric connected two-particle graph state, differing in the number of measurements
required and, consequently, in their robustness against noise. To preserve the clarity
and efficiency of the quantum state analysis methods developed here, the following
operator was chosen as the HE witness:

W = (N − 1)−
N∑

k=1

Sk , (2.9)

where N = 2 ·d, d is the number of DoFs, and Sk are the stabilizers of the HE state,
which in our specific case are

S1 = σTB
X s σ

TB
X i S2 = σTB

Z s σ
TB
Z i S3 = σFB

X s σ
FB
X i S4 = σFB

Z s σ
FB
Z i (2.10)

The Pauli matrices σTB(FB)
Xj ,Zj

act on the j = {s, i} photon in the TB (FB) subspace.
Crucially, they are all two-qubit operators defined within a single subspace; there-
fore, they can be measured using the two separate time and frequency analyzers
implemented in the experiment.

The defined witness W confirms the presence of HE whenever 〈W 〉 < 0. Exper-
imentally, a value of −0.60± 0.01 was measured, as reported in Table 2.2, which is
lower than the bound for non-HE states (〈W 〉 ≥ 0) by 60 standard deviations.

〈S1〉 〈S2〉 〈S3〉 〈S4〉
0.905± 0.005 0.981± 0.004 0.720± 0.007 0.994± 0.001

〈W 〉 = −0.600± 0.010

Table 2.2: Measured values of stabilizers and witness. The values of the four stabil-
izers Sk defined in Equation 2.10 are reported, together with the value of the witness W
defined in Equation 2.9. The errors are estimated assuming Poissonian statistics for the
coincidence counts.

Therefore, it can be concluded that the generated state is indeed hyperentangled
in the TB and FB DoFs.
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2.3.4 Discussion

Here the reported above experimental results are discussed, comparing the different
achieved results, mostly in terms of visibility of the two-photon interference, purity
of the reconstructed state and indistinguishability of the generated photons. Finally,
a comparison between the measured and the ideal HE witness is also reported.

Purity in the FB subspace The maximum achievable purity and fidelity of
a frequency-encoded density matrix are limited by the indistinguishability of the
photons populating the frequency modes, as derived in Ref. [166]. This is further
confirmed by the independently measured two-photon interference visibility. For
a two-dimensional bipartite system, the visibility obtained in a Bell test coincides
with the photon indistinguishability. A visibility of (83.1 ± 1.4)% was measured,
which also sets the limit for the obtainable purity of the FB marginal state, meas-
ured to be (83.7± 1.3)%.

The imperfect indistinguishability in the frequency-bin DoF is mainly attributed
to the different lineshapes of the resonances encoding the logical states |0〉 and |1〉,
which exhibit slightly different quality factors and extinction ratios. These differ-
ences originate from fabrication inhomogeneities between the two rings and from the
stochastic sidewall roughness of the waveguides, which leads to different amounts
of backscattering in the two resonators.

Purity in the TB subspace The measured purity of the state in the TB sub-
space is (92.1 ± 0.6)%, consistent with the two-photon interference visibility of
(93.2 ± 1.2)%. The deviation from unit purity is most likely due to thermal and
free-carrier relaxation occurring between the two consecutive pump pulses. As a
result, the resonance wavelength and the amount of free-carrier absorption slightly
differ between the early and late pulses, introducing distinguishability in the joint
temporal emission of photon pairs. This effect can be mitigated by increasing the
time separation between the pump pulses, although at the cost of a reduced gener-
ation rate in the experiment.

CHSH and purity The observed large violation of the CHSH inequality is con-
sistent with the measured purity of the state. This can be demonstrated by consider-
ing a simple noise model that accounts for the non-unit purity: a white depolarizing
noise channel. The ideal density matrix ρt, either in the time or frequency domain,
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is thus replaced by a Werner density matrix [180] described by:

ρw(η) = ηρt + (1− η)
I4
4
, (2.11)

where η is the mixing parameter. The purity and the S-parameter of this non-ideal
state can be written as:

Pw(η) = Tr[ρ2w] =
1 + 3η2

4
; Sw(η) = 2

√
2 η . (2.12)

For example, in the FB subspace a purity of PFB = 83.7± 1.3% was measured,
corresponding to a CHSH parameter of Sw(η) = 2.5 ± 0.02, which is consistent
within a 2-STD range with the measured value S = 2.55±0.02. Therefore, it can be
concluded that the lower value of the CHSH parameter compared to the theoretical
maximum bound is due to the non-unit purity of the state, and is consistent with
the other presented results.

HE witness value Despite the lower robustness to noise of the chosen metric
compared to other HE witnesses [177], the violation of the non-HE limit (W = 0) is
observed by 60 standard deviations. This confirms that the amount of noise present,
both during the generation and the analysis stages, is negligible.

The deviation from the maximally hyperentangled value W = −1 is mainly
due to the imperfect indistinguishability between photon pairs generated in the two
sources, which can be equivalently described as the action of a depolarizing noise
channel, as previously discussed. The same considerations applied to the purity-
limited CHSH parameter also extend to other entanglement metrics, such as the
single-DoF entanglement witnesses. Using the same notation, the witness for each
DoF n = (TB,FB) is defined as:

Wn
DoF = I2 − σn

Z iσ
n
Z s − σn

X iσ
n
X s . (2.13)

The non-entangled limit is again Wn
DoF ≥ 0, while the maximally entangled state

yields Wn
DoF = −1.

Since the chosen HE witness W is a linear combination of the single-DoF wit-
nesses, the imperfect indistinguishability that limits the purity in each DoF also
explains the deviation between the experimental value and the ideal case.
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2.4 Conclusions and further perspectives

In this chapter, I reported the first demonstration of hyperentangled state generation
from multiple integrated SFWM sources. The setup presented here, built around
a previously designed and fabricated silicon photonic chip featuring a pair of high-
brightness MRRs, enables both the characterization of the source performance and
the implementation of two-qubit projectors in the employed time– and frequency–
bin encodings. I presented the methods and experimental results used to derive
the figures of merit required to certify the generation of a genuine hyperentangled
state. In particular, a high level of entanglement and purity was measured in the
two marginal states, together with fidelities exceeding 90% with respect to the max-
imally entangled Bell states, confirming the presence of bipartite entanglement in
both DoFs. Moreover, by employing hyperentanglement witnesses, I demonstrated
the presence of hyperentanglement. The experimental results were further analyzed
in the discussion section, where two-photon interference metrics were quantitatively
compared with those derived from QST, showing good agreement with the theoret-
ical expectations.

Although the complete quantum state tomography of the target HE state goes
beyond the scope of the present study, the setup introduced here would in principle
permit its realisation by serially connecting the time– and frequency–analyzers. In
the present implementation, the main limitation arises from the insertion losses of
the analyzers, which would require relatively long integration times for each of the
162 four-qubit projectors (∼ 10 minutes per setting). However, considering that the
number of required measurements can be significantly reduced using recently de-
veloped tomographic techniques [181], the presented method could enable complete
hyperentangled–state tomography without suffering from long–term instabilities,
such as chip–fiber misalignment.

The presented experimental configuration also allows one to scale up the di-
mensionality in the FB DoF without significantly increasing the complexity of the
setup. This would require coherently pumping multiple microring resonators sim-
ultaneously and increasing the number of sidebands generated by the input and
output phase modulators, as previously reported in Refs. [165, 166]. In the time
domain, higher–dimensional states can be generated by increasing the number of
time bins. Their analysis would require cascaded interferometers with delay lines
of increasing length, which would in general need to be stabilized. A solution has
already been demonstrated in Ref. [162], where these interferometers have all been
integrated, thus removing the need for active stabilization and confirming that the
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extension of the time dimension represents a concrete continuation of the present
work. This method, however, comes at the cost of a reduced repetition rate and a
decreased generation rate. Therefore, strategies to mitigate the reduction in photon
counts will be necessary, such as further integration of the optical components or
the adoption of post–selection–free schemes as in Ref. [163], where the efficiency of
the analysis setup is improved.

The presented method for the generation and analysis of FB and TB HE states
is compatible with other DoFs, such as polarization or spatial modes. In particular,
the next chapter explores a new generation of silicon photonic circuits aimed at
advancing this research direction. The integration of polarization– or path–encoded
sources, while keeping the existing architecture presented here for simultaneous TB
and FB entangled state generation, would enable the generation of hyperentangled
states in three DoFs, further enlarging the accessible Hilbert space.
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Integration of sources of
hyperentangled photon pairs

In this chapter, I present the next generation of silicon quantum photonic sources,
which exhibit a higher level of integration compared to the device presented in the
previous chapter. In particular, I report novel designs of hyperentangled sources that
introduce on–chip routing and manipulation stages for idler and signal photons,
while exploiting additional degrees of freedom such as polarization and position
(usually referred to as path in integrated circuits).

After introducing the proposed sources and reviewing the related state of the
art, I describe the SOI photonic platform used to realize the desired circuits. In
particular, the presented chip stack corresponds to the technology employed for the
fabrication of tunable SiPh devices on the 300 mm Si300 nm pilot line of CEA-Leti
(Grenoble). I thus present the design of the full chip, supported by the numerical
simulations which guided the choice of the final geometrical parameters.

Finally, I report the results of the morphological and optical characterization
performed at the wafer scale, carried out during my research stay at CEA–Leti.
They validate the fabrication process and confirm the expected performance of
the fabricated devices. At the current stage, only passive components have been
fabricated and tested at wafer scale, enabling an assessment of the routing and
filtering functionalities of the circuits, together with the figures of merit of the
microring resonator sources through their spectral features.
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3.1 Background and motivation

The scalability of quantum photonic technologies strongly depends on the ability to
integrate not only efficient sources of entangled photons, but also the circuitry re-
quired for their routing, filtering, and manipulation. In fact, the fidelity of quantum
algorithms and gates is highly influenced by optical losses, as well as by phase and
thermal stability, all greatly improvable by means of integrated photonic platforms.
The performance of current integrated devices is, however, generally not sufficient
to demonstrate fundamental breakthroughs in the field, such as computational op-
erations in the fault–tolerant regime [182, 8], for which photon loss still remains the
primary limitation [183]. For this reason, further engineering efforts are required,
with the purpose of developing ultra–low–loss integrated building blocks which can
be assembled into larger architectures. In particular, complex integrated circuits
for scaling toward multidimensional programmable quantum states exhibiting rich
entanglement structures are currently being developed, with the final goal of accom-
plishing several record quantum information processing tasks [2023_Lee_4qubit,
184, 185, 8].

Silicon and silicon nitride have emerged as the leading material platforms for
quantum photonic circuits, combining the advantages of large–scale CMOS fabric-
ation, high optical confinement, strong third-order nonlinearity, and mature design
libraries, all necessary requirements for addressing the scalability challenge. These
unique properties have already enabled the realisation of compact sources of en-
tangled photon pairs with on–chip high–dimensional manipulation [37, 186, 187],
as well as integrated multi–photon quantum information processing [188, 189, 190].
The long–term vision is that of a “quantum lab–on–a–chip”, where the genera-
tion, manipulation, and detection of quantum states are all performed within a
single integrated device [191, 186]. For a more comprehensive overview of quantum
demonstrations based on integrated photonic circuits, refer to the review articles in
Refs. [14, 25, 192].

A significant milestone in this direction has been achieved by PsiQuantum,
which demonstrated a fully integrated silicon nitride platform featuring SFWM–
resonator–based photon–pair sources, electro–optic phase shifters, and supercon-
ducting nanowire single–photon detectors [186]. This work represents a major ex-
perimental breakthrough for photonic hardware, showcasing state–of–the–art losses
for most of the integrated components and opening the way to feasible large–scale
quantum photonic integration.

Within this broad and fast–evolving context, the work presented in this chapter
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introduces novel designs aimed at achieving a higher degree of integration compared
to the results discussed in chapter 2, while also enhancing the dimensionality and
complexity of the generated entangled states. In particular, the final goal is to ob-
tain CMOS–compatible efficient on–chip generation of high–dimensional quantum
states, leveraging the unique capability of hyperentanglement and including pro-
cessing and filtering stages to minimize optical losses. These devices are intended
for future quantum communication and quantum information–processing experi-
mental demonstrations.

3.2 State of the art

The combination of single or multiple silicon sources, together with engineered
photonic circuits, can enable the generation of different types of biphoton states,
including path [37, 193], polarization [194] (see Figure 3.1(a)), [195], time–bin [162],
and frequency–bin [130, 165] entanglement. A more general introduction to off–
chip demonstrations has already been reported in Sections 2.1 and 2.1.1, while a
more complete survey of chip–based multi–dimensional and multi–photon entangled
states can be found in the review paper Ref. [35].

Here, I briefly review the state of the art of integrated HE sources that are more
closely related to the designs presented later in this chapter, which combine in integ-
rated platforms frequency–bin with path or polarization, and eventually time–bin,
in different combinations. Some of those remarkable devices are also summarized
in Figure 3.1.

Chip–based demonstrations of entangled states combining frequency or energy–
time and polarization have already been reported in the literature. In partic-
ular, AlGaAs–based devices capable of directly generating hybrid polarization–
frequency entangled biphoton states without post–manipulation were demonstrated
in Ref. [198], with the further possible perspective of shifting the paradigm to hy-
perentanglement by modifying the semiconductor stack, similarly to what was pre-
viously proposed in Ref. [199]. Other relevant works are reported in Ref. [155] (see
Figure 3.1 (b)), [153], where energy–time entanglement is generated on chip (consist-
ing of a silicon MRR and a periodically poled lithium niobate (PPLN) waveguide,
respectively), while the polarization DoF is entangled off chip by means of a fiber
loop including a polarization beam splitter, thus resulting in proper energy–time–
polarization HE.

More recently, a proposal for a fully integrated source of polarization and frequency–
bin HE photon pairs was put forward in Ref. [196], also reported in Figure 3.1 (c).
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a)

b)

c)

d)

Figure 3.1: Chip–based entangled and hyperentangled state generation. (a) Gener-
ation of polarization–entangled photon pairs on a SiPh chip based on path–to–polarization
conversion through a 2DGC (source [194]). (b) Energy–time and polarization hyperentan-
glement generation exploiting a SiPh MRR (source [155]). (c) Theoretical work on a
chip–based frequency–bin polarization HE source (source [196]). (d) Energy–time and
path entanglement generation on a chip (source [197]).

The authors propose generating photon pairs in an arrangement of multiple ring
resonators, excited simultaneously by an engineered pump laser beam composed
of multiple frequency lines and prepared in a coherent superposition of horizontal
(H ) and vertical (V ) polarization modes. Importantly, the ring resonators are
also specifically designed to selectively couple to different spectral and polariza-
tion components of the pump. The strategy proposed in this research work (see
subsection 3.2.1) simplifies this scheme by removing the need for both pump and
WG polarization engineering, directly obtaining frequency–bin and polarization HE
states by injecting single–polarization (TE) laser light and converting the path DoF
of the generated photon pairs (generated and propagating along the chip in the fun-
damental TE mode) into the polarization DoF with the two–dimensional grating
coupler (2DGC).

Concerning frequency or energy–time and path hyperentanglement on chip,
fewer integrated circuits have been dedicated to the generation of such HE states.
A remarkable architecture toward path–frequency HE is reported in Ref. [197], re-
ported also in Figure 3.1 (d). Two parallel frequency combs, generated through
a single MRR exploiting CW and CCW circulating modes, are used to generate
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photon pairs in two distinct path modes; a complete certification of HE is, however,
not covered in the article.

Finally, other remarkable on–chip proposals and experimental demonstrations of
other DoF combinations are also reported in the literature, such as path–polarization
[200, 201]. More recently, on–chip HE distribution and entanglement purification
based on polarization–spatial HE states were shown in the preprint Ref. [202],
demonstrating how this field is constantly evolving and how the development of
novel integrated sources of hyperentangled photon pairs is crucial for the advance-
ment of quantum photonic technologies.

3.2.1 Proposed source architectures

The designs proposed here are SFWM–based sources of HE photon pairs. They
again exploit time–bin and frequency–bin DoFs while additionally introducing po-
larization or path encoding, together with integrated routing and filtering function-
alities. The sources comprise MRRs for photon–pair generation, MZIs for both
pump-laser routing and path–encoded state analysis, cascaded–MZI filters for idler
and signal separation, and couplers for light injection and extraction. Most of the
components have been simulated and designed within the framework of this re-
search work, following the methods reported in chapter 1, with the exception of the
couplers (GC and 2DGC), which were taken from the Si300 nm PDK provided by
CEA–Leti.

The proposed circuits are schematized in Figure 3.2. They can be divided
into two categories, depending on the type of encoding: frequency–bin and po-
larization (FB–Po), and frequency–bin and path (FB–Pa). Polarization encoding
is enabled through a path–to–polarization on–chip conversion implemented using
2DGCs, which are standard components available in foundry PDKs. This approach
allows transmission through a single optical fiber rather than two, while remaining
fully compatible with silicon photonics platforms. Although the path DoF requires
dual independent fibers at the output of the chip (one per path, i.e., one per logical
state), it is particularly appealing as it is the most straightforward to manipulate
on–chip. Indeed, while manipulating polarization on–chip requires complex polar-
ization rotators or splitters, not included in this design, a simple MZI with internal
and external phase shifters directly performs arbitrary single–qubit rotations on
path–encoded qubits. Integrating one MZI on the signal arm and another on the
idler arm allows full projective measurements (and quantum state tomography) to
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be performed entirely on–chip before detection.
These two types of circuits, illustrated in Figure 3.2(a,b) and Figure 3.2(c), re-

spectively, are also compatible with an additional degree of freedom: time–bin. This
can be achieved under the time–bandwidth constraint, as mentioned in the previous
chapter. Such three–DoF HE state generation would constitute, to the best of my
knowledge, the first demonstration through integrated sources.

In addition, some circuits further incorporate on-chip routing and filtering func-
tionalities, as shown in Figure 3.2(b), thus contributing to the attempt to fully
integrate all the necessary manipulation steps on chip. For all circuits, two versions
are included: one with all–pass ring resonators, to reach high generation rates at
critical coupling, and another with add–drop rings of lower Q-factor, compatible
with high–repetition-rate short–pulse pumping. Moreover, the AD scheme also of-
fers simpler operation, since the integrated sources are only two instead of four, as
explained in more detail in the description of the working principle of these sources
below.

The generation scheme is common to all circuits. A laser pump is coupled into
the chip through a GC and split into two arms by a tunable MZI. Each arm feeds
a pair of MRRs, where photon pairs are generated through SFWM. In the present
design, two nominally identical MRRs are integrated per arm. Consequently, FB
entanglement requires a pumping scheme analogous to that implemented in subsec-
tion 2.2.2, in which two coherent pumps simultaneously excite the two resonators,
as schematically illustrated in Figure 3.3(a). The pump laser light is coupled to
the fundamental TE modes of the integrated MRRs, generating idler–signal photon
pairs again in the fundamental TE mode of the WGs.

In the AD version of the circuits, only two physical MRRs are present instead
of four; however, an equivalent configuration is achieved by exciting orthogonal res-
onant modes associated with the two pump paths. Following the method reported
in [197, 195], clockwise (CW) and counter–clockwise (CCW) modes are exploited
to generate photon pairs in two distinct path modes. This approach removes the
possibility of partial distinguishability between photons generated in the two paths,
which may arise in the AP scheme due to fabrication imperfections. Moreover, since
only two rings are required, the AD version is simpler to operate. In a practical
scenario, residual effects, such as backscattering and coupling asymmetries, can still
introduce minor distinguishability between the two generation processes.

Consider first the circuits designed for FB–Po encoding. The corresponding
working principle is illustrated in Figure 3.3. After photon–pair generation in the
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Polarization & Frequency-bin

with idler-signal DEMUX

Polarization & 

Frequency-bin
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Path & Frequency-bin 

with idler-signal DEMUXc)
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50:50 BS

HEATER
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Figure 3.2: Overview of the integrated hyperentangled photon–pair sources. The
circuits here schematized have been integrated on a mask dedicated to 300 mm Si300 nm
platform. (a,b) FB–Po, (c) FB–Pa. (b) and (c) illustrate versions with on-chip idler and
signal separation. The used symbols are listed in the legend.

ring 0 and ring 1 resonant modes (defining the frequency-bin encoding) and in both
propagation paths (UP and DOWN ), the photons are converted into two ortho-
gonal polarization modes at the output fiber by means of a 2DGC. In the absence
of interference between coherent fields originating from the two paths, the 2DGC
maps photon pairs generated in the up and down paths onto the diagonal (|D〉) and
anti–diagonal (|A〉) polarization states of the output SMF–28 fiber. State analysis
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is then performed off chip. In the circuit version including on-chip idler and signal
separation, cascaded MZI filters (defined in subsection 1.6.1) are employed, and the
two photons are routed to separate 2DGCs for collection with a fiber array. The
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c)

b)

a)

Figure 3.3: Operating principle of the FB–Po source. (a) photon–pair generation,
(b) path routing, (c) path–to–polarization conversion.

second class of circuits, shown in Figure 3.2(c,d), is designed to generate HE states
in the FB–Pa DoFs. In this case, after generation in the MRRs, the photons are
routed through cascaded MZI filters to separate idler and signal photons on chip.
Each photon is then directed to an on-chip analysis stage implemented by an MZI.
Finally, the photons are coupled out of the chip through standard GCs and collected
using a fiber array. In this case, PM1550 fiber can be used, since the polarization
twisting induced by the birefringent fiber does not affect the quantum state, as po-
larization is not involved here.

All the designed components are compatible with the standard process flow of
CEA-Leti, which consists of a series of well–established lithography, etching, depos-
ition, annealing, and polishing steps used to realize low–loss tunable devices. The
proposed HE sources use thermally tunable MZIs and MRRs, thus offering a high
degree of reconfigurability and scalability.
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3.3 Fabrication

The devices are fabricated in the 300 mm SiPh pilot line at CEA-Leti, which en-
ables the realisation of fully etched and partially etched silicon components, such
as strip and rib WGs, but also heaters for optical tuning, routed to the chip surface
via metal layers for electrical control. The complete chip cross–section is shown in
Figure 3.4. In this section, I describe the fabrication methodology by first detailing
the overall process flow, followed by a systematic definition of each specific layer, re-
quired to integrate our tunable quantum photonic sources onto the silicon substrate.

3.3.1 Process flow

The fabrication process flow includes two WG–definition levels (WG and PROT-
MOD), one heater level, and two metal layers with their corresponding via layers,
i.e. the thin pillars connecting metal layers integrated at different stack levels (see
Figure 3.6). Each layer corresponds to a quartz–chrome photomask used to physic-
ally transfer the patterns onto the wafer surface. The mask design, often referred to
as the mask layout, is performed using the software Cadence Virtuoso [203] through
its scripting language (SKILL).

Once the chip layout is completed, i.e. once the geometry of the entire chip

WG

Substrate

HEATER
VIA 1

MET 1

VIA 2

MET 2

Figure 3.4: cross–section of the chips. Final cross–section of the Si300 nm-thick
300 mm platform for tunable silicon photonic devices of CEA-Leti.

surface is defined for all the fabrication layers in the stack (see the design and simu-
lations paragraph 3.4), a GDSII file is generated by the software. This file contains
all the information necessary to produce the physical masks used during the photo-
lithography steps. From now on, I will simply refer to it as the GDS file or layout,
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as commonly done in the integrated circuits field.
The fabrication of typical SiPh circuits starts with a batch of 300 mm SOI

Si substrate 725µm

Si 300nm

BOX 2µm

HM

SiO2

SOI substrate preparation Resist deposition Resist photolithography

Etching StrippingResist development

Optical Mask

Figure 3.5: Schematic of the photolithography process. After preparation of the SOI
substrate (20 nm-thick SiO2 and 90 nm-thick Si3N4 layer deposition), a photoresist (or
resist, shown in pink) is deposited on the surface. The patterns defined on the photomask
are projected onto the resist and subsequently developed, such that the regions exposed
to UV light are removed (positive-resist mechanism). The pattern is then transferred to
the underlying layers by etching the surfaces not protected by the resist. Finally, the
remaining resist is stripped, leaving only the patterned material on the wafer.

wafers. The wafers used here consist of the following three-layer stack: a crystal-
line silicon substrate (approximately 700 µm thick, bottom), a 2 µm-thick buried
oxide (BOX) layer made of silica, and a 300 nm-thick crystalline silicon top layer
dedicated to optical guiding (top). The wafer is prepared for fabrication by first
depositing a 20 nm-thick SiO2 layer, followed by a 90 nm-thick Si3N4 layer deposited
through Plasma Enhanced Chemical Vapor Deposition (PECVD). The latter serves
as an etching stopper, i.e. a hard mask (HM), as explained more clearly later.

Once the photomasks are ready, the pattern transfer onto the wafer surface is
achieved through a sequence of photolithography, etching, and stripping steps. The
masks are composed of glass and chromium, which respectively transmit and block
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the incident deep-UV light at a wavelength of 193 nm. As schematically shown
in Figure 3.5, the patterns defined on the mask are projected onto the photoresist
through an optical reduction system, shrinking the original chromium–glass mask
area (approximately 15 × 15 cm2) onto individual dies of 26 × 33 mm2. This pro-
jection is repeated multiple times across the wafer, resulting in several identical
replicas of the same photonic circuits. Each replica is referred to as a die; finally, a
total of 51 dies are fabricated on a single 300 mm wafer.

To improve resolution [204, 205], immersion lithography is employed for the WG
and PROTMOD layers. In this process, a thin layer of water is introduced between
the final lens and the wafer surface to increase the numerical aperture of the optical
system. After light exposure, the resist is developed to remove the exposed regions
(positive-tone resist), thereby exposing the wafer surface to the subsequent etch-
ing step. The etching technique and the resist composition vary depending on the
materials, their thicknesses, and their specific role. For example, in the processes
defining the WG sidewalls, it is critical to maintain vertical profiles, low roughness,
and minimal critical dimensions. Therefore, a high-resolution chemically ampli-
fied trilayer resist is used [206], and the etching is performed using an Inductively
Coupled Plasma (ICP) machine, which provides high etch rates while maintaining
high selectivity and low-damage processing.

After etching, the remaining resist is stripped, leaving only the patterned ma-
terial on the wafer. This sequence of lithography, etching, and stripping is repeated
for each layer in the fabrication flow. It is accompanied by multiple dielectric and
metal deposition steps, chemical mechanical polishing (CMP), and annealing pro-
cesses. CMP is responsible for flattening the surface and reducing it to the target
material thickness, while annealing consists of thermal and pressure treatments per-
formed to densify the deposited material and reduce defects, often in the presence
of specific gases in the chamber.

The complete fabrication flow is summarized in Figure 3.6, each panel describing
a series of steps and accompanied by a brief description. Here, only the main process
steps are reported to provide an overview of the fabrication and of the role of each
designed layer. A more detailed description of the individual fabrication steps is
beyond the scope of this manuscript, as a standard silicon photonics process was
employed and no process modules were personally developed.
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Figure 3.6: Schematic representation of the fabrication process flow. Each panel
describes a series of steps, with a brief description of the role of each layer.

3.3.2 Layer definition

Here, I summarize the individual layers used in the fabrication process and their spe-
cific roles in the realisation of the designed photonic circuits, following the sequence
of the process flow.

1. WG: This first layer defines the waveguides, including both the top part
of mid-rib and strip waveguides. As above mentioned, the lithography is
performed using immersion lithography, and the 300 nm silicon layer is etched
to a depth of 150 nm. The HM is kept on top of the waveguides to protect
them during subsequent processing.

2. PROTMOD: It defines a second immersion lithography step followed by
an additional 165 nm etch, reaching the BOX layer below the silicon slab.
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The mask protects the top of the mid-rib waveguides while exposing the strip
waveguides, which are already protected by the remaining hard mask. After
this step, the waveguides are encapsulated by successive silica deposition and
planarization steps. Importantly, a high-temperature annealing process (up to
800◦C) in 100% N2 atmosphere is performed after the deposition of the upper
cladding silica layer to reduce the hydrogen content and consequently the op-
tical losses. In the next paragraphs, I will report some optical characterization
I personally carried out before and after this step.

3. HEATER: It defines the geometry of the metallic Ti/TiN thin film used for
thermal phase shifters. The metal, previously deposited over the entire wafer,
is selectively etched, leaving the heater structures on top of the waveguides.
Another layer of SiO2 is deposited to cover the 80 nm–thick Ti/TiN.

4. VIA 1: This layer defines the first level of vias, opened in the SiO2 above the
heater and filled, using a typical Damascene process. After the deposition of
a thin Ti/TiN barrier-layer and a tungsten-seed layer, the vias are filled with
W and finally CMP is employed to remove the excess, reaching the SiO2 level.
After this step, an HM and an oxide layer are deposited again (40nm-thick
SiCN and 200 nm-thick SiO2 by using silane SiH4 as precursor), which serves
for the subsequent Damascene process.

5. METAL 1: This layer defines the first metal interconnection level: the oxide
is etched till the HM and Cu is deposited to fill entirely the obtained holes.
After CMP, the first metal level is completed, and the exposed metallic parts,
i.e. PADs, can be already contacted using external probes for electrically
contacting the underneath phase shifters.

6. VIA 2: A second Damascene process is fully performed, defining the second
level of Cu vias, used to connect the first metal layer to a higher-level metal-
lization.

7. METAL 2: This final Cu layer defines the higher-level metallization, used
mostly for routing or pad definition.

The photomasks used for silicon patterning underwent Optical Proximity Cor-
rection (OPC) to ensure accurate pattern transfer at the sub-micrometer scale [207,
208]. The platform therefore supports the fabrication of tunable SiPh devices, i.e.
passive devices with heaters according to the previously adopted definition (without
the inclusion of doped regions).
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Between the various fabrication steps, standard metrology procedures, such as
measurements of layer thickness and surface roughness, are performed by special-
ized cleanroom operators to verify process uniformity and correctness in dedicated
regions of the wafer. To directly assess the fabrication outcome on the devices
presented in this work, I personally carried out optical microscope inspections in-
side the cleanroom. Representative results of these measurements are reported in
the following (section 3.5).

3.4 Chip design

Within the fabrication platform described in the previous section, a silicon chip
of area 100 mm2 has been designed, including all the circuits mentioned above
together with single-component test structures. The complete GDS layout of the
chip is shown in Figure 3.7. Both test structures and fully functional circuits are
replicated several times across the chip, while varying selected physical paramet-
ers of the components in order to compensate for fabrication imperfections. This
approach follows a standard methodology in the field known as Design of Exper-
iments (DoE), since performance metrics such as coupling coefficients, resonance
wavelengths, extinction ratios, and insertion losses may slightly vary with respect
to simulations. In this way, after fabrication it is possible to identify and select the
best-performing devices by first characterizing the integrated test structures before
proceeding to measurements on the complete circuits. The parameters varied across
the replicas include the MRR source gaps, in order to ensure high generation rates,
as discussed more extensively in the paragraphs dedicated to the component design.

Two main test structures have been integrated and, as will be reported later,
characterized to assess the performance of the circuits: one dedicated to microring
resonators and one to directional couplers. The layout of both is reported in the
Appendix (see Figure B.1). The MRR test structure includes both add-drop and
all-pass configurations, with different coupling gaps and waveguide widths, allowing
the coupling coefficients and, consequently, the quality factors to be tuned. The DC
test structure includes multiple directional couplers with varying coupling lengths,
enabling the identification of the target coupling coefficient required to achieve op-
timal demultiplexing performance, according to the theoretical model reported in
subsection 1.6.1. In the following paragraphs, the expected and measured spectral
responses, together with the main extracted figures of merit of these components,
are presented.

Once the components with the best performance have been identified and the
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Figure 3.7: Complete GDS layout of the designed chip. The layout includes multiple
test structures and complete circuits, which are replicated several times across the chip
with varying physical parameters. The test structures include MRRs and DCs, while the
complete circuits include the FB–Pa and FB–Po sources, with and without idler and signal
routing toward distinct out couplers.

fabrication is completed, the corresponding circuit units will be diced and packaged.
The electrical contacts are all arranged on one side of the unit, sufficiently far from
the optical inputs and outputs to allow wire bonding, whose number ranges from 10
to 22 depending on the circuit complexity. The packaging will provide more stable
and reliable heater control, necessary for the final quantum demonstrations. These
units also include additional test structures useful for the final quantum demon-
strations, such as alignment and reference circuits integrating fewer components for
calibration purposes.

We report an example of a complete circuit unit and the resulting GDS layout
in Figure 3.8. Different colors correspond to the layers used during the fabrica-
tion process, described in the previous section. The overall unit includes multiple
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test structures as well as complete quantum photonic circuits (either the FB–Po or
the FB–Pa circuit). In this way, once the best-performing circuit is selected, the
entire unit is cut from the wafer, such that both the necessary test and calibra-
tion structures and the fully functional circuit are present on the same monolithic
chip. The above-described design is based on geometrical parameters defined
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Figure 3.8: Examples of GDS layouts of the dicing units. The unit includes mul-
tiple circuits, test structures, and alignment loops. (a) Zoom-in of a single DoE cell
for the FB–Pa and FB–Po circuits, which also incorporates source test structures and
two-dimensional grating coupler test structures. (b) Arrangement of multiple circuit cells
across the chip. (c) Zoom-in of a single DoE cell for the FB–Pa and FB–Po circuits
employing AD microring resonators. For clarity, the METAL 1 and METAL 2 layers are
not shown in panels (a) and (c), while they are visible in panels (b.1) and (b.2), respect-
ively.

through a combination of numerical simulations and analytical models, as described
in chapter 1. Here, I present the main simulation results used to define the layout
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of the components and to predict their performance.

3.4.1 Device simulations

The simulations were performed following the methods described previously, using
a combination of FDTD and FDE solvers [106, 97], as well as custom scripts for
analytical calculations implemented in Python.

Waveguide simulations

The waveguide geometry was optimized to achieve single-mode operation at the
target wavelength of 1550 nm, while also maximizing the effective nonlinearity for
efficient SFWM. Here, I report the effective index, group index, and dispersion
obtained for the fundamental TE mode of both rib and strip WGs for the Si300nm-
thick platform used. The designs implement both geometries, according to the
specific role of the corresponding component in the circuit. For example, stand-
ard SM rib WGs (core width of 450 nm and slab width of 3.05 µm) are used for
long propagation sections, due to their expected lower losses (∼ 0.8 dB cm−1), while
standard single-mode strip WGs (WG width of 400 nm) are used for the DCs and
MZIs to avoid mode mixing at the bends while keeping them compact. Their sim-
ulated properties are summarized in Table 3.1. For the MRR-based sources, to
increase the effective nonlinearity, the WG width was engineered to minimize the
effective area and the dispersion D at the target wavelength of 1550 nm.

In Figure 3.9, the dispersion properties for different waveguide widths are shown
for the fundamental TE mode. As expected, the strip WGs show dispersion closer
to zero also for the Si300nm platform compared to the rib ones; therefore, they
have been selected for the sources. As already reported in Figure 1.5, the effective
area of their modes reaches a minimum at 600 nm, which was therefore chosen as
the nominal width for the source cross section. The corresponding properties are
summarized in Table 3.1.

As previously mentioned, the width of the WG may vary if the required coup-
ling coefficient between the bus and ring WGs (cross coefficient) cannot be achieved
within the target gap range, which is limited by the fabrication process section 1.4.
This is the case for the AD-type sources, where higher coupling coefficients are re-
quired for high-visibility resonance response. Thus, the width of the WG is reduced
to 550 nm to accommodate the higher coupling requirements while keeping the gap

103



CHAPTER 3. INTEGRATION OF SOURCES OF HYPERENTANGLED PHOTON
PAIRS

1350 1400 1450 1500 1550 1600 1650 1700 1750
Wavelength (nm)

2.2

2.4

2.6

2.8

3.0

n e
ff

Si300nm Rib WGs

WG_w=400
WG_w=450
WG_w=550
WG_w=600

1350 1400 1450 1500 1550 1600 1650 1700 1750
Wavelength (nm)

2.2

2.4

2.6

2.8

3.0

Si300nm Strip WGs

1350 1400 1450 1500 1550 1600 1650 1700 1750
Wavelength (nm)

3.8
3.9
4.0
4.1
4.2
4.3
4.4
4.5

n g

1350 1400 1450 1500 1550 1600 1650 1700 1750
Wavelength (nm)

3.8
3.9
4.0
4.1
4.2
4.3
4.4
4.5

1350 1400 1450 1500 1550 1600 1650 1700 1750
Wavelength (nm)

1500

1000

500

0

500

1000

1500

D
 (p

s/
nm

/k
m

)

1350 1400 1450 1500 1550 1600 1650 1700 1750
Wavelength (nm)

1500

1000

500

0

500

1000

1500

Figure 3.9: Simulated WG properties for the Si300nm platform. Fundamental
TE00 mode effective index, group index, and dispersion as a function of wavelength for
both strip and rib WGs. The WGw values reported here correspond to those used in the
circuit design.

300× 600 nm2 300× 550 nm2 300× 400 nm2

neff 2.79 2.74 2.46
ng 4.06 4.12 4.42
D (ps/nm/km) 580 825 1610
Aeff (µm2) 0.21 0.22 0.26

Table 3.1: WG simulations summary. Indices at 1.55 µm of the fundamental mode
of the Si WG cross-sections employed for circuit routing and sources, extracted from
Figure 3.9 and Figure 1.6.

in the constraints given by the lithography. The simulated properties of this cross–
section are also reported in the table, showing a slightly higher effective area and
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dispersion.

MRR design and simulations

Once the WG geometry is defined, the MRR radius and point coupler geometry
are optimized. Specifically, the FSR is set to 400 GHz and 200 GHz for the AD
and AP versions of the circuits, respectively, to ensure subsequent wavelength sep-
aration (pump, idler, and signal wavelengths) by means of standard DWDM filters
(centered at the ITU channels, spaced by 100 GHz). The relationship between the
gap and the resulting cross coefficient κ2 has been established by means of FDTD
simulations, following the methods reported in chapter 1. In particular, the gap
versus κ2 for the WG cross–section 300× 600 nm2 is already reported in Figure 1.9,
and similar simulations have been performed for the 300× 550 nm2 cross–section.

For the AP sources, the target point coupler should allow achieving the critical
coupling condition, which strongly depends on the propagation losses experienced
inside the ring cavity. Therefore, the FoMs of the MRRs were calculated for differ-
ent κ2 and different propagation losses, as reported in Figure 3.10. The ring radius
considered is 29.38µm, which corresponds to the target FSR. The cross coefficients
obtained from the FDTD simulations are shown as vertical lines, and the corres-
ponding gap values are reported in the legend.

Having chosen a WG cross–section different from the standard one, the losses
will differ from the typical value of the PDK-like WGs (around ∼ 1.4 dB cm−1).
Therefore, a broad range of 0.8 ∼ 2.0 dB cm−1 is reported in the plot. Nevertheless,
since the mode is more confined inside the WG core in our larger-width geometry,
a slightly lower value of the losses is expected, although no quantitative estimation
can be realistically performed. Therefore, taking into account the uncertainty in
the effective cross coefficient and propagation losses, a DoE has been performed
on the MRR gap to ensure operation close to the critical coupling condition in at
least one of the integrated circuit versions. In particular, the same AP circuits have
been replicated including three nominal gaps: 0.16, 0.18, and 0.2 µm, all comprised
between the grey and purple dashed vertical lines in Figure 3.10, i.e. in the re-
gion where all curves show maximum visibility (critical coupling). The expected
Q-factors in the covered cross-coefficient range are 150000 ∼ 410000, represented
by the x-coordinates of the grey and purple triangles in the plots.
Similar calculations were performed for the 57.94µm-radius AD sources, which are

reported in the Appendix A, Figure A.3. As pointed out in the paragraph dedicated
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Figure 3.10: AP MRR FoMs. Figures of merit of the AP MRRs (300× 600nm2 cross–
section) with radius 29.38µm, shown as a function of the cross coefficient and propagation
loss. The vertical dashed lines represent the expected cross coefficients corresponding to
different gaps, simulated using FDTD, while the triangles of the same color represent the
corresponding expected visibility (y-coordinate) and Q-factors (x-coordinate).

to the theoretical treatment of MRRs, an symmetric AD resonators always operates
in the under-coupling regime, and the visibility approaches asymptotically unity at
the cost of a vanishing Q-factor. Therefore, for the AD case we target a reasonable
value of the Q-factor, corresponding to a visibility V > 98%. The chosen DoE gaps
are 0.125 and 0.135 µm, which correspond to target Q-factors of 45000 ∼ 50000.

DCs and MZIs design and simulations

The MZI structures included in the circuits play three main roles: MZIs for pump
routing (distributing the injected input beam between the two pairs of sources),
MZIs for path-state analysis, and MZI-based cascaded DEMUX structures for idler
and signal separation. In the first two cases, the MZIs include two 50:50 DCs; they
are symmetrical (no path difference is introduced), and two heaters are integrated
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in the MZI arms (push-pull configuration). In this way, the splitting ratio between
the up and down arms at the output can be tuned by acting on the phase shifters,
as described in Equation 1.41. The layout of the integrated 50:50 DC, shown in
Figure 3.12(b), consists of the following simple geometry: two parallel straight
single-mode strip WGs with a constant gap between them, connected to the non-
interacting routing WGs by means of two 90◦ bends with radius RDC = 5µm. This
choice was made to maintain compactness while minimizing design-related errors.
The same geometry is also used for the other target splitting ratios. All the coupling
simulations are reported in Figure 3.11.

The cascaded MZI filters are instead composed of three unbalanced MZIs, whose
arm length differences ∆Li (i = 1, 2, 3) depend on the WG cross–section (i.e., the
group and effective indices) and on the DEMUX single-channel FSR ∆FSR. The
three propagation regions are separated by a total of four DCs, whose splitting ratios
(from input to output) are 50:50, 20:80, 20:80, and 04:96, according to the model
reported in subsection 1.6.1. The filters have been integrated in a double-stage con-
figuration to reduce crosstalk, as predicted by the simulations. This configuration
allows the light to be routed into two output WGs, depending on its wavelength.
The layout of a DEMUX is reported in Figure 3.12(c), where the routing of the dif-
ferent spectral components, represented by the blue and red arrows, is also shown.
The WGs not used for input and output collection are terminated with inverse
tapers to prevent back-reflections.

Starting with the DC simulations, the method used is the same as the one de-
scribed in section 1.5, employing a 3D FDTD solver. Here, the coupling coefficient
κ2 is calculated for a fixed gap, chosen to be 0.2µm. This value is well above the min-
imum gap critical dimension of the fabrication process and is therefore considered
a safe choice for relatively long parallel straight waveguides. The transmittivity T

of the bar and cross states is therefore varied by choosing Lcoup. According to the
simulations reported in Figure 3.11, the coupling lengths integrated for the target
splitting ratios are summarized in Table 3.2. Overall, the small WG cross–section
chosen allows for very compact designs, with all the target splitting ratios achievable
with DCs shorter than 20µm (< 10µm of coupling length plus 10µm from the two
bends).

The integrated DEMUX FSR was set to 1600 and 3200GHz in different circuit
versions. An example of spectral response of such cascaded MZI-based DEMUX, is
shown in Figure 1.15, considering the pure theoretical model, i.e. ideal DCs and in
the absence of chromatic dispersion. Their role inside the circuits is schematically
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Figure 3.11: DCs simulations. Cross (red) and bar (blue) coefficients extracted from
the 3D FDTD simulations for different Lcoup, with a fixed gap of 0.2 µm, for 50:50,
20:80, and 04:96. The WGs used are standard single-mode strip waveguides, while the
DC geometry is reported in Figure 3.12 (b). Simulations have been performed using a 3D
FDTD solver, following the method described in section 1.5.

DC splitting ratios: 50:50 20:80 4:96
Lcoup (µm) 8.85 4.5 0.86

Table 3.2: DC simulations summary. Length of the DCs integrated in the circuit.
Specifically, the coupling length Lcoup required to achieve the target splitting ratio for a
fixed gap of 0.2 µm is shown. The values are extracted from the simulations shown in
Figure 3.11.

depicted in Figure 3.12 (a). The two filter output channels will be used for idler
and signal routing, while the pump will be allocated in between the two channels,
similarly to what was done in Ref.[156]. It will produce an initial decrease of the
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pump intensity (about 5 ∼ 10 dB depending on the filter type as predicted by the
simulations), but further pump filtering off-chip will be required for photon count-
ing. Thanks to their typical rectangular channel spectrum, we expect to collect
one/three idler and signal 400GHz/200GHz source resonances per channel for the
1600GHz-DEMUX. For the 3200GHz-DEMUX, we expect to collect three/five res-
onances per channel, respectively.

Given the target FSRs and the WG simulated properties, the required path im-
balance ∆Li of the MZI arms can be calculated following the equations in Table 1.2.
The obtained lengths for the two integrated DEMUX versions are summarized in
Table 3.3.

a) b)

1 2 3

1 2 3

1 2 3

WG

PROTMOD

HEATER

c)

𝐿𝑐𝑜𝑢𝑝

𝑅𝐷𝐶

Figure 3.12: Cascaded MZI design. (a) Schematic representation of the DEMUX and
MRR source FSR relationship. The example shows the position (black) of the 400GHz
MRR comb with respect to the 1600 and 3200 GHz DEMUX channels (ch 1 and ch 2).
(b) Zoom of the GDS layout of the integrated 50:50 DC. (c) GDS layout of the integrated
cascaded MZI filter, with the routing of the different spectral components represented by
the blue and red arrows.

DEMUX FSR (GHz) ∆L1 (µm) ∆L2 (µm) ∆L3 (µm)
1600 42.353 84.706 85.021
3200 21.177 42.353 42.668

Table 3.3: Cascaded MZI design parameters. Unbalancement between the arms of the
three MZIs composing the single stage of the integrated cascaded MZI filter. The values
are calculated following the model reported in Table 1.2.
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3.5 Wafer-scale optical characterizations

In this paragraph, I report the morphological characterizations I personally carried
out inside the clean room and the optical characterizations performed in the Labor-
atory of Silicon Photonic Integration during my stay at CEA-Leti. In particular,
I acquired Scanning Electron Microscope (SEM) images inside the clean room in
Grenoble to verify the quality of the fabricated waveguides, i.e., on a wafer after
the WG and PROTMOD etching steps. The optical measurements were performed
after the necessary subsequent encapsulation step. To evaluate the uniformity of
the fabrication, they were carried out at wafer scale, i.e., on multiple dies across the
300 mm wafer.

The setup used is a standard fiber-to-fiber transmission bench, where light from
a tunable laser source is coupled into and out of the chip through GCs using a fiber
array of polarization-maintaining fibers at the input and a single SMF28 fiber at
the output, both mounted on high-precision stages. The measurement station used,
i.e., the prober, is semi-automated: the wafer is loaded and aligned by the operator,
while the movement from die to die and the spectral measurements are automated
through Python programs, which I optimized to efficiently characterize the optical
components of this work. The output light is collected by the fiber and measured by
a photodiode for spectral analysis. The results reported here were analyzed using
custom Python codes.

3.5.1 Optical losses

To evaluate the optical losses of the fabricated waveguides, I personally carried out
optical transmission measurements both before and after the high-temperature an-
nealing step. Precisely, the step under consideration is the annealing performed
after the deposition of the upper silica cladding layer, with the goal of verifying its
effectiveness. The structures used for this characterization consist of a standard set
of spiral WGs with different lengths. From the slope of the linear fit of the measured
insertion losses as a function of the WG length, the propagation losses are extracted
and expressed as loss per unit length (dB cm−1).

From the SEM image shown in Figure 3.13, it can be observed that the fab-
ricated waveguides exhibit smooth sidewalls and well-defined geometries, which are
crucial for minimizing scattering losses. On top of the waveguide, the SiO2 layer
and the HM are clearly visible. Notably, the roughness of the HM is significantly
higher than that of the underlying Si slab surface, indicating that the etching pro-
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Figure 3.13: WG morphological and optical characterization. Top panel: two SEM
measurements of SM standard rib WGs are reported, with the different layers highlighted,
as recognisable in the sidewalls of the WG. Bottom panel: propagation losses extracted
from SM standard rib and strip WGs at 1550nm, before and after annealing.

cesses associated with the WG and PROTMOD levels are, as intended, optimized
to preserve a smooth and homogeneous silicon surface, while being less critical for
the other integrated materials.

Once encapsulation was completed, two wafers were removed from the clean
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room for optical characterization: one with and one without the cladding annealing
step. As shown in Figure 3.13, the annealing process leads to a significant improve-
ment in the optical losses of the waveguides. In particular, the propagation loss
is reduced from approximately 1.19 ± 0.04 dB cm−1 to 0.41 ± 0.06 dB cm−1 for the
rib geometry, while a similar improvement is observed for the strip geometry. In
addition, I also extracted the standard single-polarization GC insertion loss, not re-
ported in the image for brevity, which is also reduced, decreasing from 3.06±0.08 dB
to 2.61± 0.11 dB.

These results confirm the effectiveness of the annealing step in reducing the
hydrogen content in the silica cladding, which is known to introduce absorption
losses at telecom wavelengths due to overtone vibrations of Si–H and O–H bonds
[53]. The measured losses after annealing are homogeneous across the wafer and
consistent with typical values reported for silicon photonic waveguides fabricated
using comparable processes, indicating a successful fabrication outcome.

3.5.2 Ring resonators

After having assessed that the annealing step performed after the waveguide encap-
sulation is effectively improving the overall quality of the integrated components
as expected, the optical tests on the individual circuit components were performed
on the annealed wafer using the optical setup described above. An example of the
recorded spectrum is reported in Figure 3.14.

Starting from the resonance positions, the FSR of the MRR can be extracted,
thus providing a direct verification of the accuracy of the performed simulations.
Following its definition in subsection 1.3.3, the FSR depends on the ng of the ring
waveguide, which can thus be extracted by considering the nominal radius. The
results are reported in Figure 3.15, showing an excellent agreement between the
experimental and simulated values of ng for both the AP and AD chosen cross-
sections.

Although the WG simulations have been experimentally validated, the more
critical figures of merit of the resonances, namely the Q-factor and the visibility,
still need to be extracted. As shown in the zoom of the spectrum in Figure 3.14,
the main resonance characteristics are obtained through a Lorentzian fit. From this
procedure, the FWHM, central resonance wavelength, and resonance depth are ex-
tracted, allowing both Q-factor and visibility calculation.

In Figure 3.16 I report, as an example, the values extracted across the full spec-
trum for the AD sources. The target Q-factor of approximately 5× 104 is achieved
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Figure 3.14: Typical MRR spectrum. The presented data refer to an AD MRR with
gap 0.15µm . The spectrum has been normalized with respect to the GC response. On the
bottom, a zoom on one of the resonances is reported, showing the experimental data as
both the purple solid line and black points. The Lorentzian fit is shown with the light-blue
dotted line, and the extracted Q-factor is reported in the legend.

for both gaps integrated in the fully functional circuits, namely 0.125 and 0.135µm.
These structures therefore represent good candidates for future quantum demon-
strations.

For the AP sources, a similar analysis was performed. However, due to the much
higher target Q-factor (> 2 · 105), the resonances are likely to undergo bistability
due to two-photon absorption-induced free-carrier dispersion and resonance split-
ting, caused by backscattering induced by sidewall roughness [209]. Together with
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Figure 3.15: Ring resonance position analysis. Extracted FSR and ng of the WGs
from the MRR test structures. Different markers represent data taken from different dies
(three are reported here). Top panel: AD MRR test structures. Bottom panel: AP MRR
test structures.

the smaller spacing between resonances (200 GHz instead of 400 GHz FSR), this
prevented the acquisition of a statistically relevant dataset across the full spectrum
for each die, as in the AD case.

Moreover, such high-Q resonances require careful measurements, since optical
bistability in silicon may arise even at relatively low optical power in the presence
of high intra-cavity enhancement. A rigorous analysis of the resonance FoMs in the
presence of splitting would require a more advanced fitting model that includes the
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Figure 3.16: AD rings FoMs. Extracted Q-factor and visibility for the AD MRR test
structures; different markers correspond to data taken from different dies (three shown
here).

interaction between the injected CW mode and the CCW modes induced by backs-
cattering, as demonstrated, for example, in Ref. [209]. Such an analysis is beyond
the scope of this preliminary search for the best DoE elements.

For this reason, I report as an example a typical resonance measured from the
AP test structures corresponding to gaps of 0.16 and 0.18µm, together with their
Lorentzian fit. Such clean single-peak resonances are found only a few times within
the recorded spectral range (2 ∼ 4 occurrences) across the 10 measured dies. Con-
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Figure 3.17: Typical AP ring resonance spectrum. Example of a single resonance
obtained from the spectrum of two distinct AP MRR test structures (respectively GAP 0.16
and 0.18 µm), measured on the same die. Colored solid lines and black points represent
the experimental data, while the light-blue dotted curve represents the Lorentzian fit.

sidering all the selected resonances across the dies, the extracted Q-factors range
from 1.4 ·105 to 1.8 ·105 and from 2.0 ·105 to 2.8 ·105 for the two gaps, respectively.

For the AP circuit with gap 0.2µm, even injecting lower pump power was not suf-
ficient to recover a clean resonance shape. Therefore, the observed non-Lorentzian
spectral features can most likely be attributed to interference between the CW and
CCW modes rather than to bistability induced by free-carrier dispersion.

I can therefore conclude that the integrated AP ring resonators are potentially
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capable of producing photon pairs with high generation rates, thanks to meas-
ured Q-factors exceeding 200000. However, resonances not showing splitting must
be carefully selected across the spectrum. As a consequence, finding a triplet of
energy-matched, non-split resonances may be relatively rare, and a high degree of
tunability in the photon filtering stage will likely be required for off-chip pump re-
moval and idler-signal separation. Consequently, the circuit version incorporating
the idler-signal DEMUX may further limit the available resonances. As a matter of
fact, it introduces discrete transmission bands whose spacing is fixed by design, thus
efficient photon extraction from non-split resonances may be limited by this con-
straint. For this reason, the AP MRRs appear to be more suitable for the simpler
circuit configuration incorporating only the photon-pair source.

3.5.3 Optical couplers

The input and output couplers utilized within the circuits presented here are of
two types: standard single polarization (TE, 1D) GCs and their dual polarization
version, 2DGCs. These components have been taken from the 300 mm SiPh PDK
of CEA-Leti; therefore, I limit the treatment here to reporting the wafer-scale char-
acterization of both types of couplers (Figure 3.18), in order to verify their proper
operation and the insertion losses.

The insertion losses of the couplers are, respectively, 2.5±0.1 dB and 3.6±0.1 dB,
with 3dB bandwidth of about 68± 2 nm and 51± 3 nm for the 1D GC and 2DGC,
respectively. As these are well-established components in the Si300nm platform,
the overall performance is very close to the nominal losses reported in the PDK,
confirming the good outcome of the fabrication process. However, there is a shift in
the central wavelength of about 20nm, probably due to a general offset between the
fabricated and the simulated effective and group indices of the waveguides. We will
find similar shifts in the following characterizations, confirming this hypothesis.

3.5.4 Cascaded MZI DEMUX

As already mentioned, the cascaded MZI DEMUX is introduced here as an idler–
signal routing element. I report in Figure 3.19 the measured spectral response for
both integrated filter versions (1600 and 3200 GHz FSR), in order to evaluate the
outcome of the design and fabrication process.

As discussed in the simulation paragraph, to ensure good filtering performance
of the cascaded MZI filters with the target channel spacing, both the DCs included
in the structure and the MZI arm unbalances must correspond as closely as possible
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Figure 3.18: GCs morphological and optical characterizations. Top panel: SEM
image of the single polarization GC and of the dual polarization GC. Bottom panel: wafer
scale characterization of the reference test structure, schematically depicted above each
plot. The reported spectra have been taken on 17 dies.

to the simulated values. Compared to the simulated spectra reported in subsec-
tion 1.6.1, some differences may arise due to the presence of chromatic dispersion,
which is not implemented in the scattering-matrix-based model.
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FSR of 3200 GHz FSR of 1600 GHz

DC 50:50 DC 20:80

DC 04:96

Figure 3.19: Wafer-scale characterization of the cascaded MZIs and their DCs.
Top panel: Cascaded Mach–Zehnder interferometer spectra, for the two integrated FSR
(3200 and 1600 GHz). Lower panel: Directional coupler spectra measured through the
dedicated test structures (see Figure B.1 for more details), for the three coupling lengths
and corresponding expected splitting ratio integrated within the cascaded filters, respectively
8.85µm for 50:50, 4.5µm for 20:80 and 0.86µm for 04:96. All the reported spectra have
been normalized to reference straight WGs in order to remove the grating coupler response.
Measurements were taken on 10 dies across the 300 mm wafer to evaluate the uniformity
of the fabrication process.
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Therefore, I first assessed the performance of the individual DCs through the
integrated dedicated test structures, whose performance was evaluated over the
wavelength range of interest. From the DC spectra, the coupling coefficients are
derived, showing good agreement with the target values. The desired splitting ra-
tios are indeed obtained, although not exactly at 1550 nm; a small wavelength shift
is observed, similarly to what was found in the GC spectra reported above, which
may be attributed to fabrication imperfections.

Nevertheless, the overall DEMUX response is very close to the simulated one.
The measured FSRs are respectively 25.6±0.1 nm and 12.8±0.1 nm (corresponding
to 3200 and 1600 GHz), with 3 dB bandwidths of about 10 nm and 5 nm, respect-
ively, and a central-channel insertion loss below 1 dB. The single-channel extinction
ratios exceed 15 dB over a bandwidth of 100 nm around 1550 nm. The global
envelope of the DEMUX crosstalk strongly depends on the coupling coefficients of
the DCs, as expected from simulations and from the literature [112]. As a matter
of fact, the central-channel crosstalk reaches its minimum value of about −30 dB
around 1580 nm, exactly where the three DCs reach their target splitting ratios.
This wavelength shift is consistent with the one observed in the GC characteriza-
tion, confirming a general offset most likely due to fabrication imperfections.

To compensate for this shift in future fabrication runs, the coupling coefficients
of the DCs should therefore be slightly adjusted in order to further improve the
crosstalk performance at the target wavelength of 1550 nm. In particular, from
the measured spectra of the multiple DCs integrated in the test structures, whose
results are reported in the Appendix (Figure B.2), it can be observed that the
DCs integrated inside the DEMUX are slightly overcoupled. Therefore, in the next
generation of integrated filters the DC coupling lengths will be slightly reduced to
compensate for this effect.

3.6 Conclusions and further perspectives

In this chapter, I presented the design, fabrication, and preliminary characteriza-
tion of a new generation of silicon photonic sources for the generation of hyper-
entangled photon pairs. The proposed architectures extend the capabilities of the
integrated source discussed in the previous chapter by introducing additional de-
grees of freedom, routing, filtering, and analysis stages directly on chip. In particu-
lar, two classes of circuits were proposed, combining frequency–bin (and optionally
time–bin) encoding with either polarization or path degrees of freedom. Building
on the lessons learned from the simpler chip design presented in chapter 2, these
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architectures integrate multiple MRRs for efficient photon–pair generation in the
frequency–bin degree of freedom while directly addressing previous off–chip bottle-
necks by integrating pump routing, state analysis, and signal/idler photon filtering
onto a single monolithic substrate.

The layer stack composing the CEA–Leti 300 mm Si300 nm pilot line for tunable
silicon photonic devices was described, highlighting the main technological steps in-
volved in fabrication. All components were designed to match target performances,
evaluated through a combination of analytical models and numerical simulations.
To ensure a robust design and enable component–level testing, specific derisking
strategies were implemented, including Design of Experiments parameter sweeps to
mitigate fabrication tolerances and standalone test structures integrated alongside
full circuits. Finally, heaters were incorporated where active phase control and res-
onance alignment are strictly required, such as on the MRRs and reconfigurable
interferometric stages.

Morphological inspection through SEM imaging on target key components and
preliminary wafer-scale optical characterization were performed, confirming the high
quality of the fabricated waveguides and devices, which exhibit smooth sidewalls and
well–defined geometries. Optical measurements further demonstrated the effective-
ness of the fabrication process. In particular, an important result concerns the
propagation losses, which were significantly reduced after the high–temperature an-
nealing step, reaching values below 0.41 dB cm−1 for rib waveguides. This is crucial
for efficient photon-pair generation via SFWM, as the pair generation rate scales
inversely with waveguide loss. Under the simplified hypothesis largely discussed in
subsection 1.3.4, an approximate scaling rule is given by R ∝ IE3 ∝ Q3 ∝ 1

α3 , where
IE = FE2 is the intesity enhancement experience within the cavity.

However, efficiently generating target hyperentangled states requires not only
low waveguide losses, but also careful MRR design. The spectral characteriza-
tion of microring resonators at wafer scale confirmed the accuracy of the design.
From the measured free spectral ranges, waveguide group indices were retrieved at
1550 nm, showing excellent agreement with simulated values. For add–drop reson-
ators, measured Q–factors of approximately 5 × 104 matched target design values,
confirming their suitability for pair generation with moderate cavity enhancement.
For all–pass resonators, much higher Q factors exceeding 2 × 105 were observed
for selected resonances, although backscattering–induced splitting requires careful
selection of the frequency modes involved in SFWM.

The wafer–scale recorded spectra of the cascaded MZI demultiplexers are very
close to the simulated behavior. A small wavelength shift of the optimal operating
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point was observed, consistent with the grating coupler characterization, identifying
the DC splitting ratios as the most critical parameter affecting filter crosstalk and
central wavelength. By leveraging the dedicated DC test structures included on
this mask, optimized coupling lengths can be identified in a second fabrication
run to realize higher performance demultiplexers. Overall, these results validate
the design methodology and confirm the successful fabrication of the integrated
photonic components required for the proposed hyperentangled photon sources.

Future work will focus on a more detailed characterization of the photon–pair
generation rates of the microring resonator test structures, as spectral measure-
ments alone do not allow for an unambiguous identification of the most efficient
photon–pair sources. In particular, coincidence measurements will be required to
quantitatively compare different resonator configurations. For circuits incorporating
the polarization degree of freedom, additional characterization will be carried out
to assess the performance of the path–to–polarization conversion stage (the 2DGC),
including polarization selectivity and extinction ratio.

At the time of writing, the fabrication of the complete circuits is ongoing. Spe-
cifically, the integrated heaters and the first level of metallization are complete,
while the second metal layer is currently in progress. Once fabrication is completed,
the most promising circuit units will be diced and packaged, providing robust and
stable tunable devices for subsequent quantum optical measurements. These exper-
iments will aim to demonstrate the on–chip generation of hyperentangled photon
pairs, ultimately validating the full functionality of the proposed integrated quantum
photonic platform.
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Chapter 4

A silicon quantum frequency
processor

In this chapter, I present the experimental realisation of a monolithically integrated
quantum frequency processor (QFP), representing, to the best of my knowledge,
the first on–chip implementation of the theoretical framework proposed by J. M.
Lukens and coworkers [40] on a silicon photonics platform. The chapter begins with
an overview of the state of the art in the field, emphasizing recent experimental
realisations and integration efforts documented in the literature.

I then detail the design of the circuit, fabricated using a 300 mm silicon–on–
insulator pilot line by STMicroelectronics. A clear distinction is drawn between
standard process design kit building blocks, such as the carrier–depletion p–n phase
modulators, and components personally designed for this architecture, namely the
15 GHz microring resonator biphoton comb source and the novel line–by–line wave-
shaper (WS). For these custom elements, target quantitative specifications are ex-
plicitly defined and subsequently compared with experimental results. For standard
PDK elements, dedicated characterizations are presented to validate their perform-
ance in the context of our circuit operations.

Finally, I report the key experimental demonstrations carried out with this chip:
i) a tunable classical frequency beam splitter, ii) a single–qubit arbitrary rotation,
iii) frequency quantum walks of high–dimensional frequency–bin states, and iv)
quantum state tomography of two–qubit frequency–bin entangled states. Taken to-
gether, these demonstrations show the coherent processing of classical and quantum
frequency modes on chip. The results presented in this chapter are published in Ref.
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[210].

4.1 State of the art

Thanks to its intrinsic high dimensionality, massive parallelization on a single spatial
mode, and compatibility with standard telecommunication infrastructures, frequency–
bin encoding has the potential to address the scalability challenge of QKD systems
[211, 16]. However, despite these advantages, the practical use of frequency–bin
states has long been hindered by the difficulty of manipulating them coherently
[212]. In particular, implementing arbitrary operations in the frequency basis re-
quires precise mixing between discrete spectral modes, which cannot be achieved
using passive linear optical elements, in contrast to the path or polarization basis.

Early approaches relied on nonlinear optical processes [213, 214] to achieve mode
mixing, but these methods typically suffered from low efficiency and limited recon-
figurability. The introduction of frequency processors then revolutionized this field
in both the quantum and classical domains [215]. J. M. Lukens and coworkers first
proposed this concept in 2016 [40], demonstrating that arbitrary linear-optical trans-
formations on frequency modes can be achieved using a combination of table-top
telecommunication components, such as electro–optic modulators and waveshapers.
The EOMs are respectively responsible for realizing cross-coupling between fre-
quency modes, while the WSs provide single-mode phase shifts.

More precisely, the proposed QFP architecture consists of, in this order, an
input EOM, a WS, and an output EOM, as reported in Figure 4.1(a). It serves as
a building block for realizing general unitary transformations in the frequency do-
main, similarly to the two-mode MZI commonly used for path encoding [211]. This
approach has been experimentally validated by several demonstrations reporting
high–fidelity frequency beam splitters and tritters [216] (see Figure 4.1(b)), arbit-
rary rotations [217] (see Figure 4.1(c)), and controlled-NOT gates [219] acting on
frequency-bin qubits. Unitary gates have also been implemented on multiple qubits
in parallel [220, 20], exploiting the intrinsic parallelizability of both the FB encoding
and the QFP architecture.

In addition, QFPs have been successfully employed for various quantum in-
formation processing tasks, including entanglement certification [131], quantum
state tomography [221], quantum walks [218, 222] (see Figure 4.1(d)), and high-
dimensional quantum key distribution [167, 168, 169]. However, all these demon-
strations rely on the use of bulk- or fiber-based components and the integration of
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Controlling FB Quantum Walksd)

Figure 4.1: State of the art for QFP–based information processing. (a) Schematic
representation of the QFP architecture for unitary FB qubit operations (image adapted
from [16]). (b) First demonstration of a frequency beam splitter (source: [216]). (c) First
demonstration of arbitrary rotation on a single frequency-bin qubit (source: [217]). (d)
Quantum walks of a biphoton frequency comb (source: [218]).

QFPs on photonic platforms remains relatively unexplored.
While the generation stage is often implemented on chip, thanks to the well-

established technique of using single or multiple microring resonators for the gener-
ation of biphoton quantum frequency combs (BQFCs) through SFWM, the absence
of integrated manipulation stages remains a major drawback. Although efforts have
been made to integrate single QFP building blocks, such as the WS [223, 224, 225,
226], these implementations still rely on bulk- or fiber-based components for certain
functionalities, thereby limiting the realisation of fully on-chip devices.

This chapter addresses this challenge by presenting the first fully integrated
quantum frequency processor, based on a CMOS–compatible silicon photonic cir-
cuit, incorporating all the required functionalities for coherent frequency–bin pro-
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cessing: generation of a BQFC, spectral phase control, and frequency mixing via
phase modulation.

4.2 Design and characterization of the silicon chip

The silicon chip is fabricated within an MPW, using the 300 mm Si300 nm photonic
pilot line of STMicroelectronics, within their PIC50 technology. Most of the com-
ponents have been taken from the PDK; these include 50:50 beam splitters, high–
speed phase modulator and grating couplers. The foundry offers indeed a large vari-
ety of passive and active devices for the realisation of tunable integrated photonic cir-
cuits. At the optical wavelength of interest in our work (C-band, around 1550 nm),
most of the PDK components are based on the rib waveguide geometry, which has
thus been chosen as preferred geometry of our circuit. In particular, the C-band
SM rib WGs feature a Si–core thickness of 300 nm, a partial etching depth (D) of
150 nm, and waveguide (WGw) and slab widths of 450 nm and 3050 nm, respect-
ively. The modulators are based on p–n junctions embedded in Si300 nm deep–rib
waveguides, while the phase shifters used are simple heaters (see subsection 1.8.1).
A simplified cross–section, reporting the full–layers stack employed in this work is
reported in Figure 4.2(a). The full technology stack is more complex, comprising
also additional materials, such as SiN, which are not listed here as they were not
employed in this work.

The designed chip has a size of approximately 4× 7 mm2 (see Figure 4.3), in-
tegrating all the fundamental building blocks previously mentioned for obtaining a
general–purpose QFP. From IN–1 to OUT–1 grating couplers, following the arrows
in Figure 4.2(b,c), these are: a source of BQFC with a frequency spacing of 15 GHz,
a carrier–depletion–based silicon phase modulator for frequency mode mixing (PM
IN), a line–by–line WS for phase control of a total of eight independent spectral
lines, and a second phase modulator (PM OUT). In addition, the source is followed
by an asymmetric MZI interferometer with a free spectral range of 500 GHz, used
as a pump filter (PF) to reduce the probability of pair generation in the long wave-
guide traversing the entire circuit. Moreover, it also serves as an additional input
(IN–2) and output (OUT–2) for testing the source alone and the QFP alone. This
functionality is later exploited for WS calibration and for classical demonstrations,
for which the pair generation stage is not required.

The full GDS, together with a photograph of the chip and of the sample holder,
are reported in Figure 4.3. The QFP building blocks are all highlighted in the lay-
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c)

Figure 4.2: Overview of the silicon chip. (a) Simplified cross–section of the SiPh
platform employed in this work. Yellow: SiO2; purple: Si; blue: n-doped Si; magenta:
p-doped Si; red: TiN heaters; light green: germanium absorbers; orange: copper metal
for electrical routing and vias; dark green: aluminium pads. (b) Circuit’s main building
blocks. (c) Simplified view of the circuit; for simplicity, only the WS–units used in the
experiments are shown, whereas eight units are present on the full chip.

out view shown in panel (c). In total, the chip contains approximately 28 resistive
heaters to tune the response of the optical elements, such as the source coupling
coefficient, the light routed by the PF into the QFP (or coupled to OUT–2), the
channel wavelength of each WS–unit, and the phase shift applied within each unit.
Five additional electrical contacts serve as grounds, for a total of 33 DC electrical
aluminium pads, all arranged on the right side of the chip to facilitate wire bonding
to the PCB. These contacts are connected through wire bonds to a PCB and driven
through computer–controlled voltage sources, enabling easy tuning of the optical
components. The 3–mm–long IN and OUT PMs are electrically connected by a
single travelling–wave RF line featuring a line impedance of 50 Ω. The line is ar-
ranged in a five–electrode geometry, namely ground–signal–ground–signal–ground
(GSGSG), connected to five input RF pads for signal injection and 50 Ω termin-
ated at the end of the line. They are driven by two independent RF signals in the
tens-of-GHz range using external GSGSG RF probes.

In the following subsections, I provide a detailed description of each build-
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8-line WSBQFC source
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Figure 4.3: The QFP chip. (a) Photograph of the sample, shown at the same scale as
the layout view reported in (c); the different logical building blocks of the chip are delimited
by colored squares and listed. (b) Photograph of the sample glued onto the sample holder,
with the PCB and the wire bonds for electrical connections visible.

ing block, including the physical simulations and target performance estimates for
those custom devices explicitly designed for this architecture. Their experimental
characterizations are also presented, benchmarked against their predicted figures of
merit. As previously mentioned, not all components were personally designed, as
several were sourced directly from the foundry PDK. Consequently, for these stand-
ard devices, the discussion focuses primarily on the experimental validation of their
performance in the context of our QFP operation.

4.2.1 Biphoton quantum frequency comb source

The biphoton quantum frequency comb source is based on a silicon microring reson-
ator exploiting resonantly enhanced SFWM to generate photon pairs. The MRR is
designed to have an FSR of 15 GHz, thus ensuring efficient frequency mode mixing
using high–speed silicon phase modulators. Moreover, the MRR is coupled to a bus
waveguide through an MZI, which allows for continuous tuning of the coupling coef-
ficient, optimizing the source performance and enabling different operating regimes,
such as critical coupling or overcoupling, depending on the target application. This
solution is particularly convenient in this case since the footprint of the source, and
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even more so of the full circuit, is very large, leaving no room for integrating a
circuit DoE to optimize the source, as done in Chapter 3. Therefore, the source
incorporates a racetrack MRR, adiabatic curves joined by two long straight WGs,
and an MZI, itself composed of two 50:50 directional couplers.

The layout is reported in Figure 4.4(a). The source is followed by a PF, which
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Figure 4.4: Source layout and working principle. (a) Layout of the source, including
the MRR source with the tunable coupler highlighted (yellow region), and the PF (red
region). The layout presented here is a zoom of the one reported in Figure 4.3(c). Key
elements are highlighted (heater, BS). (b) Typical normalized measured spectrum of the
source followed by the PF, illustrating the working principle of this circuit section. The
sinusoidal envelope is produced by the PF (an asymmetric MZI, with asymmetry ∆L re-
ported in (a)), while the deep resonances are caused by the MRR. The spectrum reported
here was measured by injecting a tunable laser at IN–1 and collecting the transmitted
intensity at OUT–2. Due to the MZI working principle (see section 1.6), the light routed
to the rest of the circuit is the exact complement of this response. Thus, to conceptually
illustrate the working principle of the generation scheme, here we can consider this spec-
trum as the one measurable exactly at the port to the rest of the circuit: by pumping the
source on–resonance at a minimum of the PF transmission (green arrow), the pump is
strongly attenuated, whereas signal and idler photons can be collected at the end of the
circuit on the complementary transmission maxima (red and blue arrows).

is an asymmetric MZI with an FSR of 500 GHz, used to filter out the pump light
from the generated photon pairs. The working principle of this section of the cir-
cuit is illustrated in Figure 4.4(b), where a typical measured spectrum of the source
followed by the PF is reported. The sinusoidal envelope with an FSR of 500 GHz is
produced by the PF, while the deep resonances with an FSR of 15 GHz are caused

129



CHAPTER 4. A SILICON QUANTUM FREQUENCY PROCESSOR

by the MRR.
To clearly explain the working principle of this circuit portion, let us imagine

for simplicity that the spectrum presented in the figure is taken right after the PF,
before the light enters the QFP (the port called "to the rest of the circuit" in the
figure). More details on how this spectrum has been measured can be found in the
caption of Figure 4.4. By pumping the source on resonance at the minimum of the
PF transmissivity, the pump is strongly attenuated, while idler and signal photons
are collected on high–transmissivity portions of the spectrum and directed to the
rest of the circuit. Note that the pump, signal, and idler arrows in Figure 4.4(b), as
well as the spectrum itself, are presented as representative examples. The precise
wavelengths of the resonances involved in the generation process, along with their
measured figures of merit, are reported in detail later in this chapter.

Simulations and expected figures of merit

To match the target FSR of both the source and the PF, the modal indices of the
waveguide must first be computed (see Equation 1.32 and Equation 1.42, respect-
ively). To minimize simulated–to–fabricated deviations, I chose to use the PDK
standard WGs and DCs, as their FoMs (propagation losses and splitting ratios,
respectively) are already well established and provided by the foundry, thereby sig-
nificantly increasing the robustness of the overall circuit performance. Consequently,
the source WG geometry was not optimized to obtain enhanced nonlinear effects,
as done for example in Chapter 3, but the PDK standard rib SM WG cross–section
was used instead. Following the same idea, we will find the same WG geometry also
implemented across the other building blocks of the QFP, such as the PF and the
WS.

The simulated fundamental TE mode at 1550 nm supported by the WG is shown
in the top panel of Figure 4.5. The effective refractive index, group index, and dis-
persion of the fundamental TE mode around 1550 nm are reported in the lower
panel; as expected, the rib geometry does not exhibit anomalous dispersion across
any simulated WGw. At the nominal geometry, the extracted parameters are sum-
marized in Table 4.1. Given the simulated ng, I set the source WG length to ap-
proximately 5.160 mm to match the target FSR. For the PF asymmetric MZI, the
total arm length difference (highlighted by the purple region ∆L in Figure 4.4(a))
is about 155µm.

The expected FoMs of the MRR were calculated following the approach re-
ported in Section 1.3.3 and are shown in Figure 4.6. As previously mentioned, the
FoMs strongly depend on the losses experienced by the light inside the MRR. There-
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Figure 4.5: WG simulations. Top panel: simulated mode profile of the standard rib SM
WG of the PDK. Bottom panel: effective index, group index, and dispersion as a function
of wavelength for different WG geometries.

Indices for the SM rib WG at 1.55 µm
neff 2.788
ng 3.874
D (ps/nm/km) −1155
Aeff (µm2) 0.249

Table 4.1: WG simulation results.

fore, I considered a propagation loss of 1.2 ± 0.2 dB/cm, in agreement with PDK
values for the considered WG. At the critical coupling condition, corresponding to
a cross coefficient κ = 0.4, I expect a Q–factor of approximately 280000 and a field
enhancement of ∼ 2.5.

Linear characterizations

Here I report the measured optical spectrum and FoMs obtained for the MRR
source. Thanks to the input MZI coupler, the coupling to the bus WG can be effi-
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Figure 4.6: Expected figures of merit of the source MRR. FoMs reported as a
function of the coupling coefficient, calculated for propagation losses of 1.2± 0.2 dB/cm.
The vertical dashed line indicates the target coupling condition.

ciently tuned, as clearly shown by the Q–factor and visibility reported in the lower
panel of Figure 4.7. The critical coupling condition is reached by applying an elec-
trical power of about 51 mW to one MZI arm, corresponding to a Q–factor of around
240000. The quantum demonstrations were performed in a slightly–overcoupled re-
gime (around 59 mW), which allows for a more efficient extraction of photon pairs
from the ring and a narrower resonance shape. The spectrum reported in the top
panel corresponds to the idler resonances used in the quantum demonstrations of
subsection 4.3.4 and subsection 4.3.5, which are characterized by a quality factor of
3 × 105. The measured FSR is 15.34 GHz around 1550.0 nm, slightly higher than
the target value, but still compatible with the modulation frequency of the PMs.

The characterization of the source in the nonlinear regime, in terms of genera-
tion rate and brightness estimation, is reported in Appendix B (see section B.3), as
it is not central here given that the focus of this work is on using the full architecture
rather than evaluating single–component performance. Moreover, the characteriza-
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Figure 4.7: Source linear characterization. Top panel: optical spectrum close to the
target performance, achieved at an input MZI heater power of about 59 mW. Bottom
panel: observed figures of merit of the MRR source measured as a function of the input
MZI heater power (HTR PWR, x–axis). For each setting, each colored point represents
the visibility and Q–factor obtained from the Lorentzian fit of a resonance, for a total
of eight resonances within the sampled 1–nm range around 1550 nm; the black points
indicate the average value for the corresponding setting.

tion and result analysis procedures follow the approach already extensively reported
in section 2.2.1.

Regarding the PF, its measured spectrum was previously shown in Figure 4.4(b).
The measured extinction ratio is ∼ 30 dB in the wavelength range of interest.
As previously mentioned, the goal of the asymmetric MZI is not to completely
suppress the pump prior to reaching single–photon detectors, for which a single
MZI would not suffice, as known from multiple works on integrated pump–rejection
solutions. Its main objective is to attenuate the residual pump immediately after
coupling into the source to prevent spurious photon pair generation along the long
WGs composing the circuit, which would generate broadband photons and pollute
the FB–states generated by the primary source. The measured extinction ratio is
already sufficient for this purpose, and its effectiveness is confirmed in the quantum–
domain demonstrations in subsection 4.3.4, where no background noise from photon
pairs generated off–resonance is observed.
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4.2.2 p–n phase modulators

The phase modulators are responsible for the mixing of the frequency modes, rep-
resenting a fundamental building block of the QFP. In silicon WGs, modulation is
achieved through plasma dispersion effect, as already described in subsection 1.8.2.
Here two PMs are integrated, both based on 3 mm-long p–n junctions embedded
in a deep-rib waveguide geometry with a slab thickness of 50 nm and a core width
of 360 nm. This is a standard design provided by the foundry; more details on the
cross section and fabrication process can be found in Ref. [227, 50]. A GSGSG trav-
elling wave electrode is integrated above the junction, and RF signals are injected
(collected) at the input (output) of the line by means of external RF probes. The
design of the RF transmission line was also been taken from PDK.

Here, I briefly introduce only the experimental characterization performed to
assess the key parameters of the PM, in particular those relevant for the opera-
tion of the full circuit. The purpose of these measurements is, indeed, to find the
operating regime to fulfill the requirements for the experiments reported in the fol-
lowing sections, such as the modulation bandwidth and the modulation depth at
the frequency of interest. In particular, I report the transmission properties of the
electrode line under RF driving signals, and the half-wave voltage Vπ measured at
the operating frequency. The characterizations have been performed on the PM test
structure, indicated in Figure 4.3, composed of a single 3mm–long p–n junction, ac-
cessible optically through an input and output GCs, and electrically connected by
a travelling wave electrode, nominally identical to the one implemented in the full
circuit, to guarantee consistent analysis.

The RF electrode is characterized in an electrical–electrical configuration by
measuring the scattering parameters as a function of the modulation frequency,
using two RF probes connected to the input and output of the transmission line.
The characterizations have been performed at the laboratory of integrated silicon
photonics at CEA–Leti, where a vector network analyzer (VNA) capable of de-
livering up to 70 GHz–frequency RF tones is available for modulators’ bandwidth
characterizations. The RF losses are retrieved by measuring the voltage transmitted
by the line, normalized by the injected one, in the designed input–output configur-
ation. As a matter of fact, the obtained electrical–electrical RF losses of the line
correspond to the magnitude of the scattering parameter S21, reported as a function
of the driving RF signal frequency in Fig. 4.8 and for different reverse bias voltages.
The full scattering matrix, together with the scattering parameter definition, is re-
ported in the Appendix (Figure B.3).
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Naturally, the RF losses decrease when the reverse bias voltage is increased, as
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Figure 4.8: RF line electric–electric characterization. Magnitude of the S21–
parameter of the integrated RF line as a function of the modulation frequency. It quantifies
the voltage transmitted through the line at each RF frequency, obtained by injecting at the
input and collecting at the output of the line, with no counter-propagation injection. The
dashed vertical line indicates the modulation frequencies used for the full circuit experi-
ments reported in the next sections, i.e. 15.34 GHz for the quantum demonstrations and
13.25 GHz for the classical demonstrations.

the depletion region of the p–n junction widens, thus reducing the junction capa-
citance and consequently the RF losses. At the modulation frequencies used in the
full–circuit experiments, around 13 ∼ 15GHz, the measured RF losses are approx-
imately 8 ∼ 9 dB for a reverse bias voltage of −2V. However, RF losses are only
one of the key parameters to consider to evaluate the best setting for the modulator
operation. Increasing the reverse bias voltage pushes the majority carriers away
from the junction region, which is located near the center of the optical WG. As
a consequence, the overlap between the optical mode and the electrically induced
refractive–index modulation is reduced, leading to a lower modulation efficiency. A
trade-off must therefore be found between minimizing RF losses and maintaining
an efficient electro–optic modulation.

To investigate this trade-off, a second characterization was performed in the
electro–optic domain at fixed modulation frequencies. CW laser light around 1546nm,
corresponding to the sideband index 0 in Figure 4.9 (a), is injected into the input
GC of the PM test structure. The RF signal is injected at the input of the line by
the RF probe, while the line termination is 50Ω, as in the case of the two circuits
PMs. Here I report the characterization for 13.25GHz only, but consistent results
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have been found for the other frequency of interest. First, I have verified which
was the best reverse bias voltage to apply to the junction, by looking at the gener-
ated modulation sidebands in the output spectrum as a function of the reverse bias
voltage. At the considered modulation frequencies, the best compromise between
RF losses and modulation efficiency is obtained for −2V, thus all the following
characterizations have been performed at this bias.

The final characterization consisted in sweeping the RF drive power while re-
cording the electro–optical comb spectra collected at the output GC, by means of
an optical spectrum analyzer (OSA). According to the well known theoretical treat-
ment [51], the evolution of the relative power of the generated modulation sidebands
(Figure 4.9 (b)) should follow the Bessel functions of the first kind |Jk(δ)|2, whose
argument is the modulation depth δ =

π Vp

Vπ
, where Vp is the peak voltage of the

modulation signal. The effective modulation depth and half-wave voltage at the op-
erating frequency are thus obtained by fitting the experimental data with the Bessel
functions, obtaining from the fit Vπ = 15.5± 1.0V, where the uncertainty is mainly
due to cabling and RF probes loss. This approach has thus provided a practical
and direct estimation of the modulator efficiency under the conditions employed in
the experimental demonstrations discussed later.

4.2.3 Line-by-line waveshaper

The line-by-line waveshaper is the other fundamental building block of the QFP, as
it applies arbitrary phase shifts to individual frequency bins. The WS consists of a
series of units, allocated on a common bus WG, each composed by a pair of add–
drop MRRs, looped by a common WG in which the target phase shift is applied by
a heater. A unit is illustrated in Figure 4.10 (left panel).

I now briefly describe its working principle. Given a target channel wavelength
λC (green comb line), the resonances of the assigned pair of rings are aligned to λC
by means of the independent heaters integrated on the two. Consequently, the de-
mux ring (DR) picks up the comb line, which is coupled to a secondary waveguide by
the second point coupler of the AD ring. Here, the desired phase shift Φ is applied
by setting the corresponding heater power, and subsequently the light is reinjected
into the common bus waveguide by the mux ring (MR). The off-resonance spectral
components are not affected by this WS–unit, and propagate straight through the
bus WG. This represents an important novelty with respect to other integrated WS
architectures, such as that reported in Ref. [225]. By cascading multiple WS–units,
it is possible to independently control the phase of multiple comb lines, while pre-
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Figure 4.9: Electro–optical characterization of the PM for a modulation fre-
quency of 13.25 GHz. (a) Spectra recorded with the OSA, normalized with respect to
the laser spectral peak measured in the absence of modulation. (b) Relative power of the
generated modulation sidebands as a function of the RF driving power. Experimental
points: maximum of the corresponding sideband (SB), whose index is defined as in (a).
Solid lines: fit of the experimental data with Bessel functions of the first kind. The fit
is used to extract the effective modulation depth δ, represented in the x–axis of the right
(b)–panel, and the Vπ, obtained to be 15.5± 1.0V.
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serving all frequency bins on a single bus waveguide, thus they can be all further
manipulated with a single PM and ultimately collected out of chip in a single fiber.

Notably, the operation imparted by the WS–units can be reconfigured by set-

PHASE

STOP

PASS

0  0  0 0        0

DR MR
��

Figure 4.10: Line-by-line waveshaper. Left: schematic representation of its layout
(grey: Si waveguides, purple: Ge absorbers, yellow: heaters) and working principle. The
DR collects the target comb line (green) from the common bus WG, while the MR loads
it back after the phase shift Φ is applied in the upper WG loop. Right: different WS
operations (pass, phase, stop), reconfigurable by tuning the resonance detuning of the
ring pair ∆λD,M with respect to the target channel wavelength (represented by the dotted
vertical green line). The resonances of the two MRRs are detuned by means of two
heaters, to which independent dither tones (ΩD,M ) are added for the calibration procedure
(see section B.4).

ting the resonance detuning ∆λD,M of the two rings with respect to λC . As above
described, when both rings are in resonance with the target channel, the unit op-
erates in the phase configuration. On the contrary, when both rings are detuned
from the target channel, the WS operates in the pass configuration, as the light
passes straight through without experiencing either a programmable phase shift or
an attenuation. Finally, when only one of the two rings is on resonance with the
target channel, the WS operates in the stop configuration, since the light is collected
by one of the two rings and stopped by one of the absorbers.

Crucial for the phase operation of single units is the spectral overlap between
the two resonances and the precise control of the applied phase Φ. Therefore, an
original calibration technique based on two independent dither tones applied to each
ring has been developed. It operates in two steps: first, the optical resonances of
the two MRRs are aligned to λC ; second, the phase Φ is set to the target value.
These steps are implemented using feedback signals derived from the amplitudes of
higher–order harmonics in the transmitted intensity, generated by small dither tones
applied to the heater voltages of the two rings (ΩD,M indicated in Figure 4.10). For
a given configuration, i.e., modulator driving powers, target wavelength location,
and phase setting of each unit, the calibration of a single unit takes approximately
30 minutes, and the procedure is subsequently repeated for all active units. Once
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all units are set, potential thermal cross–talk among them is compensated by ex-
ecuting a dedicated voltage optimization routine (∼ 3 minutes per unit). At this
point, the optimal settings are stored and stably maintained for all subsequent ex-
perimental demonstrations. The comprehensive step–by–step calibration strategy
implemented, together with experimental and simulated results, is detailed in Ap-
pendix section B.4.

Design of the MRRs for the WS–units

The design of the WS units was performed following the approach reported in
Sec. 1.3. A low–loss standard SM rib WG geometry was used, consistently with all
other circuit sections apart from the PM regions, as previously mentioned. Consist-
ent with the values reported in Table 4.1, the radius was set to R = 49.265µm to
obtain an FSR of 250 GHz. The MRRs of the phase shifters were designed to exhibit
an FWHM approximately 5 times larger than that of the BQFC resonances, in order
to easily accommodate a single comb line of the 15 GHz BQFC while maintaining
high visibility. Under this condition, the transmission and phase response of the
WS can be assumed to be approximately flat across the entire width of the comb
line, thereby avoiding distortion effects. At the same time, high visibility allows
most of the comb–line power to be loaded into the WS, minimizing its insertion
loss. Therefore, a Q–factor of approximately 40 000 and a visibility close to unity
were chosen as target performance metrics for the WS MRRs.

Point–coupler simulations were performed following the methods reported in
Sec. 1.3. The target coupling coefficient was estimated to be κt ' 0.23, corres-
ponding to a gap of 540 nm for the selected cross–section and curvature radius.
Point–coupler simulation results and the computed FoMs of the WS rings as a func-
tion of the coupling coefficient are reported in the Appendix (see Figure A.4).

Because the ring resonators employ a rib waveguide geometry, the point couplers
retain the same cross–sectional profile. As a consequence, the coupling region is not
defined by a fully etched SiO2 gap; instead, the partially etched slab is shared
between the bus WGs and the ring waveguide. The resulting geometry is more
sensitive to fabrication imperfections, particularly variations in the etching depth,
which can lead to systematic deviations from the target coupling coefficient.

In addition, due to the large footprint of the full circuit and the limited space
available on the MPW mask, only a single circuit layout was fabricated, without
including a DoE for optimizing the WS performance. As a consequence, the per-
formance of the fabricated WS–units was found to deviate from the simulated values,
which were based on ideal point–coupler models. This discrepancy is already evid-
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ent in the characterization of the individual MRRs, which is therefore presented
first, before the evaluation of the WS performance.

Characterization of the MRRs for the WS–units

The spectra of the MRRs were characterized by injecting a tunable laser into the
additional input port of the PF (IN–2 in Figure 4.2) and collecting the transmitted
power at the chip output. The spectrum of a single MRR is shown in the left
panel of Figure 4.11. The measured Q–factor ranges from 51000 to 53000 across
different rings, thus differing from the target value of 40000 previously envisioned.
This higher Q–factor does not represent a limitation in itself, as the resonance
is nevertheless broad enough to accommodate the comb lines without distortion.
However, it leads to consequences that affect the overall WS–unit performance, as
discussed in the following section.

To quantify this discrepancy, I modeled the response of the fabricated device.
By comparing the measured data against multiple coupling scenarios, I found that
the experimental spectra closely resemble the simulated MRR response obtained
for κexp ' 0.15 ∼ 0.16, assuming WG losses about 1.2 dB/cm as expected from
PDK values. Given this value, the MRRs operate in a slight undercoupling regime
compared to the target coupling coefficient of 0.23 obtained from the previously
presented point–coupler simulations.

Having identified this deviation, I will from now on present simulated results
considering this experimentally extracted coupling condition. First, the simulated
response of a single ring is presented in the upper panel of Figure 4.12, showing
both the magnitude squared and phase responses at the Through (|T |2 and arg(T ))
and Drop (|D|2 and arg(D)) ports. With this result in mind, I will now present the
simulation and characterization of the complete units. All simulated spectra were
obtained using the formalism reported in section 1.3 and implemented in Python
(see section A.5 for additional details).

WS–unit design and linear characterization

The expected transmission and phase response of a complete WS–unit were com-
puted using the transfer matrix method (TMM) in the phase operation config-
uration, i.e., with the resonances of the two rings aligned to the target channel
wavelength λC . The resulting spectra are shown in Figure 4.12 as a function of
the wavelength detuning relative to λC , corresponding to ∆λ = 0 in the plots. The
model includes all relevant physical quantities, such as propagation losses, the MRR
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Figure 4.11: Linear characterization of a single WS MRR and of a WS–unit.
Left: transmission spectrum of a single ring resonator, showing a Q-factor of approxim-
ately 51000. Right: transmission spectra of the WS–unit for different applied phase shifts
Φ. The reported phase shifts are associated with an uncertainty of approximately 0.1 rad,
originating from the heater power–to–phase calibration process (see Figure B.7). The spec-
tra are normalized to the maximum transmitted power measured at the central wavelength
around 1550 nm. The dashed vertical line indicates the target channel wavelength λC .

radius, and the experimentally estimated coupling coefficient κexp ' 0.16 previously
extracted from the single–MRR characterization. The parameters used in the sim-
ulations are summarized in Appendix B (section A.5).

Both the transmissivity |T |2 and phase response arg(T ) at the WS–unit Through
port are reported in Figure 4.12 as a function of wavelength for different applied
phase shifts Φ. The spectra exhibit a strong dependence on the applied phase due
to the resonant nature of the device. To clarify the physical origin of this behavior,
the operation of the WS–unit is discussed under the optimal condition where the
resonance centers of both rings are aligned to λC .

Let us first consider a monochromatic optical signal injected at the input port
of the WS–unit with a wavelength exactly equal to λC . In the ideal case of unitary
drop efficiency, all optical power is coupled by the DR into the upper waveguide
loop, acquires the phase shift Φ imposed by the heater, and is subsequently coupled
back into the common bus waveguide by the MR. Under actual experimental con-
ditions, however, the drop efficiency is reduced by intrinsic intracavity losses, as
visible in the simulated drop spectrum of the single MRR (red curve in the top
panel). Consequently, the simulated WS–unit transmissivity at zero detuning is
lower than unity, corresponding to an estimated insertion loss of approximately
5 ∼ 6 dB, with a slight dependence on the applied phase shift Φ. Nevertheless, the
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Figure 4.12: Simulated transmissivity and phase response of a single WS MRR
and of a complete WS–unit. The x–axis reports the wavelength detuning relative
to the central channel wavelength λC , indicated by the vertical dashed line. Top panel:
Through and Drop transmissivity and phase response of a single MRR. Lower panels:
simulated spectra of the WS–unit in phase operation for different values of the nominal
phase shift Φ applied by the WS heater (Through port). The simulations incorporate the
experimentally estimated coupling coefficient κexp ≃ 0.16. See Appendix B, section A.5
for more simulated Φ values.

phase shift imparted to the optical field at λC matches the target value, as indicated
by the intersection between the vertical dashed line at ∆λ = 0 and the phase curves
reported in the right panel of Figure 4.12.

Away from the central wavelength λC , the optical field is only partially coupled
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into the DR due to the Lorentzian line shape of the resonance. As a result, a signific-
ant fraction of the input light remains in the bus waveguide and propagates directly
to the MR Through port without entering the upper loop. This field interferes at
the MR with the portion of light previously dropped by the DR into the upper
loop and coupled back into the bus. The resulting interference strongly depends
on the applied phase shift Φ, producing the pronounced transmissivity modulation
visible away from ∆λ = 0. Additionally, the intrinsic phase response of the MRRs
introduces a wavelength–dependent phase shift that approaches zero (or 2π) only
at the resonance center, as shown in the top panel of Figure 4.12. Consequently,
accurate spectral alignment between the resonance wavelengths of the DR and MR
and the target wavelength λC is essential for reliable phase control of the selected
spectral line.

Notably, this strong dependence of the WS–unit spectra on the applied phase
shift provides a practical feature: by performing a wavelength sweep with a tun-
able laser, the phase shift applied by the WS can be experimentally retrieved by
fitting the measured spectra with the TMM model (see subsection B.4.1 for further
details). This approach was initially employed to obtain a baseline estimate of Φ.
A drawback of this architecture is the residual variation in insertion loss at λC as
a function of applied phase, clearly visible in the simulated spectra, which leads to
a maximum power variation of approximately 0.8 dB in our experimental configur-
ation.

The measured spectra of a WS–unit for various applied phase shifts are shown in
the right panel of Figure 4.11, demonstrating good agreement with the theoretical
predictions after accounting for the experimentally estimated coupling coefficient.

In summary, the integrated line–by–line waveshaper architecture provides inde-
pendent phase manipulation of individual frequency bins along a shared bus wave-
guide. Although the current implementation exhibits an insertion loss of 5 ∼ 6 dB
per unit, the performance presented here is consistent with similar integrated im-
plementations [225]. Combined with the automated dither–tone–based calibration
routine, this design provides stable, high–fidelity alignment across multiple spectral
channels, achieving a phase setting precision of about ±6◦ per channel correspond-
ing to the accuracy of the heater power–to–phase mapping (see technical details
in Figure B.7). In the following sections, I will present key experimental demon-
strations where the reconfigurable spectral phase control provided by the WS is
exploited to demonstrate full processor functionality.
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4.3 Experimental demonstrations in the classical
and quantum domain

The experimental demonstrations reported here were all realized using the photonic
chip described above. In Figure 4.13, I report the configuration of the chip for
the different operations synthesized (gate synthesis, calibration, quantum walk, and
quantum state tomography), together with the off–chip setup personally conceived
and implemented. Out of the eight integrated WS–units, four are actively recon-
figured to perform the target operations, while the remaining four pairs of rings
are detuned from the spectral region of the experiments. Controlling a total of
four comb–line phases is sufficient to achieve high performance across all target
demonstrations while keeping the complexity of the calibration and control proced-
ure manageable.

The experimental demonstrations are divided into two main categories: classical
and quantum. In the classical domain, the performance of the integrated QFP is
evaluated by synthesizing a set of target unitary operations on the frequency–bin
space, which are then characterized using an optical spectrum analyzer. In the
quantum domain, the QFP is employed to manipulate entangled photon pairs gen-
erated by the on–chip source, enabling the realisation of a quantum walk and the
reconstruction of a two–qubit density matrix through quantum state tomography.
The following sections provide detailed descriptions of each experimental demon-
stration, including the specific configurations of the chip and the corresponding
measurement setups.

4.3.1 Experimental setup

A tunable continuous–wave (CW) pump laser is employed as the optical source. Its
output is first sent to an off–chip electro–optic phase modulator driven by an RF
signal at the modulation frequency used in the experiment, namely 13.25 GHz for
classical demonstrations or 15.34 GHz for quantum demonstrations, i.e. matching in
this case the FSR of the integrated source. It generates an electro–optic frequency
comb whose comb–line amplitudes and relative phase shifts are pre–adjusted using
an external programmable waveshaper. Prior to coupling the light into the chip,
the polarization state is optimized with a fiber polarization controller to match the
TE mode supported by the grating couplers. For quantum demonstrations, resid-
ual broadband spectral components originating from the modulation process and
amplified spontaneous emission are suppressed using an external bandpass filter to

144



CHAPTER 4. A SILICON QUANTUM FREQUENCY PROCESSOR

LASER

FPC BPF

EOM

ISO

WS
OUT 1

OUT 2

IN 1

IN 2

DC+Dither tones

RF probes
Bias tees

S  G  S

RF generator

(a) Input

PC
Calibration path Pump path Idler&Signal

OSA
PF

S

(b) Gate synthesis and WS calibration

OUT 1

OUT 2

IN 1

IN 2

QFP

or

PD

PCor

PF

(c) Quantum walk and state tomography

IN 2

IN 1

OUT 2
LASER wl

BPF PD

FPGA

TFs

SNSPDsDWDM

S QFP OUT 1

FPCs

DC generator

Figure 4.13: Detailed experimental setup. (a) Schematic of the off–chip optical and
electrical apparatus used to drive and characterize the integrated quantum frequency pro-
cessor. (b) Zoomed–in view illustrating the chip routing configuration during gate syn-
thesis and WS channel calibration, where input laser light is injected at IN–2, bypassing
the integrated source (S) through the pump filter (PF) in cross configuration, and directed
through the QFP. The light collected at OUT–1 is analyzed either by an OSA (gate syn-
thesis, green light beam) or by a PD (calibration purposes, purple light beam). (c) Zoomed–
in view illustrating the chip routing configuration during quantum walk and quantum state
tomography experiments, where the pump laser (green) is injected at IN–1, residual pump
light is extracted at OUT–2 for active laser wavelength locking, and generated photon
pairs (blue and red) are processed by the QFP before output collection at OUT–1, to be
finally processed by the frequency–resolved single photon detection apparatus. ISO: isol-
ator; EOM: external electro–optic modulator; WS: external programmable waveshaper;
FPC: fiber polarization controller; BPF: bandpass filter; PF: integrated pump filter; S:
integrated source; QFP: integrated quantum frequency processor; PD: photodiode; OSA:
optical spectrum analyzer; DWDM: ∼ 80 GHz–wide spectral filter; TF: 12 GHz–wide nar-
rowband tunable filter; SNSPD: superconducting nanowire single–photon detector.
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reduce accidental counts at the single–photon detectors. The prepared optical sig-
nal is then injected into either the IN–1 or IN–2 port of the device (Figure 4.2),
depending on the experimental scheme.

The on–chip photonic circuit is reconfigured by controlling the DC bias applied to
the integrated thermal phase shifters using dedicated, computer–controlled voltage
drivers. During the calibration of an individual WS–unit, two low–amplitude, in-
dependent dither tones are applied to the corresponding MRR pair, as detailed in
Appendix B (section B.4). By appropriately adjusting the thermal phase shifter
integrated in the PF, different on–chip wavelengths can be selectively routed either
toward the rest of the circuit or directly coupled off chip through the OUT–2 port.
As previously mentioned, the maximum isolation between the cross and bar state is
given by the extinction ratio of the PF, measured to be about 30 dB in the range of
interest. More precisely, in the case of gate synthesis and WS channel calibration,
the PF is set to the cross configuration for light injected at IN–2, routing it from
the input to the opposite waveguide (bypassing the on–chip source S) and directing
it straight into the integrated QFP. After frequency–bin manipulation through the
on–chip PMs and WS, the optical signal is coupled off–chip via the OUT–1 grating
coupler and characterized using either an OSA (for classical gate characterization)
or a photodiode (for WS channel calibration), as shown in Figure 4.13(b).

For the quantum walk and quantum state tomography demonstrations, the pump
light is injected into port IN–1 and tuned into resonance with the on–chip source.
Most of the pump light is extracted through OUT–2 (with the PF in cross con-
figuration at that wavelength) and monitored with a photodiode, while an active
feedback loop adjusts the pump laser current to maintain the laser wavelength
locked to the center of the pump resonance (Figure 4.13(c)). Under these con-
ditions, the generated biphoton frequency comb, filtered by the sinusoidal trans-
mission response of the PF (in bar configuration at the idler and signal selected
wavelengths), is routed toward the QFP and manipulated by the WS–units and the
output PM. Signal and idler photons are collected from port OUT–1 and directed
to a frequency–resolved single–photon detection setup, similar to that presented in
Chapter 2, based on dense DWDM filters (∼ 80 GHz bandwidth) and narrowband
tunable filters (∼ 12 GHz bandwidth).

Additional details on chip calibration and settings

Now that the setup has been described for the different experimental scenarios un-
der test, it is worth outlining how specific on–chip components are properly set
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and calibrated, as it is a crucial prerequisite for the experiments to succeed. First,
regarding the driving of the on–chip PMs, I have already presented in this chapter
the basic characterization performed on a single modulator test structure, which
yielded a Vπ of approximately 15.5 ± 1.0 V at the frequency of interest (subsec-
tion 4.2.2). To reach the conditions required for the targeted experiments (detailed
in their respective sections), the necessary RF signal power is around 23–27 dBm,
provided by a dual–channel RF driver and a dedicated amplifier. Importantly, as
mentioned earlier, to operate correctly, the p–n junction–based high–speed phase
modulators must be driven in the reverse–bias regime. Thus, a bias–tee is used
for each modulator (see Figure 4.13(a)) with the DC input biased at −2 V to en-
sure reverse–bias operation. The amplifier gain is 34 dB, while the RF losses from
the wiring and each bias–tee are estimated to be about 2± 0.5 dB per modulator.
Although the RF insertion losses associated with the external probes could not be
measured directly due to the lack of a vector network analyzer (VNA), this does not
limit performance, as only specific modulation depths in the range δ ' 0.8–1.4 are
required; these were calibrated directly by measuring relative sideband intensities
with an OSA.

Another crucial parameter for the experiment is the relative phase between the
two on–chip PMs, which must be accurately calibrated. To do so, I first identified
the π–dephasing condition. With the WS rings detuned from the target wavelengths
and equal modulation depths applied, the electro–optic comb generated by the in-
put PM is mapped back into the optical carrier by the output PM when the relative
RF phase is set to exactly π. All other phase settings are subsequently obtained by
adjusting the phase of one RF signal at the RF driver.

Finally, the calibration of the WS units is fundamental. While I have already
included a brief description of this procedure in the main text (subsection 4.2.3),
its detailed treatment is reported in Appendix B (section B.4).

Now that the experimental setup and the on–chip calibration procedures have
been fully described, I will present the experimental demonstrations of the QFP
functionality, starting with the two–mode frequency beam splitter (BS) operation.

4.3.2 The frequency beam splitter operation

A frequency beam splitter (FBS) coherently mixes two discrete frequency modes
in direct analogy to the action of a spatial beam splitter on two optical paths. At
the output of a two–mode FBS, one expects to obtain (ideally) two optical output
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frequency modes with a programmable splitting ratio (in the classical domain, Fig-
ure 4.14(b)). To realize such a transformation, two basic operations are required: a
relative phase shift between the modes and mode mixing (interference). For spatial
path modes, a simple MZI (see the schematic in Figure 4.14(a)) embeds both opera-
tions, enabling a tunable BS whose splitting ratio can be programmably modified by
controlling a single phase shifter. In the frequency domain, however, implementing
this transformation is less straightforward.

Such an operation is of fundamental importance, as it constitutes a core build-
ing block of the Linear Optical Quantum Computing framework (LOQC, [228]),
together with phase–shifting operations and single–photon counting. Therefore, I
have chosen this operation as the first demonstration to validate the functional op-
eration of the chip.

This operation has been experimentally demonstrated in integrated platforms
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b.1) b.2)

Figure 4.14: Two–mode beam–splitting operation. (a) In path encoding, a tunable
BS is implemented using a Mach–Zehnder interferometer composed of two 50:50 spatial
BSs and a phase shifter in one arm (yellow element). The probability X depends on the
phase shift between the two arms. (b) In frequency–bin encoding, the operation is less
straightforward. (b.1) Example of typical FBS behavior between two target modes labeled
with indices 2 and 3: light injected into mode 3 is partially reflected (R, remaining in
mode 3) and partially transmitted (T , propagating into mode 2). (b.2) Configuration of
the QFP used to realize the FBS operation. The probability X, which defines the tunable
splitting ratio, is governed by the relative phase shift α (see theoretical explanation in the
following paragraph).

by engineering an electro–optic resonator in thin–film lithium niobate [229]. Within
the QFP framework, two notable demonstrations based on the EOM–WS–EOM
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architecture are reported in the literature: one using bulk–optics components [216]
and a more recent implementation combining bulk EOMs with an integrated WS
[224].

In the chip presented in this work, all necessary components for realizing the
FBS operation within the QFP architecture are monolithically integrated. The chip
configuration is illustrated in Figure 4.14(b.2) and described below.

Theoretical framework

The most general unitary operation acting on a single qubit can be parametrized as

U(θ, λ, µ) =

 cos
θ

2
eiλ sin

θ

2

eiµ sin
θ

2
−ei(µ+λ) cos

θ

2

 , (4.1)

where θ ∈ [0, π], µ ∈ [0, 2π), and λ ∈ [0, 2π) are the Euler angles. In fact, this matrix
can be decomposed into a sequence of three rotations, Rz(µ)Ry(θ)Rz(λ+π), where
RJ(x) = eixJ and J = {Y, Z} are the Pauli matrices. By varying (θ, λ, µ), any point
on the Bloch sphere can be reached, confirming the generality of this formalism.

Coming back to the frequency–bin encoding framework, it has been shown in
Ref. [217] that arbitrary single–qubit operations can be implemented by precisely
setting a three–element QFP, such as the one integrated on our chip. Specifically,
obtaining target frequency–bin gates requires specific settings for the RF driving sig-
nals of the two PMs (both power and relative phase), together with the frequency–
bin phase shift applied between them by means of the WS.

Focusing now on the realisation of a two–mode 50:50 beam splitter (BS) or
Hadamard gate within the general unitary transformation framework of Equa-
tion 4.1 (which holds independently of the chosen encoding), the 50:50 splitting
operation corresponds to H = U

(
π
2 , 0, 0

)
. Within the QFP framework, a continu-

ously tunable beam splitter is realized when the two RF signals are π–shifted and a
phase jump α between the left and right frequency modes is applied by the WS, a
configuration schematically illustrated in Figure 4.14(b.2). Under these conditions,
the U matrix reduces to [220]:

U(α) =

(
U00(α) U01(α)

U10(α) U11(α)

)
. (4.2)

By varying the left–right phase difference α, one obtains a tunable beam splitter
whose reflectivity and transmissivity are given by the squared modulus of the matrix
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elements:

T0→1 = T1→0 = |U10(α)|2 =

∣∣∣∣∣(1− eiα
) ∞∑
k=1

Jk(δ)Jk−1(δ)

∣∣∣∣∣
2

,

R0→0 = |U00(α)|2 =

∣∣∣∣J2
0 (δ) + (1 + eiα)

1− J2
0 (δ)

2

∣∣∣∣2 ,
R1→1 = |U11(α)|2 =

∣∣∣∣eiαJ2
0 (δ) + (1 + eiα)

1− J2
0 (δ)

2

∣∣∣∣2 ,
(4.3)

where Jk(δ) are Bessel functions of the first kind and δ is the modulation index
(δ ' 0.82, extracted from simulations as reported in Ref. [217]). The resulting re-
flectivity R0→0 = R1→1 ≡ R and transmissivity T0→1 = T1→0 ≡ T are plotted in
Figure 4.15 as a function of α, together with the corresponding θ and λ angles as a
function of the parameter α of Equation 4.1.
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Figure 4.15: Theoretical response of the tunable frequency beam splitter. Left
panel: expected BS splitting ratio as a function of the left–right phase difference α. Right
panel: corresponding theoretical phases θ and λ of Equation 4.1 as a function of α. The
phase µ is not reported, since it coincides with λ in our formalism.

As anticipated, for the specific case α = π, the standard Hadamard gate is obtained:

U(π) = H =
1√
2

(
1 1

1 −1

)
. (4.4)

This is the first classical gate demonstration presented here.
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Figures of merit

Before presenting the experimental results, it is necessary to introduce the metrics
used to verify the quality of the implemented gate. Two figures of merit are em-
ployed: the fidelity F , which compares the measured transformation with the ideal
one, and the success probability P, which quantifies the fraction of light remaining
in the two target modes with respect to the total spectral intensity. Following [216],
they are calculated as:

P =
1

d
Tr
(
U†U

)
,

F =
1

P d2
∣∣Tr(U †UT

)∣∣2 , (4.5)

where U is the measured transformation matrix and UT is the target one. Both
are truncated to the d × d subspace of the BS operation, with d = 2 in our case.
To assess the quality of the implemented operation itself, I disregard the overall
insertion loss before computing these quantities, as usually done in this type of
demonstrations [216, 230]. The total loss will anyway be clearly stated.

Results, the 50:50 case

Let us consider four classical FB modes, whose frequency spacing is f = 13.25GHz,
labeled 1 through 4 in Figure 4.14(b.2). The two central bins (2 and 3) are the target
modes for the realisation of the tunable BS operation, while the outer bins (1 and 4)
serve as auxiliary modes. Using the on–chip WS, the phases {Φj}4j=1 associated with
each FB are independently controlled and set according to the theoretical model. In
addition to these modal phases, the calibration procedure also includes the setting
of the modulation depth δ of the two PMs, and the relative phase between the
two RF signals, driven at frequency f . The methods used for those calibrations
are already reported in subsection 4.3.1, while here I summarize the implemented
values and settings, according to the experimental procedure reported in Ref. [216]:

• IN PM: the modulation depth is set to δ = 0.82 ± 0.02, corresponding to a
power difference between the carrier and the first–order sidebands of −6.9 ±
0.1 dB. In our setup, this requires an RF power of P in

RF = 23.0± 0.5 dBm.

• OUT PM: the same modulation depth as the IN PM is used, requiring an
RF power of P out

RF = 23.5± 0.5 dBm. The relative RF phase between the two
PMs is set to π.
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For a 50:50 splitting ratio, the phase pattern along the four FBs must be [0, 0, π, π].
Since the physically relevant quantity is the phase difference between the left and
right modes, the absolute phases can be freely adjusted. In practice, I select
the phase configuration that minimizes the transmissivity imbalance at the tar-
get modes, thereby reducing unbalanced losses according to the spectra reported
above (Figure 4.12), namely [π/2, π/2, 3π/2, 3π/2].

The top panel of Figure 4.16 shows the resulting spectrum after calibration of
the four WS units, i.e., after optimizing both ring alignment and applied phase.
Finally, the exact frequency of the input laser comb is fine–tuned (within ∼ 20 pm
from the target one) by monitoring the output spectrum on the OSA, in order to
optimize the performance.

The resulting BS operation is shown in the bottom panels of Figure 4.16. When
injecting a pure state, i.e., when the off–chip waveshaper selects either the left (blue)
or right (red) comb line, the light is split between the two target modes. Without
changing the configuration, the capability of the processor to coherently manipulate
the FB modes is showcased by injecting a superposition state (two comb lines in the
target modes, in green). As reported by the two lower spectra, routing all the light
into either one or the other target mode is possible by only modifying the relative
phase between the two input comb lines (i.e., the phase of the external PM γ, from 0

to π). These four spectra are sufficient to reconstruct the experimental complex 2×2

scattering matrix U representing the implemented BS operation, which is reported
in the top panel of Figure 4.18. The procedure used to characterize the scattering
matrix closely follows the approach described in Ref. [231] and implemented in the
frequency–bin platform of Ref. [216].

The resulting figures of merit are P = 0.94 ± 0.01 and F = 0.999 ± 0.001, ac-
cording to the equations defined above (Equation 4.5). These values are particularly
good when compared both with the single–PM case, for which the success probab-
ility is theoretically limited to 0.667, and with the theoretical prediction obtained
after parameter optimization in the 4–bin phase–setting case (P = 0.964 ± 0.002

for a target fidelity of 0.99999). To evaluate the operation–related loss, I compare
the BS spectrum with a calibration measurement taken with the WS rings detuned
from the input comb wavelengths. Apart from the WS, the rest of the setup is
kept unchanged, yielding an estimated WS–induced loss of about 5.4 dB for this
operation. The BS plots reported here are normalized by this quantity.
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Figure 4.16: 50:50 frequency beam splitter. Top panel: WS output spectrum after
calibration of the four units. The applied phases, from left to right, are [π/2, π/2, 3π/2, 3π/2].
Colored vertical lines indicate the positions of the relevant frequency bins. Bottom panels:
measured spectra for the four input conditions. Top: input pure states in the 2 (blue) or
3 (red) target modes. Bottom: input superposition state of the two target modes, with the
external PM phase γ adjusted to direct all light into one or the other output frequency
bin. All spectra are normalized to a common factor accounting for the total spectral power
and for the WS loss.

Results, tunable splitting ratio

Following the same settings listed for the 50:50 BS, the set of four measurements
performed to fully reconstruct the implemented transformation is repeated for five
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different values of the phase step α to demonstrate programmable tuning of the
splitting ratio, according to the theoretical transmissivity and reflectivity equations
(Equation 4.3), shown in Figure 4.15. The left–right mode phase difference α im-
parted by the on–chip WS is calibrated for each setting by iterating the calibration
procedure for each individual WS–unit. The uncertainty on the horizontal axis
arises from the uncertainty in the P2π estimation for each WS–unit (±1.0mW).
The results are shown in Figure 4.17.

The reflectivity and transmissivity reported in the top panel are taken as the
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Figure 4.17: Experimental tunable frequency beam splitter. Top panel: measured
reflectivity and transmissivity as a function of the left–right phase difference α (points),
compared with the theoretical prediction from Equation 4.3 for δ = 0.82±0.01 (solid lines).
The horizontal error bars are directly obtained from the heater power–to–phase conversion,
rigorously reported in section B.4. Bottom panel: corresponding success probability P and
fidelity F for each configuration. The horizontal lines indicate the average experimental
success probability and the ideal fidelity for reference. Error bars are smaller than the
marker size.

average between the two complementary input conditions (pure state in mode 2 and
pure state in mode 3). The difference between these two measurements is used as
the vertical error bar, which is smaller than the marker size. The fidelity and success
probability for each configuration are shown in the bottom panel. For the fidelity,
the calculation is repeated considering a family of ideal matrices obtained by varying
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the theoretical phase according to the uncertainty estimated from P2π; the resulting
vertical spread is again shown and is smaller than the marker size. The uncertainty
on the success probability is determined by the OSA resolution and is also negli-
gible on the scale of the plot. By assuming a modulation index δ = 0.82± 0.01, the
theoretical behavior is calculated (solid curves in the top panel), finally confirming
that the experimental trends follow the expected behavior very closely.

4.3.3 General single-qubit gates

An arbitrary unitary qubit operation described by the matrix in Equation 4.1 can
be realized by a sequence of three rotations, parametrized by the angles (θ, λ, µ).
Their combination results in a rotation around an arbitrary axis in three-dimensional
space, which—in the quantum mechanical context—corresponds to a general single-
qubit gate, i.e., an arbitrary qubit rotation on the Bloch sphere. The frequency–bin
qubit transformations implemented in the previous paragraphs showcase tunability
by varying the phase step α at a fixed modulation depth δ, which in turn controls
the angles (θ, λ, µ) in a mutually dependent manner. In other words, (α, δ) represent
a set of tunable parameters from which all three rotation angles are simultaneously
determined, as described by Equation 4.3.

Therefore, to demonstrate fully arbitrary qubit operations, the capability of
synthesizing transformations with independently adjustable phases is crucial. This
requires two additional rotations: Rz(λ) = eiλZ and Rz(µ) = eiµZ , applied before
and after Ry(θ), respectively.

Without loss of generality, I focus on the specific setting θ = π/2 (thus keeping
a 50:50 splitting ratio), λ = π/2, and µ = 0, but arbitrary rotation angles can be
similarly implemented. The resulting transformation is given by:

U
(π
2
, λ, 0

)
=

1√
2

(
1 eiλ

1 −eiλ

)
. (4.6)

The transmissivity and reflectivity remain those of a 50:50 BS, but the matrix
elements acquire a controllable phase shift λ 6= 0.

This λ-shift can be measured by exploiting the following effect. Let us consider
an input superposition state with equal amplitudes in the two target modes and a
relative phase γ (in practice tunable by acting on the phase of the RF signal driving
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the external PM):(
A2

A3

)
= U

(π
2
, λ, 0

)
· 1√

2

(
1

eiγ

)
=

1

2

(
1 + ei(λ−γ)

1− ei(λ−γ)

)
, (4.7)

where A2 and A3 are the complex amplitudes of the output target modes. By
varying γ, the output power in one of the two target modes oscillates between a
maximum and a minimum value, following a cosine behavior:

|A2|2 =
1

2
[1 + cos(λ− γ)] ,

|A3|2 =
1

2
[1− cos(λ− γ)] .

(4.8)

The position of the maximum (or minimum) is shifted by an effective shift −λ with
respect to the standard 50:50 case, where λ = 0. In particular, by monitoring mode
3 (|A3|2), the minimum is obtained at γ = λ, thus if we arbitrary chose λ = −π/2
it is obtained at γ = −π/2.

Results

To experimentally implement the transformations described above with this addi-
tional gate programmability using our QFP, I followed the procedure reported in
Ref. [217]. Starting from a general configuration U(θ, 0, 0), the shifted transforma-
tion U(θ, λ, 0) is obtained by delaying the RF signal of the IN PM by τ in = − λ

2πf ,
where f is the modulation frequency corresponding to the mode frequency spacing
(f = 13.25GHz), and by adding a linear spectral phase ramp ϕj 7→ ϕj + jλ to each
WS channel j. The effective shift obtained is −λ with respect to the initial trans-
formation considered. Equivalently, the same procedure can be applied to achieve a
phase shift −µ corresponding to the final rotation Rz(µ), by delaying the OUT PM
RF signal by τout = − µ

2πf and adding the linear spectral phase ramp ϕj 7→ ϕj + jµ.
As previously mentioned, I restrict the discussion here to a specific case to demon-
strate that this experimental procedure is effective, but the same approach can be
applied to achieve arbitrary phase shifts λ and µ.

Starting from the standard 50:50 configuration, whose PM and WS settings are
summarized in Figure 4.19(a), a target λ-shift is set: U(θ = π/2, λ = −π/2, 0),
obtained by shifting the input PM phase by λ and applying phases [π2 + λ, π2 +

2λ, 3π2 + 3λ, 3π2 + 4λ] to the four WS elements. The exact settings are reported in
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Figure 4.18: Characterization of the single-qubit gate λ-shift. Left: spectra ob-
tained as a function of the RF phase of the external EOM Γ, reported prior to calibra-
tion. The spectra are normalized to the total output power, i.e., to the integral over the
entire spectrum. Right: interference fringes extracted from the spectra (using the same
normalization) shown on the left; in red (blue), the integral under peak 2 (3); in black, the
remaining spectral intensity (fraction of light scattered into non-target modes). Top panel:
spectra and reconstructed interference fringes for the standard 50:50 case (λt = 0◦). Bot-
tom panel: spectra and reconstructed interference fringes for the phase-shifted 50:50 BS
(λt = 90◦).

Figure 4.19(b).
To characterize the resulting transformation, I repeat the same set of measure-

ments as for the 50:50 case, i.e., injecting the same three input states (two pure
states and the superposition state) and measuring the output spectra. The only
difference is that, in the case of the input superposition state, multiple spectra are
recorded as a function of the phase of the external EOM γ generating the two input
comb lines, aiming to reconstruct the interference fringes described in Equation 4.8.
The resulting spectra and the reconstructed fringes obtained from the integral under
the peaks localized in the two target modes (blue for mode 2 and red for mode 3) are
shown in Figure 4.18. In the top panel, I report the standard 50:50 configuration,
corresponding to U(π/2, 0, 0), while in the bottom panel I show the results for the
new configuration U(π/2,−π/2, 0).

In the graphs, Γ (deg) is indicated on the x–axis, emphasizing that this value
is reported prior to calibration, i.e., it corresponds to the actual phase set at the
RF driver level. In fact, different lengths of the two PM RF cables and the ini-
tial phase of the light beam entering the PMs produce a phase shift γ0 6= 0; thus,
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the true interference phase is γ = Γ − γ0. Therefore, a calibration procedure is
required to determine the actual phase γ corresponding to the RF phase Γ. This
calibration is performed by comparing the measured interference fringes for a ref-
erence case, chosen to be the standard 50:50 BS, with the theoretical expectation.
In the starting configuration, i.e., before the phase shift is applied, the maximum
of the mode 3 fringe is expected at γ = π, which corresponds to a measured value
Γstd
M . When a phase-shifted configuration is applied, the maximum of the mode 3

fringe is expected to shift to γ = π + λ, as described in Equation 4.8. The in-
terference fringe is thus fitted with a cosine–like function ∝ [1 + V cos(Γ − ΓM )],
and the phase corresponding to the maximum in this configuration, Γshift

M , is also
extracted. By comparing these two measurements, the effective phase shift λ is
measured to be λ = Γstd

M − Γshift
M ' 101◦, which thus corresponds to a transforma-

tion U(π/2,−101◦, 0) as previously explained. All the fitting values are reported in
the legend of Figure 4.18.

By repeating the pure-state input measurements as well, I reconstruct the full
U matrix reported in Figure 4.19; the associated figures of merit are summarized in
Figure 4.2.

The success probabilities reflect the amount of light scattered outside the two
target modes, also reported as black points in Figure 4.18. The standard 50:50
case (λt = 0◦) corresponds to a different measurement set from the one shown in
Figure 4.16, but yields comparable performance, confirming the repeatability of our
measurements. For the phase-shifted case (bottom panel), the measured phase shift
differs from the target value λt = 90◦ by ∼ 10◦, and the success probability is about
5% lower than in the standard case. These deviations are likely due to a non-ideal
phase pattern applied by the WS.

Indeed, this operation requires a full WS recalibration, since all phases are
changed with respect to the initial configuration. As mentioned previously, the
phase error estimated for each WS unit is ∆Φ ' 6◦, which is not negligible and
can account for both the reduced success probability and the small deviation of
the measured phase from the target value. Nevertheless, the reported performance
remains significantly higher than what can be achieved with a single-EOM config-
uration (whose maximum success probability is limited to 66.6%), thus confirming
the overall quality of the implemented operation.
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Figure 4.19: General single-qubit gate. Right: QFP configuration; center: equivalent
transformation, illustrated using dual-rail encoding; left: reconstructed 2× 2 transforma-
tion matrices. The top section (a) corresponds to the 50:50 BS in the standard configur-
ation (λt = 0◦). In the bottom section (b), I report the shifted case with λt = −90◦ and
experimental shift −λ = 101◦, according to the measurements shown in Figure 4.18. The
extracted success probabilities and fidelities are listed in Figure 4.2.

Table 4.2: Figures of merit of the single-qubit gates for the two target λ-shifts considered.
λt (deg) P F

0 0.95± 0.01 0.999± 0.001
90 0.90± 0.01 0.993± 0.001

4.3.4 Quantum walk manipulation

Quantum walks (QWs), the quantum analogues of classical random walks, describe
the evolution of a quantum carrier (the walker) in a discrete space. Their behavior is
expected to be radically different from the classical case, being governed by the rules
of quantum mechanics. Among the various available DoFs, a photon can undergo
a QW also in frequency-bin space. This can be easily implemented using a single
PM, which stochastically scatters photons across neighboring frequency modes. The
first realisation of this approach was reported by P. Imany et al. in Ref. [218] using
bulk optical devices, and demonstrated in particular two distinct evolution regimes,
namely the anticorrelated and the correlated regimes, thus proving the coherent
manipulation of BQFC.

In this section, I report the realisation and coherent manipulation of a QW
performed entirely on-chip, namely by using our integrated QFP architecture and
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the on-chip MRR source. In particular, the ability to control the relative phase
between adjacent frequency bins is exploited to convert the quantum walk from
the correlated to the anticorrelated regime, following the theoretical framework
extensively reported in the Supplemental Material of Ref. [218].

Results

We now demonstrate the capability of the integrated QFP to manipulate the BQFC
generated by the on-chip source. To this end, we have implemented the setup shown
in Figure 4.13, which I briefly recall here for clarity. A CW laser beam resonantly
excites the MRR source, whose wavelength is actively stabilized by a feedback loop
by sending most of the pump light to an external photodiode by means of the in-
tegrated PF. The feedback loop is implemented by an FPGA, which adjusts the
current of the pump laser to keep the wavelength locked to the center of the MRR
resonance. The PF, providing approximately 30 dB of attenuation at the chosen
pump wavelength (1555.9 nm), is crucial to prevent SFWM along the long integ-
rated circuit WG, where residual pump light would otherwise continue to circulate,
generating background noise from photon pairs produced off-resonance. The PF
shapes the generated BQFC routed to the on-chip QFP with its sine-like trans-
mission function. Due to the availability of high-extinction-ratio off-chip filters
necessary for single-photon detection with SNSPDs, the photon pairs used for the
quantum demonstrations are selected from the broad generated spectrum located
about 5 nm away from the pump, with the idler at approximately 1550.3 nm and the
signal at 1561.6 nm. A typical spectrum of the resonances involved in the SFWM
process (the idler) is shown in the top panel of Figure 4.7, corresponding to an
average quality factor of 3 × 105. In this configuration, the measured on-chip rate
is ∼ 1MHz (see Appendix B, section B.3, for further source characterizations and
details on the pump settings).

The generated BQFC is then routed to the on-chip QFP, where one PM and
the WS are used to manipulate the state. Specifically for this demonstration, the
OUT PM is used to apply the required modulation for the quantum walk, driven
by a single RF tone at 15.34GHz, matching the FSR of the resonator, with a mod-
ulation depth arbitrarily chosen to be δ ' 0.80 rad. The IN PM is kept off, while
the four WS units are used to apply the phase pattern to the photon pair states
by aligning them with four idler frequency bins, as schematically depicted in the
top panel of Figure 4.20. In what follows, the dynamics of the QW is monitored by
looking at the frequency-resolved coincidence measurements performed between the
four idler and corresponding four signal bins, using the setup in Figure 4.13. The
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resulting 4 × 4 correlation matrices are reported in the lower panel of Figure 4.20,
together with the simulated coincidence patterns obtained following the methods of
Ref. [218] and briefly summarized in Appendix B (section B.5).

Panel (a) shows the frequency-resolved coincidence measurement over this
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Figure 4.20: Quantum walk in frequency space. Top panel: Schematic representation
of the implemented chip configuration for realizing the QW presented here in the con-
sidered 4 × 4 subspace. The blue and red bins represent, respectively, the four idler and
signal frequency bins under test, which are detected off–chip through SNSPDs. Bottom
panel: Measured (top) and simulated (bottom) coincidence patterns for three configura-
tions of the quantum walk: (a) without modulation, (b) with modulation in the correlated
regime, and (c) with modulation and a π-phase shift between adjacent idler bins, i.e. in
the anti-correlated regime.

sixteen-dimensional space, namely the initial joint spectral intensity (JSI) meas-
ured immediately after the source (i.e., with the PMs off and the WS detuned from
the resonances of interest). The expected BQFC state generated by an MRR source
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in the subspace of interest has the form |ψ〉 ∝
∑4

k=1 βk |kk〉, where βk are complex
coefficients. Thus, coincidences are expected to arise only for identical idler and
signal indices; as expected, the JSI coincidence counts are clearly localized along
the main diagonal, indicating strong frequency correlations between signal and idler
photons. The small decrease along the diagonal is due to the response of the PF,
since the four pairs are not located precisely at the peak of the sine-like envelope.
This issue can be attributed to the choice of the off-chip filtering stages for pump,
idler, and signal (chosen to have three energy-matched regions among the filters
available in the laboratory) rather than a physical constraint. The mentioned de-
crease in coincidence counts along the diagonal is indeed in agreement with the
measured bin losses, which have been considered in the simulations reported in the
figure.

In panel (b), the OUT PM was turned on in the regime previously mentioned,
while keeping the WS channels in the pass configuration. The applied RF signal
coherently mixes frequency bins within both the signal and idler subspaces, in-
ducing a frequency-domain correlated QW of depth δ. In Ref. [218], the authors
report the theoretical treatment of QWs of highly correlated events, showing that it
strongly depends on the relative phase ∆ = Arg(βk+1)−Arg(βk) between adjacent
frequency bins prior to the walk. In particular, for ∆ = 0, the QW is expected
to be correlated, with a spread of coincidences away from the diagonal, while for
∆ = π the QW is expected to be anticorrelated, with a strong confinement along
the diagonal. The pattern in panel (b) shows a clear spreading of coincidences
away from the diagonal, indicating that the quantum walk is in the correlated re-
gime. Moreover, the experimental pattern matches the simulation with a fidelity
of F = Tr(ABT )√

Tr(AAT ) Tr(BBT )
= 99.38(5)%, where A and B are the measured and sim-

ulated coincidence matrices, respectively. The relative phase shifts extracted by
fitting the experimental data to the theoretical model, producing the simulated JSI
reported in the plot, lie within the range ∆ = 0 ± 0.1 rad across all four bin pairs,
further confirming good agreement with theoretical expectations. The reader can
refer to section B.5 for more detail on the QW simulations.

Finally, to demonstrate the capability of the full QFP to coherently manipu-
late the BQFC, we show the conversion of the walk to anticorrelated in the right
panel. A strong confinement along the diagonal is recovered, effectively compensat-
ing for the OUT PM effect by adjusting the phase between adjacent pairs on-chip
using the WS. I applied a relative phase ∆ = π ± 0.1 rad (according to the phase-
calibration uncertainty already discussed) between adjacent idler frequency bins.
The fidelity calculated between the simulated and experimental coincidence pat-
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terns is F = 98.7(5)%. In performing this conversion, one has to consider the
WS-induced losses, which are estimated to be ∼ 6 dB for the phase pattern applied.

4.3.5 Bell-curve measurements and quantum state tomography

The integrated chip architecture presented in this chapter incorporates all the ne-
cessary components to perform Bell-state measurements and quantum state tomo-
graphy of two-qubit states encoded in frequency bins. As previously mentioned, the
combination of the on-chip WS and PM allows for the implementation of arbitrary
single-qubit gates, which are essential for performing projective measurements in
different bases required for QST. More information on the employed method can be
found in Chapter 2 (section 2.2.3) and in Ref. [210].

Results

Exploiting the same setup as in the previous section, I now demonstrate the capabil-
ity of the integrated QFP to perform quantum state tomography of a frequency-bin
state generated on the same chip. To this end, the same four idler-signal FBs
already exploited in subsection 4.3.4 are selected off-chip through the DWDM fil-
ters, but this time the BQFC is further shaped on-chip using the integrated WS.
Upon creation of guard bands around the central pair of energy-correlated bins, as
schematically reported in the top panel of Figure 4.21, only two signal and idler
energy-matched bins are isolated from the rest of the generated comb. In this way,
a state closely approximating the Bell state

|Φ+〉 = 1√
2
(|00〉si + |11〉si)

is obtained.
Across this thesis, I have already presented a frequency analyzer used to fully

characterize frequency-bin-encoded quantum states, specifically in section 2.2.3.
Here, I perform a similar set of projective measurements, but using the integrated
QFP to analyze the on-chip-generated Bell-like state. In this configuration, both
idler and signal photons pass through the same PM; therefore, the phase shift re-
quired to implement different projectors is synthesized by the WS, acting on the pair
of idler FBs, rather than by the phase of the RF driving signal, as in the previously
introduced analyzer based on two distinct PMs. Here, the OUT PM is used to mix
both idler and signal FBs after the phase shift is applied.
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Figure 4.21: Quantum state tomography of a two-qubit frequency-bin state. Top
panel: schematic representation of the implemented chip configuration for realizing the
here presented QST. The blue and red bins represent, respectively, the two idler and
signal frequency bins under test, which are detected off–chip through SNSPDs. Bottom
panel: (a) Bell-curve measurement obtained by recording coincidence (purple) and single
counts (blue and red) as a function of the relative phase shift ∆Φ = Φ0 − Φ1 applied
by the WS between the two idler bins before mixing, with the modulation depth set to
δ ∼ 1.4 rad. The solid line represents a sinusoidal fit to the coincidence counts. (b) Real
and imaginary parts of the reconstructed density matrix of the generated state, obtained
via maximum-likelihood estimation.

By continuously tuning the phase shift applied by the WS, ∆Φ = Φ0 − Φ1, as
indicated in the schematic, and setting the modulation depth to δ ∼ 1.4 rad, cor-
responding to near equalization of the carrier and first-order sidebands, coincidence
counts are recorded. Specifically, the idler and signal tunable filters are centered at
the wavelengths corresponding to |0〉s and |0〉i, and the resulting coincidence and
single counts are reported in Figure 4.21(a). The results clearly show the expec-
ted interference fringes arising from two-photon interference, already introduced in
subsection 2.3.1; the visibility extracted from the sinusoidal fit (solid purple line) is
V = 0.94± 0.03. At the same time, the single counts remain constant over the full
2π phase range, confirming the absence of phase-dependent losses and the Bell-like
nature of the observed interference, thus proving entanglement.

Finally, by performing a complete set of projective measurements, I reconstruct
the density matrix of the generated state using the maximum-likelihood estim-
ation method described in Ref. [166]. In particular, projectors onto superposition
bases are implemented using the same approach as for the Bell-curve measurements,
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while projectors onto the computational basis are obtained by turning off the PM
and measuring the full 2 × 2 frequency-resolved coincidence pattern by tuning the
central wavelengths of the tunable filters. The resulting density matrix is shown in
Figure 4.21(b). The computed fidelity with respect to the target Bell state |Φ+〉 is
95.7± 0.3%, while the purity is 93.8± 0.5%. These results demonstrate the capab-
ility of the integrated QFP to perform quantum state tomography of frequency-bin
states, providing a crucial tool for the characterization and validation of quantum
states generated and manipulated on-chip.

4.4 Conclusions and further perspectives

In this chapter, I reported the key aspects of a project spanning more than two
years, in which I was involved from the beginning to the end. I presented the design,
numerical simulations, preliminary linear characterization of individual components,
and final experimental demonstrations in both the classical and quantum domains
of the full device, showcasing a monolithic silicon quantum frequency processor.

The key performance metrics of all integrated components were reported, as ob-
tained from optical and electrical characterizations performed mostly at the Quantum
Photonics Laboratory in Pavia, with the exception of the PM electrical RF-response
characterization, which I performed at the Laboratory of Silicon Photonics at CEA-
Leti in Grenoble. The results showed that overall the components were functional
and exhibited performance in line with expected values, confirming the quality of
the design and fabrication process. A small discrepancy between simulation and
measurement was observed in the coupling coefficient of the MRRs integrated in
our WS architecture, but this did not compromise the effective functioning of the
device.

After this preliminary characterization, I demonstrated the capability of the in-
tegrated QFP to perform coherent manipulations of frequency-bin encoded quantum
states. This was first achieved by implementing a series of single-qubit gates using
classical frequency modes; specifically, a high-fidelity, tunable frequency beam split-
ter with strong suppression of leakage into neighboring modes. The obtained success
probability was higher than 94% for all implemented splitting ratios, greatly exceed-
ing the single-phase-modulator limit. More general single-qubit rotations were also
shown to be realizable by applying an arbitrary phase shift to the input modes while
maintaining the splitting ratio, achieving a success probability of 90 ± 1%. These
results showed that the integrated architecture could implement precise and recon-
figurable frequency-domain transformations with high fidelity and low crosstalk,
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providing a solid foundation for future quantum-optical experiments.
I then moved to the quantum domain by demonstrating the capability of the

integrated QFP to manipulate the BQFC generated by the on-chip MRR source. In
particular, I implemented a quantum walk in frequency space, showing the transition
from the correlated to the anti-correlated regime by applying relative phase shifts
between adjacent frequency bins via the WS. The measured coincidence patterns
showed a fidelity higher than 98% with respect to numerical simulations, confirm-
ing the high quality of the implemented transformations. Finally, I demonstrated
quantum state tomography of two-qubit states by reconstructing the density matrix
of a Bell-like state generated on chip with a fidelity of 95.7% with respect to the
target Bell state |Φ+〉.

Future efforts will be devoted to improving the performance of the integrated
devices, for example by reducing the WS insertion loss, as well as the Vπ and
propagation loss of the on-chip silicon modulators. In particular, the WS design
can be straightforwardly optimized by increasing the coupling strength between
the microring resonators and the bus waveguides, or by implementing asymmetric
designs to increase the drop efficiency. The modulator performance can be further
improved by optimizing the design of the p-n junction [232], or by moving to hybrid
approaches, such as the integration of CMOS-compatible electro-optic polymers
[233] or thin-film lithium niobate [234]. In addition to physical hardware optimiza-
tions, a promising strategy to scale the information capacity of the processor lies in
driving the phase modulators with multiple RF harmonics. This approach allows
the implementation of high-dimensional unitary transformations without increasing
the physical circuit depth or adding further optical losses [235].

This work represents, to the best of my knowledge, the first fully integrated
frequency processor including all the necessary components for the generation, ma-
nipulation, and analysis of frequency-bin-encoded quantum states, leveraging the
intrinsic advantages of silicon photonics such as compactness, phase stability, and
compatibility with CMOS fabrication. It represents a significant step toward scal-
able and efficient quantum-photonic systems and lays the foundation for future ad-
vancements in quantum-information processing based on frequency-bin encoding.
The results reported here are published in Ref. [210].
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In this research work, I developed novel silicon integrated photonic circuits for the
generation and manipulation of quantum states of light. The devices introduced here
aimed to increase both the dimensionality and the programmability of frequency–
bin–encoded states, which are particularly relevant for quantum communications
thanks to their large native Hilbert space and their compatibility with standard
telecommunication infrastructures.

The first chapter was dedicated to the silicon–on–insulator photonic platform in
which the circuits were integrated, within multi–project fabrication runs offered by
CEA-Leti and STMicroelectronics. A broad overview of the components required
to build a functional silicon photonic circuit was provided, highlighting the linear
and nonlinear properties of silicon devices. Special attention was given to the most
critical aspects related to the design of the fundamental building blocks exploited
in the research projects here presented, with the goal of providing a tutorial–style
reference for readers interested in silicon photonic simulation and layout.

The following chapters were devoted to the implementation of silicon photonic
circuits for novel quantum demonstrations. Chapter 2 presented the realisation of a
hyperentangled source of 16–dimensional states based on multiple high–brightness
microring resonators. Previous demonstrations [165, 166] had addressed the typical
brightness–FSR trade–off by using multiple small–radius rings to generate photon
pairs at tens of MHz/mW2, but had not extended this approach to include additional
DoFs. The first step taken in this thesis was therefore to use the same device and
show its suitability for hyperentanglement by including the time–bin DoF. The
generation of the target state was verified by observing entanglement in the two
separate DoFs, exceeding the classical bounds by more than 27 standard deviations
in both of them, and finally measuring a hyperentanglement witness that violated
the bound for non–hyperentangled states by 60 standard deviations. These results
are discussed in detail in the dedicated chapter and were published in a peer–
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reviewed journal [145].

Building on this achievement, Chapter 3 introduced a new generation of quantum
circuits with the goal of including additional DoFs, such as path and polarization.
This would produce an increase in the quantum state dimensionality and inform-
ation capacity per photon, which may be exploited in future quantum demonstra-
tions. The preliminary results presented included wafer–scale morphological and
linear optical characterizations that validated the fabrication of the passive com-
ponents on the 300–mm wafers. Most measurements showed good agreement with
the reported simulations, and a systematic wavelength offset was identified that
can be compensated in the next fabrication run, giving confidence that the inten-
ded quantum experiments can be carried out once fabrication is fully completed.
Several additional circuits were also designed and included in this CEA-Leti fabrica-
tion run but were not discussed in this manuscript, including circuits incorporating
high–extinction–ratio pump–rejection filters. Furthermore, strategies to suppress
on–chip scattered pump light were also developed, which led to three published
patent applications [236, 237, 238].

The manuscript concluded with Chapter 4, which presented a monolithic silicon–
integrated platform for the generation and manipulation of high–dimensional frequency–
bin states. Device simulations, integration within the STMicroelectronics PIC50
technology, and linear characterization of the individual components confirmed once
again that the design strategies developed in Chapter 1 are well suited for complex
quantum photonic circuits.

The full potential of the integrated quantum frequency processor was then shown
through the realisation of a post–selection–free, reconfigurable two–mode frequency
beam splitter, exhibiting leakage to unwanted frequency modes below 6% across the
considered 50:50 to 100:0 splitting–ratio range. More general single–qubit opera-
tions were also realized by applying a controlled phase shift while maintaining the
desired splitting ratio. The final validation was performed in the quantum regime,
showcasing the manipulation of the biphoton quantum frequency comb generated by
the on–chip microring source. In particular, I reported the realisation of quantum
walks in frequency space, showing the transition from correlated to anticorrelated
regimes through controlled phase shifts between adjacent frequency bins. Close
agreement between experimental and simulated coincidence patterns, with fidelit-
ies above 98%, confirmed the accuracy of the implemented transformations. The
processor also enabled on–chip quantum state tomography of a two–qubit state,
achieving a fidelity of 95.7% with respect to the target Bell state.

These results, published in Ref. [210], demonstrate for the first time the full in-
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tegration of a quantum frequency processor on a monolithic silicon chip, including
coherent generation, manipulation, and analysis of frequency–bin–encoded quantum
states.

Overall, the results presented in this thesis position silicon photonics as a power-
ful platform for quantum information processing. High–brightness integrated photon–
pair sources, multidimensional encoding through hyperentanglement, and program-
mable quantum frequency processors were demonstrated on silicon–on–insulator
chips, thus contributing toward fully integrated frequency–bin quantum photonic
systems. The research work presented in this manuscript may therefore pave the
way to large–scale quantum photonic systems capable of supporting complex, high–
dimensional quantum protocols, leveraging both CMOS–compatible fabrication and
telecommunication–compatible frequency–bin encoding.
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Supplementary device
modeling and simulations

In this appendix, I collect supplementary numerical simulations, theoretical model-
ing, and design references that support the design of the passive photonic building
blocks discussed in chapter 1, chapter 3, and chapter 4.

Specifically, I report finite–difference eigenmode (FDE) simulations character-
izing the dispersion and nonlinear properties of the 300 nm silicon photonics plat-
form, and I compare different theoretical formulations for the nonlinear parameter
γ in high–index–contrast waveguides. I also provide a design reference table sum-
marizing the exact and approximate figures of merit for microring resonators in
both all–pass and add–drop configurations. Finally, I present finite–difference time–
domain (FDTD) point coupler simulations for devices fabricated at the CEA–Leti
and STMicroelectronics pilot lines, along with a custom Transfer Matrix Method
(TMM) model, implemented in Python, to calculate the complex spectral transmis-
sion and phase response of the integrated double–ring line–by–line waveshaper.

A.1 Si300nm WG simulations

Here I report additional simulations of silicon waveguides, showing the effective
index, group index, and dispersion, according to the definitions given in the main
text (see Equation 1.5). In particular, the simulations reported here refer to the
fundamental TE00 mode of both strip and rib waveguides on the Si 300 nm platform,
for multiple waveguide widths (WGw). They were performed following the methods
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described in the main text (see section 1.2), using the FDE solver of the Lumerical
MODE software [97]. The results for the Si 220 nm SOI platform are reported in
the main text (Figure 1.6).
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Figure A.1: WG dispersion simulations. WG properties as a function of the
wavelength for fundamental TE00 mode of strip and rib WG for the platform Si300nm,
for different WGw.

A.2 Si WG nonlinear parameter estimations

The analysis presented in this section is not intended to be exhaustive: it focuses on
a single representative strip WG geometry with a cross–section of 300 × 600 nm2.
Its aim is instead to provide a clear, quantitative insight into how the parameter
estimates differ depending on the formulation adopted. All the physical and math-
ematical assumptions established in the main text (section 1.1.2) remain valid here,
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including the tensor symmetries of the third–order susceptibility χ(3), with the ef-
fective susceptibility χ(3)

eff taken equal to χ(3)
1111 [61].

To this end, I report the nonlinear parameter estimates for the fundamental TE00

mode of this WG as a function of wavelength. The calculations were performed us-
ing the formulas reported in Sec. 1.1.2, and the results are shown in Figure A.2.
The values of A(F )

eff were obtained from FDE simulations, while the Kerr coefficient
and the third–order susceptibility (n2, and the real and imaginary parts of χ(3)

1111)
were taken from the literature (specifically, Figure 7 of [56]). The values of γ(F )

and γ(SOI) in the right–hand plots were obtained through Equation 1.15 and Equa-
tion 1.14, respectively. Following the calculations in [56], also recalled in [58], the γ
values are reported under two conditions: with and without dispersion of the non-
linear coefficients. The dashed lines account only for the WG mode dispersion, i.e.,
the wavelength dependence of the linear materials indexes (both silicon and silica),
thus it accounts for the mode refractive indices and effective area chromatic disper-
sion. The solid lines also include nonlinear material dispersion, i.e., in addition, it
includes the wavelength dependence of n2 and χ

(3)
1111 of the core material (silicon;

the contribution of silica is neglected). The values of γ(SOI) agree well with those
reported in [56], where the same WG geometry was evaluated.

As mentioned in the main text, the two nonlinear parameters are expected to
differ between the two formulations because of the high refractive–index contrast
of the SOI platform compared to standard optical fibers. Specifically, at 1550 nm
the SOI formulation gives a value of γ(SOI) more than two times larger than γ(F ).
Nevertheless, this discrepancy does not limit the analysis of the nonlinear processes
considered in this work: a precise estimate of the nonlinear parameter alone does
not translate directly into an exact quantification of real–world nonlinear effects.
Experimental quantities, such as the photon–pair generation rate in SFWM–based
sources, are also strongly influenced by practical factors, including linear and nonlin-
ear propagation losses in the WG, fiber–to–chip coupling efficiency, and the internal
pump power distribution. The theoretical nonlinear parameter is therefore only one
component of the broader experimental framework governing the generation rates.

A.3 List of ring resonator figures of merit

Analytical approximate expressions for the main figures of merit of microring res-
onators are summarized here for both AP and AD configurations. Two standard
approximations are assumed: a ' 1 − α̃Lrt/2 and t ' 1 − κ2/2 (see [66, 239] for
further details). The notation is consistent with Sec. 1.3, to which the reader is
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Figure A.2: Nonlinear parameter estimations. Calculated WG optical properties and
nonlinear parameters as a function of wavelength for the fundamental TE00 mode of a
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eff , the silicon parameters

(n2 and χ
(3)
1111), and the comparison between γ(F ) and γ(SOI), evaluated both with (solid

lines) and without (dashed lines) material dispersion.

referred for the full derivation and the underlying hypotheses. I recall here the
meaning of the quantities appearing in the equations: t and κ are the coupling
coefficients (bar and cross, respectively), with t2 +κ2 = 1; a = exp(−α̃Lrt/2) is the
round–trip attenuation; α̃ is the power attenuation coefficient, in [m−1]; Lrt is the
round–trip length; and θ(ω) is the accumulated phase.
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Drop power transmission TDROP (ω) – κ21κ
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2 − 2at1t2 cos(θ)
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Critical coupling a = t at2 = t1

Free Spectral Range (FSR) λ2

ng Lrt

Quality factor Q 2πngLrt
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∑

c κ
2
c + α̃Lrt)

=
(

1
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+
∑

c
1
Qc

)−1

Finesse F FSR

∆λ
= 2πM , with M the number of round trips

Field enhancement (FE)
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1−a t e−iθ(ω)

∣∣∣ ∣∣∣ κ1

1−a t1t2 e−iθ(ω)
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FE @ resonance FE(ωm)
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κ2 + α̃Lrt
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κ21 + κ22 + α̃Lrt
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Visibility V 1− T (θ=2π)

T (θ=π)

Visibility (approx.) 1−
∣∣∣κ2−α̃Lrt

κ2+α̃Lrt

∣∣∣2 1−
∣∣∣κ2

1−κ2
2−α̃Lrt

κ2
1+κ2

2+α̃Lrt

∣∣∣2
Table A.1: Main figures of merit for AP and AD MRRs. General expressions for the main FoMs of MRRs, including the low–loss
and weak–coupling approximations (i.e., a ≃ 1− α̃Lrt

2
and ti ≃ 1− κ2

i
2

). The quantities are used in the main text to design and analyze
the integrated photonic building blocks presented in chapter 1, chapter 3, and chapter 4.
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This table is intended as a design reference: the @resonance rows are particu-
larly useful for quick checks of coupling conditions and power transfer at the central
resonance wavelength, while the general expressions allow for more accurate spectral
calculations. These expressions were used for the design throughout the thesis. Vis-
ibility, quality factor, and field enhancement, calculated directly from these formulas
as a function of the coupling coefficient, are reported in Figure A.3 and Figure A.4
for the AD MRRs used in chapter 3 and chapter 4, respectively.

A.4 Additional point coupler simulations

Here I report additional point coupler simulations, performed for the AD MRRs
used in chapter 3 and chapter 4. The point coupler simulations and the analytical
FoM calculations follow the methods described in section 1.4.

A.4.1 Si300nm platform, integrated in CEA-Leti pilot line

The FoMs (visibility, Q-factor, and field enhancement) of AD rings with strip WGs
(300× 550 nm2) are shown here as a function of the cross–coupling coefficient. The
results, reported in Figure A.3, were obtained for a ring radius R = 57.94µm and
a wavelength λ = 1550 nm. The FoMs were calculated using the formulas reported
in Table A.1. This design was implemented on the Si300nm platform of the CEA-
Leti 300 mm pilot line, and the corresponding experimental results are reported in
Figure 3.16.

A.4.2 Si300nm platform, integrated in STMicroelectronics
pilot line

Additional point coupler simulations and FoM calculations are presented here for the
AD MRRs of the STMicroelectronics chip described in chapter 4. The cross–section
is the standard single–mode rib geometry, used all along the quantum frequency
processor circuit, and the radius was set to R = 49.265µm to obtain an FSR
of 250GHz. The target coupling coefficient was set to κ = 0.23, corresponding
to a target Q-factor of about 40000 (dashed vertical line in the bottom panel of
Figure A.4). The results of the FDTD point coupler simulation are reported in
the top panel; the resulting gap is GAP = 540 nm. The spectrum measured after
fabrication (Figure 4.11) shows a visibility and Q-factor slightly different from the
target values, consistent with under–coupling relative to the simulation. See the
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Figure A.3: AD MRR FoMs. The figure shows the FoMs of the AD MRRs (300 ×
550nm2 cross–section) of radius 57.94µm as a function of the cross coefficient and
propagation loss.

main text (subsection 4.2.3) for further details on the design and characterizations
of the device.

A.5 TMM for structures based on ring resonators

Using the Transfer Matrix Method (TMM), it is possible to compute the transmis-
sion functions of complex photonic structures, such as coupled ring resonators. As
an example, I report here the double–ring line–by–line waveshaper introduced in
Sec. 4.2.3, whose structure is schematically shown in Figure A.5. It consists of a
pair of identical AD rings, with the drop port of the left ring (DEMUX ring, D)
connected to the add port of the right one (MUX ring, M ). Between the two rings,
a phase shifter (heater, shown in yellow) is integrated to control the phase shift Φ

of the light dropped by the D–ring and loaded back into the M–ring. Finally, the
two rings are also connected through the bus WG: the through port of the D–ring
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Figure A.4: AD MRR FoMs. Top panel: FDTD simulation of the rib point coupler,
as a function of the gap. Bottom panel: expected visibility and Q-factor of the single WS
ring resonators as a function of the coupling coefficient, calculated for propagation losses
around 1.2± 0.2 dB/cm. The dashed vertical line indicates the target coupling condition.

is connected to the input of the M–ring.
By cascading the transfer matrices of each region, represented by the numbered

sections in the scheme, the expected transmission and phase at the WS–unit OUT
port are calculated as a function of wavelength. In particular, the purple regions
are treated with the point–coupler formalism reported in Sec. 1.3, while the pink
regions are described by free–propagation matrices. The latter are diagonal, with
elements given by the phase accumulated in the region, eiθi(λ), which depends on
the wavelength and on the region length Li: θi(λ) = neff (ω)

2π
λ · Li + i α̃/2Li.

The field at the OUT port is calculated by propagating the input field through
the entire structure, with the calculations implemented in Python. The resulting
transmissivity |T |2 = |Et 1M

Ei 1D
|2 and phase arg(T ) are reported in Figure A.6 as a func-
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Figure A.5: Double-ring waveshaper scheme. The free-propagation (pink) and point
coupler (purple) regions are highlighted in different colors. The matrix-based calculation
propagates the field injected in the lower-left WG (Ei 1D).

tion of the detuning from the target channel wavelength λC , at which both rings
are aligned (∆λ = 0 in the plots). Notably, an interference effect arises between
the fraction of light remaining in the bus WG away from λC and the light dropped
into the upper WG. This mechanism is fully accounted for in the TMM model; the
spectra are computed for different values of the phase shift Φ.

The spectra shown here were obtained with the following parameters: propaga-
tion loss α = 1.2 dB/cm, ring radius R = 49.265µm, and the experimentally extrac-
ted coupling coefficient κ1 = κ2 = 0.16 (see the main text) for both couplers of each
ring, i.e., each AD ring is symmetric and the two rings are nominally identical. In
the model, the path difference between the lower bus WG (region 8) and the upper
bus WG (region 4) is assumed to be zero. In the physical device, there is a path dif-
ference of approximately ∆L0 = 1.5mm, which introduces a fixed phase offset Φ0 in
addition to the shift Φ applied by the integrated heater. Fabrication imperfections
and the wavelength dependence of the phase contribute to small deviations from
Φ0. The model therefore uses a generic phase shift Φ, which in practice is the sum
of the initial offset Φ0 and the shift induced by the power dissipated in the heater.
Φ0 can be easily calibrated for each WS unit by aligning its resonances to the target
λC (i.e., acting on the MRR heaters) with the phase–shifter heater turned off.
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Figure A.6: Double-ring waveshaper calculated spectra. Expected transmittivity and
phase at the through port of the WS unit, as a function of the wavelength detuning with
respect to the target channel λC (vertical dashed line). Different values of the phase shift
Φ applied in the WS unit are reported. The results were calculated using the TMM, with
the parameters reported in the text.
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Appendix B

Supplementary experimental
methods and
characterizations

In this appendix, I provide supplementary experimental details, test structure lay-
outs, dedicated component characterizations, and numerical simulation workflows
that support the results presented in chapter 3 and chapter 4.

I first present the layout and wafer–scale performance of passive test structures,
specifically directional couplers and microring resonators, fabricated on the 300 nm
silicon photonics platform at CEA–Leti. Next, I report the electrical characteriz-
ation in the radio–frequency domain of the traveling–wave electrodes driving the
integrated p–n phase modulators (S–parameters), measured with a vector network
analyzer.

I then detail characterizations and experimental methods related to the integ-
rated quantum frequency processor (chapter 4). First, I report the internal pair–
generation rates and coincidence–to–accidental ratios of the 15 GHz–FSR biphoton
source. I also describe the calibration routines developed for the integrated double–
ring line–by–line waveshaper units, focusing on the dither–tone–based calibration
method I implemented for resonance alignment and power–to–phase mapping. Fi-
nally, I present supplementary linear transmission spectra and the numerical optim-
ization framework used to model frequency–domain quantum walks.
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B.1 Layout and characterization of circuit test struc-
tures

In chapter 3 I introduced a novel generation of HE sources, whose fabrication at
the CEA-Leti cleanroom (Grenoble), on the Si300nm platform, is currently being
completed. These devices incorporate photon–pair generation, routing, and filtering
to enable the combination of frequency–bin and, potentially, time–bin entanglement
with additional degrees of freedom such as path and polarization. The preliminary
results on the single components integrated within the full circuits are reported in
the main text. Here I report the layout of the test structures dedicated to MRRs
and DCs, from which the spectra and FoMs reported in section 3.5 were extracted.

In this section, I report the wafer–scale characterizations of Si300 nm com-
ponents fabricated in the 300 mm silicon photonics pilot line at CEA-Leti. The
fabrication details are reported in Sec. 3.3.

B.1.1 Directional coupler characterization

As reported in subsection 3.2.1, I included in the HE source design some versions in-
corporating idler–signal routing via cascaded MZI demultiplexers. Referring to the
theoretical framework in subsection 1.6.1, the architecture selected for this design
requires a total of four DCs, with splitting ratios of 50:50, 20:80, 20:80, and 04:96.
To optimize the performance of the demultiplexer in future runs, I included in the
mask not only the full cascaded structure with the nominal DCs, i.e., the best
design according to the FDTD simulations, but also test structures with multiple
DC lengths, in order to identify trends that may guide future optimizations. Here
I report the characterization of these additional DC test structures (Fig. B.2).

The spectra indicate that the shortest DCs perform best at the target wavelength
(1550 nm). For the next fabrication run, designs with even shorter coupling lengths
should be included to achieve the target splitting ratios.

B.2 Additional characterization of the silicon phase
modulators

The electrical–electrical characterization of the traveling–wave electrode driving the
silicon modulators integrated in the quantum frequency processor (see chapter 4)
chip is reported here. To characterize the RF response of the device under test,
RF tones are injected into one port, and the transmitted and reflected signals are
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Figure B.1: Test structure layouts integrated in the 300mm pilot line at CEA-
Leti. Top panel: Zoomed–in view of a microring resonator test structure. Unless other-
wise specified, the waveguide width is 550nm for AD microring resonators and 600nm for
AP microring resonators. Bottom panel: Zoomed–in view of a single directional coupler
test structure.
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Figure B.2: DCs fabricated on the Si300 nm platform. Top: SEM image of a DC
with gap of 200nm and length L = 8.85µm. Bottom: wafer-scale characterization of the
DCs test structures (layout in Figure B.1) with nominal coupling ratios: 50:50, 20:80, and
04:96. The reported spectra have been normalized to reference straight WGs to remove
the grating couplers’ response, and were taken across 17 dies over the 300 mm wafer to
show the uniformity of the fabrication process.
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analyzed with a VNA. This yields four scattering parameters, defined in Figure B.3,
which are shown as a function of frequency to reconstruct the full RF response of
the device. The magnitude of all the S–parameters is presented for different bias
voltages applied across the p–n junction. The S21 parameter is also reproduced in
the main text, as it is the most relevant one for characterizing RF losses in the
modulator.

B.3 Source generation rate characterizations

The internal generation rate and the coincidence–to–accidental ratio of the 15GHz
source integrated in the quantum frequency processor chip (described in chapter 4)
are presented here. Using the method described in section 2.2.1, the brightness is
extracted as 288± 2 kHz/mW2. The quantum demonstrations, i.e., both the QWs
and the QST, were performed by resonantly exciting the MRR with a pump power
of 2.5 mW. This generates signal–idler photon pairs, for each resonance pair, with an
on–chip rate of ∼ 1.0 MHz and a CAR of 55± 12. The setup employed is described
in the main text (see subsection 4.3.1).

B.4 Integrated WS calibration technique

The integrated waveshaper introduced in subsection 4.2.3 is a key component of
the quantum frequency processor, as it enables the application of arbitrary spec-
tral phase profiles to the on–chip generated frequency–bin state. Its calibration is
therefore crucial for the correct operation of the processor, and the details of the
procedure are reported here. Two approaches were used for resonance alignment
and phase calibration: the first is based on the analysis of the spectra transmitted
by the WS unit, the second on the analysis of the harmonics generated by two in-
dependent dither tones applied to the heaters of the two rings. Both methods are
described in detail below.

B.4.1 Spectra–based calibration procedure

As shown in the simulated single–MRR spectra (see top panel of Figure 4.12), the
phase response of a ring depends strongly on wavelength. As a consequence, the in-
terference between the two rings of a WS unit is also strongly wavelength–dependent,
and the resulting spectra are highly sensitive to the applied phase shift Φ. This
property can be exploited to calibrate the WS unit by analyzing the transmitted
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Figure B.3: RF line electrical–electrical characterization. Top panel: schematic
representation and definition of the S–parameters, taken from [240]. Bottom panel: mag-
nitude of the S–parameters of the RF line as a function of the modulation frequency
(x–axis) and of the bias voltage (line color). The dashed vertical line indicates the mod-
ulation frequencies used for the full–circuit experiments described in the main text, i.e.,
15.34 GHz for the quantum demonstrations and 13.25 GHz for the classical demonstra-
tions.

spectra. In particular, the phase shift Φ can be estimated by fitting the measured
spectra with the TMM model, thus obtaining a mapping between the dissipated
heater power and the applied phase shift. The heater power required to achieve
a target phase shift Φ0 is determined by minimizing the difference between the
measured and simulated spectra, which gives a reference power P0. Since nonlinear
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Figure B.4: Internal generation rate of the QFP 15GHz-FSR source. Measured
generation rate and CAR of the source.

relations between electrical power and phase shift were experimentally found to be
negligible within the explored operating range (from 0 to approximately 70 mW),
the power–to–phase conversion can be approximated as linear and expressed as
Φ(P )tot = Φ0 + 2π P

P2π
, where P2π is the electrical power required to obtain an

additional 2π phase shift, while Φ0 is the phase shift corresponding to heater power
set to zero.

An example of the extraction of P2π is already visible in the experimental spec-
tra shown in the main text (Figure 4.11). Starting from the curve labeled 1.54π,
the heater power is increased until a spectrum nearly overlapping the original one
is obtained again. This condition corresponds to an additional 2π phase shift; the
resulting spectrum is therefore labeled 3.54π. The electrical power required for this
additional phase shift, i.e., P2π, was estimated to lie between 65 and 70 mW across
different WS units.

This was the first calibration approach implemented. Since it requires a wavelength
sweep, however, it becomes impractical when operating with narrow frequency
combs instead of a tunable laser. During the experiments with the fully operating
circuit, where monochromatic comb lines are injected, I therefore employed a more
precise procedure that avoids wavelength–sweep–based calibration. It is described
in the next subsection.
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B.4.2 Dither–tone–based calibration procedure

The automated calibration protocol has been developed to work with fixed frequency
combs, as is the case of our classical and quantum experimental demonstrations.
The technique here reported has been applied to the four WS units used in the
experiments, leading to the saving of multiple calibrated settings including both
the integrated modulator drive powers and the target WS channel wavelength and
phase shift. The method involves two independent low–amplitude dither tones
superimposed on the DC bias of each ring heater (ΩD for the demux ring, DR, and
ΩM for the mux ring, MR). To account for background thermal dissipation during
the actual operation, all calibrations are executed while the p–n phase modulators
are driven at the experimental RF power levels.

The calibration protocol comprises two main stages: resonance alignment and
power–to–phase mapping.

Alignment of the ring resonances

𝝀𝑫 𝝀𝑴

     

    

    

𝝀𝑪

STARTING CONDITION

FINAL GOAL

a)

Φ

D M

b)

c)

Figure B.5: WS calibration: alignment of ring resonances. (a) Schematic illus-
tration of the calibration target. (b) Representative FFT spectrum retrieved from light
transmitted through a WS unit during the grid–search routine. (c) Numerical simulation
of the magnitude of the 2(ΩD + ΩM ) harmonic as a function of the resonance detunings
for various phases.

In the first stage, the resonance wavelengths of the DR and MR within a WS unit
are aligned to the central channel wavelength λC, as illustrated in Figure B.5(a).
Laser light at λC is injected through port IN–2 and collected at port OUT–1 (see
Figure 4.2). Dither tones at ΩD/2π = 150 Hz and ΩM/2π = 250 Hz are applied
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to the DR and MR heaters, respectively, modulating their resonance wavelengths
with equal amplitude Λ. The transmitted intensity I(t) is monitored with a pho-
todiode, and its spectral content is extracted using a fast Fourier transform (FFT,
implemented in Python), yielding the characteristic harmonic response shown in
Figure B.5(b).

Due to the strongly nonlinear transfer function of the resonant WS channel,
multiple harmonics are generated. Using the scattering–matrix model described in
section A.5, the time–dependent response under wavelength modulation λD(M)(t) =

λ̄D(M) + Λsin(ΩD(M)t) shows that the magnitude of the harmonic at frequency
2(ΩD + ΩM ) reaches an absolute maximum when the relative detunings vanish
(∆λM = ∆λD = 0). As shown by the simulations in Figure B.5(c), this maximum
does not depend on the internal phase shift Φ.

In practice, the alignment procedure is structured into three sequential steps:

1. Initial coarse alignment: A tunable laser is swept continuously across the
C–band, the spectrum is recorded, and the heaters are adjusted to coarsely
bring the two resonances of interest close to λC (∼ 5 minutes, executed once
at system initialization). This places the two resonances within the ∼ 40 pm
span of the subsequent wide grid search. During this step, the dither tones
are not applied and the FFT analysis is not performed.

2. Wide grid search: With the laser fixed at λC and the dither tones applied,
a wide grid search over the heater currents, covering a wavelength span of
∆λ ∼ 40pm, is performed to maximize the magnitude of the 2(ΩD+ΩM ) har-
monic (∼ 20 minutes per unit). This procedure is executed once, sequentially,
on the four WS units. A single global maximum is experimentally observed,
corresponding, as expected, to the condition ∆λM = ∆λD = 0. The measured
normalized harmonic magnitude recorded while scanning can be directly com-
pared with the theoretical prediction in Figure B.6, showing good agreement.
To validate the approach, the same figure also reports the other harmonics,
which are not used for calibration and show a different dependence on the
detuning, but also follow the theoretical predictions closely.

3. Narrow grid search for cross–talk mitigation: Since the previous step
is performed sequentially, i.e. one WS–unit at a time, some residual inter–
unit thermal cross–talk is expected. Once all units have been calibrated, a
grid search over a restricted span of ∆λ ∼ 10 pm (∼ 3 minutes per unit) is
executed to mitigate this effect.
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Figure B.6: WS calibration: harmonic magnitude comparison while scanning. Comparison between theoretical and measured
magnitudes of higher–order harmonics across different frequencies for a representative phase setting (Φ = π). The panel on the right
(2(ΩD +ΩM )) is the one used for the resonance alignment calibration procedure, while the other harmonics are reported for comparison.
The experimental data are in good agreement with the theoretical predictions, confirming the validity of both the calibration method and
the TMM model used.
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Mapping of heater power to phase shift Φ

THEORY EXPERIMENT

Figure B.7: WS calibration: phase setting. Numerical simulation and experimental
fit of the real part of the harmonic at ΩM − ΩD. The fit of the experimental data yields
a power–to–phase conversion parameter of P2π = 69 ± 1 mW for the characterized WS
unit.

Once the MRR heater powers have been set by the resonance alignment, the
second stage determines the exact mapping between the electrical power P applied
to the phase–shifter heater (located between the DR and MR) and the resulting
phase Φ. Under the ∆λD(M) = 0 conditions, the real part of the harmonic at
frequency ΩM − ΩD follows the sinusoidal relation:

Re
[
Ĩ(ΩM − ΩD)

]
= Ĩ0 cos(Φ(P )tot) (B.1)

where Φ(P )tot = Φ0 + 2π P
P2π

and Φ0 is the intrinsic phase offset, i.e., the phase at
P = 0.

To extract the calibration curve, the heater power P is swept over a full fringe,
as shown in Figure B.7. To compensate for the localized thermal cross–talk induced
by the phase heater on the adjacent DR and MR resonators, the narrow grid search
(∼ 3 minutes) is repeated at each power step. The measured fringe is fitted using:

Re
[
Ĩ(ΩM − ΩD)

]
= Ĩ0 cos

(
2π

P

P2π
+Φ0

)
(B.2)

with P2π and Φ0 as free fitting parameters. For the unit characterized in Figure B.7,
the extracted power required for a 2π phase shift is P2π = 69±1 mW. The resulting
linear relation of Φ(P ) above defined thus determines the phase setting.

Parallelization considerations and operational workflow

Although the calibration protocol was executed sequentially, one unit at a time,
for this proof–of–principle demonstration, the underlying methodology supports
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parallelized multi–channel execution:

• Spatial demultiplexing scheme: An electro–optic frequency comb (gen-
erated off–chip or on–chip via PM IN) can be injected simultaneously across
all WS units. Demultiplexing the comb lines at the chip output and measur-
ing each time–dependent signal with a dedicated photodiode (one per phase
channel) would allow the same dither frequency pair (ΩD,ΩM ) to be reused
simultaneously across all WS units.

• Frequency multiplexing scheme: Alternatively, distinct dither frequency
pairs (ΩD,i,ΩM,i) can be assigned to each WS unit i, avoiding overlap between
the harmonics and enabling parallel calibration on a single combined output
detector, without the need for spatial demultiplexing.

In this work, the dither–tone–based calibration method was implemented sequen-
tially on single units, requiring about ∼ 20 minutes per WS–unit at the initialization
stage and about 3 minutes per unit for subsequent small phase adjustments. This
approach was already sufficient for our proof–of–principle demonstrations. However,
the above parallelization strategies could significantly reduce the overall calibration
time.

B.5 Additional quantum frequency processor char-
acterizations and simulations

Additional characterizations and details on the numerical simulations of the quantum
frequency processor are reported to support the interpretation of the experimental
results and to confirm the validity of the implemented transformations. The simu-
lations are based on the methods described in Ref. [218].

B.5.1 Additional linear characterizations

The spectra of the WS for all the implemented transformations are recorded to ex-
tract the losses at the FB–mode wavelengths. This is achieved by routing the light
between the main input/output channels and the two additional ones provided by
the PF MZI. These additional ports allow the light either to be sent through the
WS section only (and collected at the full–circuit output), or to be collected after
the source–only section (in which case it is injected through the main input). Ex-
amples of the spectra are shown in Figure B.8; the losses extracted at the resonant
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wavelengths are included in the analysis of the corresponding coincidence measure-
ments.

WS @4 idler FBs

𝜆1 2 3 4

−
𝝅

𝟐
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2 single rings to attenuate the side modes
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Figure B.8: WS and source spectra. (a) WS spectra (blue) for the QST configuration,
in the specific case where the phase difference between the idler modes is set to zero. (b)
WS spectra (blue) implemented for the anticorrelated QW. The source spectrum (green)
is superimposed to visualize the exact resonance positions.

B.5.2 Quantum walk data analysis and simulations

The quantum walks shown in Figure 4.20 include both experimental and simulated
results. Here, I report additional details regarding the simulations of the quantum–
walk dynamics.

The state at the input of the OUT PM, generated by the on-chip source, can
be written as |Ψ〉 = 1

N
∑5

l=0 βl |ll〉si, where N is a normalization constant. The
four frequency bins labeled 1 to 4 in Figure B.8 span the 4 × 4 Hilbert space of
interest, within which frequency-resolved coincidence measurements are performed.
The outer bins, labeled 0 and 5, also participate in the quantum walk but cannot be
measured due to the limited bandwidth (∼ 80GHz) of the off-chip filters used for
pump suppression. Frequency bins with indices l < 0 or l > 5 are excluded from the
simulations owing to the relatively small modulation depth (δ ∼ 0.8 rad) applied to
the OUT PM, which confines frequency-bin scrambling primarily to nearest neigh-
bors.

The coefficients |βl|2 for l = 1–4 are extracted directly from the measured JSI of
the source. The dominant source of inhomogeneity among the coefficients, clearly
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visible as a decreasing intensity along the main diagonal in the initial JSI panel, is
due to the pump-rejection filter, which imposes a sinusoidal envelope with a free
spectral range of 500GHz on the broadband frequency comb. This envelope is used
to extrapolate the values of |β0| and |β5|.

To extract the relative phases between the input frequency bins, the state |Ψ〉
was sent through the OUT PM with a modulation depth set to δ = 0.8 rad, and the
resulting JSI was measured, as shown in Fig. 4.20(b). We then employed a numer-
ical optimization procedure (scipy.optimize.minimize) to maximize the overlap
between the experimental JSI and the simulated distribution. The free parameters
in the optimization are the relative phases Arg(βl) for l = 1–5, with Arg(β0) = 0

serving as a reference. All other parameters were fixed based on independent ex-
perimental calibrations, including the modulation depth δ, the losses of each WS
channel, and the applied spectral phases {Φl}4l=1, which were all set to zero. We
find that the phases Arg(βl) maximizing the overlap between the simulated (JSIt)
and experimental (JSIe) JSIs all lie within ±0.1 rad. The simulation, shown in
Fig. 4.20(b), yields a fidelity of F = Tr(ABT )√

Tr(AAT ) Tr(BBT )
= 99.38(5)%, where A =JSIt

(theoretical model, fitted) and B =JSIe (experimental). This indicates that the
input frequency bins are mutually phase-aligned within experimental and numer-
ical uncertainty. Consequently, the generated photon pairs undergo a correlated
quantum walk, characterized by frequency correlations spreading away from the
main diagonal of the JSI [218].

To convert this behavior into an anti-correlated quantum walk, where frequency
correlations remain confined along the main diagonal, the input state must be trans-
formed into |Ψ〉ac = 1

N
∑5

l=0 |βl|eilπ |ll〉si; thus, a relative π phase shift must be
introduced between consecutive frequency bins. We achieve this transformation us-
ing the four-channel WS. Specifically, we apply to the four controlled modes the
phase pattern Φ1−4 = [−0.5π, 0.5π,−0.5π, 0.5π]. The resulting WS spectrum is
reported in Fig. B.8(b). The experimentally measured JSI corresponding to this
configuration is shown in Fig. 4.20(c). After the OUT PM, the frequency correla-
tions remain confined along the main diagonal, clearly indicating the transition to
an anti-correlated quantum walk. The fidelity between the experimental JSI and
the corresponding numerical simulation, accounting for both the introduced channel
losses and the Φ1−4 pattern, is F = 98.7(5)%.
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