
DEPARTMENT OF ELECTRICAL, COMPUTER AND BIOMEDICAL ENGINEERING

DOCTORAL SCHOOL IN MICROELECTRONICS

XXXVIII CYCLE

Ultrafast Lithium Niobate Modulators for

Quantum Communication

Author:

Andrea Bernardi

Supervisor:

prof. Daniele Bajoni

Dr. Federico Andrea Sabattoli





Contents

List of abbreviations vi

1 Introduction 1

I Theoretical background 3

2 Introduction to photonic integrated technologies 4

2.1 Fundamental building blocks . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.1.1 Waveguides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.1.2 Input and output couplers . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.1.3 Phase modulators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.1.4 Mach–Zehnder interferometer . . . . . . . . . . . . . . . . . . . . . . . 13

2.2 Technological platforms for integrated photonics . . . . . . . . . . . . . . . . . 14

2.2.1 Silicon-on-Insulator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.2.2 Silicon nitride (silicon nitride (SiN)) . . . . . . . . . . . . . . . . . . . . 17

2.2.3 Indium phosphide (indium phosphide (InP)) . . . . . . . . . . . . . . . 17

2.2.4 Thin-film lithium niobate thin-film lithium niobate (TFLN) . . . . . . . 18

2.3 Optical nonlinearities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.3.1 Second-order nonlinearities in lithium niobate . . . . . . . . . . . . . . 21

2.3.2 Third-order nonlinearities in Silicon . . . . . . . . . . . . . . . . . . . . 22

3 Introduction to quantum photonic technologies 25

3.1 The Qubit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.1.1 Multiple Qubits and Entanglement . . . . . . . . . . . . . . . . . . . . . 27

3.2 Qubit encoding using photons . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.2.1 Temporal encoding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.2.2 Polarization encoding . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.2.3 Spatial mode encoding . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.2.4 Frequency-bin encoding . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.3 Quantum applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.3.1 Computing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.3.2 Sensing and Metrology . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.3.3 Communication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.4 Entanglement as a quantum resource . . . . . . . . . . . . . . . . . . . . . . . . 40

3.4.1 Generation of entangled states . . . . . . . . . . . . . . . . . . . . . . . 42

iii



3.4.2 Entanglement in quantum communication . . . . . . . . . . . . . . . . 45

3.5 Quantum communication with temporal encoding . . . . . . . . . . . . . . . . 48

3.5.1 Time-energy entanglement . . . . . . . . . . . . . . . . . . . . . . . . . 48

3.5.2 Time-bin entanglement . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3.5.3 Loopholes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

II Results 59

4 Thin-Film Lithium Niobate Receiver for Quantum Communication 60

4.1 Device architecture and design strategy . . . . . . . . . . . . . . . . . . . . . . 61

4.2 Operating principles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

4.3 Optical switch design and simulation . . . . . . . . . . . . . . . . . . . . . . . 69

4.3.1 Electrode geometry and cross-section modeling . . . . . . . . . . . . . 71

4.3.2 Electro-optic overlap integral . . . . . . . . . . . . . . . . . . . . . . . . 72

4.3.3 RF performance and scattering parameter analysis . . . . . . . . . . . 74

4.4 Wafer-level processing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

4.4.1 Fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4.4.2 Characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

4.5 Chip-level processing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

4.5.1 Characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

4.5.2 Packaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

4.6 Module characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

4.6.1 Electro-optic bandwidth of the optical switch . . . . . . . . . . . . . . . 90

4.6.2 Driving voltage at 5 GHz . . . . . . . . . . . . . . . . . . . . . . . . . . 93

4.6.3 Electro-optic bandwidth of the unbalanced MZI . . . . . . . . . . . . . 95

4.6.4 Insertion loss . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

5 Entanglement certification 99

5.1 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

5.2 Source characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

5.3 Modeling experimental imperfections and system limitations . . . . . . . . . 104

5.4 Temporal characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

5.5 Bell inequality violation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

5.6 Quantum state tomography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

6 Quantum key distribution with time-bin encoding 116

6.1 Passive basis selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

6.1.1 Secret key statistical analysis . . . . . . . . . . . . . . . . . . . . . . . . 117

6.1.2 Experimental results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

6.1.3 Optimization of time-bin discrimination in the Z basis . . . . . . . . . 123

6.2 Active basis selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

6.2.1 Secret key statistical analysis . . . . . . . . . . . . . . . . . . . . . . . . 125

6.2.2 Experimental results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

iv



6.3 QKD performance under variable channel losses . . . . . . . . . . . . . . . . . 128

6.3.1 Variable optical attenuator . . . . . . . . . . . . . . . . . . . . . . . . . . 130

6.3.2 Spooled fiber . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

6.4 Source optimization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

7 Conclusions and perspectives 135

List of publications 138

Bibliography 139

Ringraziamenti 158

v



List of abbreviations

ASE amplified spontaneous emission.

AWG arbitrary waveform generator.

BOX buried oxide.

BQP bounded-error quantum polynomial time.

BSM Bell-state measurement.

BTO barium titanate.

CAR coincidence-to-accidental ratio.

CHSH Clauser–Horne–Shimony–Holt.

CPW coplanar waveguide.

CV-QKD continuous-variable quantum key distribution.

DBR distributed Bragg reflector.

DV-QKD discrete-variable quantum key distribution.

DWDM dense wavelength-division multiplexing.

EBQKD entanglement-based quantum key distribution.

EO electro-optic.

EPR Einstein–Podolsky–Rosen.

ER extinction ratio.

FAU fiber array unit.

FCA free-carrier absorption.

FCD free-carrier dispersion.

FDE finite-difference eigenmode.

FSR free spectral range.

FWHM full width at half maximum.

FWM four-wave mixing.

G-S-G ground-signal-ground.

GBS Gaussian boson sampling.

vi



GVD group velocity dispersion.

InP indium phosphide.

ITU International Telecommunication Union.

JSI joint spectral intensity.

JTI joint temporal intensity.

LHVM local hidden variable model.

LN lithium niobate.

LNOI lithium niobate on insulator.

MMI multi-mode interferometer.

MPW multi-project wafer.

MZI Mach–Zehnder interferometer.

MZM Mach–Zehnder modulator.

PDK process design kit.

PIC photonic integrated circuit.

PPKTP periodically poled potassium titanyl phosphate.

PPLN periodically poled lithium niobate.

PRBS pseudo-random bit sequence.

PSL post-selection loophole.

PSR polarization splitter-rotator.

PVM projection-valued measurement.

QBER quantum bit error rate.

QFT quantum Fourier transform.

QKD quantum key distribution.

QPM quasi-phase matching.

QRNG quantum random number generator.

QST quantum state tomography.

RF radio frequency.

RIE reactive-ion etching.

SFWM spontaneous four-wave mixing.

SHG second-harmonic generation.

SiN silicon nitride.

vii



SKR secret key rate.

SNR signal-to-noise ratio.

SNSPD superconducting nanowire single-photon detector.

SOI silicon-on-insulator.

SPDC spontaneous parametric down-conversion.

SPM self-phase modulation.

SQL standard quantum limit.

TE transverse electric.

TES transition-edge sensors.

TFLN thin-film lithium niobate.

THG third-harmonic generation.

TIR total internal reflection.

TM transverse magnetic.

TPA two-photon absorption.

TPS thermo-optic phase shifter.

TWE traveling-wave electrodes.

VNA vector network analyzer.

VOA variable optical attenuator.

XPM cross-phase modulation.

viii



Chapter 1

Introduction

Quantum systems, described by the principles of quantum mechanics, formulated in the

early 20th century, exhibit unique and counterintuitive properties such as superposition and

entanglement, governed by a well-defined set of postulates. In recent years, advances in

technology have made it possible to actively manipulate and control quantum systems, en-

abling experimental access to phenomena that were once purely theoretical. As a result, a

new class of quantum technologies has emerged, exploiting the properties of quantum me-

chanics to achieve results that would be impossible using classical methods. These develop-

ments have given rise to several promising fields, including quantum communication [1, 2],

quantum computation [3, 4], and quantum metrology and sensing [5], each demonstrating

remarkable advantages for specific applications.

Among the various branches of quantum technologies, quantum communication, and in

particular quantum key distribution (QKD), represents one of the most advanced and com-

mercially promising applications that are in the early stages of market development. QKD

provides a solution to the vulnerabilities of classical communication systems by enabling

the secure exchange of cryptographic keys guaranteed by the laws of quantum mechanics

rather than computational complexity. As in classical telecommunications based on optical

fiber networks, light naturally emerges as the most suitable carrier of quantum information:

photons not only propagate with low loss over long distances, but also provide an ideal

platform for encoding and manipulating quantum states.

Building on this foundation, numerous demonstrations of quantum communication sys-

tems have been reported [6–10]. A major recent trend, however, is the development of quan-

tum technologies based on integrated photonic platforms, capable of generating, manipulat-

ing, and detecting single photons on a chip, an approach commonly referred to as integrated

quantum photonics [11–13]. Quantum photonic chips play a pivotal role in enabling the

miniaturization, stability, and scalability of quantum systems. In addition, integrated plat-

forms offer significant advantages in terms of cost, robustness, and reproducibility, which

are essential prerequisites for the large-scale deployment of quantum technologies. Several

on-chip components relevant to quantum communication have already been demonstrated,

including sources of nonclassical light [14, 15], quantum photonic circuits for state process-

ing [16], and integrated single-photon detectors [17, 18].

This thesis presents the development of an integrated quantum photonic circuit based

on the thin-film lithium niobate (TFLN) technological platform, designed to operate as a
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Chapter 1. Introduction

reconfigurable quantum state projector. The realized quantum receiver is tailored for the

manipulation of quantum states encoded in the time degree of freedom, and is specifically

engineered to address an intrinsic security issue of time-bin encoding, the temporal post-

selection loophole (PSL) [19]. The thesis includes the experimental demonstration of dif-

ferent quantum applications, including an entanglement-based quantum key distribution

(EBQKD) protocol implemented using the developed integrated photonic circuit.

The first two chapters provide the theoretical background necessary to introduce and

contextualize the development of the proposed device. Chapter 2 presents a review of inte-

grated photonics, describing the main building blocks that, when combined, enable a wide

range of applications. Many of these components are also incorporated into the integrated

circuit developed in this work. In addition, this chapter includes a discussion of various

technological platforms, highlighting their main features and typical fields of application.

Chapter 3 provides an overview of quantum applications, with particular focus on systems

that exploit photons as elementary qubit carriers. The chapter concludes with a detailed dis-

cussion of time-domain quantum state encoding, outlining its main features and challenges,

and defining the issues that the presented device aims to address. Chapter 4 presents the

design and development of the integrated quantum circuit, covering the entire process from

simulations and design layout to wafer- and chip-level characterization. The chapter also

includes details on the packaging of the circuit, integrating both electrical and optical con-

nections for full operability.

In Chapter 5, the experimental demonstrations that validate the quantum nature of the

system are presented, including entanglement certification and quantum state tomography

(QST) of the generated time-bin entangled photon pairs, both enabled by the manipulation

capabilities of the developed quantum receiver. Chapter 6 introduces two distinct imple-

mentations of an EBQKD protocol, enabled by the device’s reconfigurability. The different

configurations and their associated trade-offs are analyzed and discussed in detail. Finally,

the main results and features of the developed system are summarized, comparing them

with the current state of the art and outlining possible future improvements and applica-

tions.
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Theoretical background
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Chapter 2

Introduction to photonic integrated

technologies

Photonics is the science and technology of generating, guiding, controlling, amplifying, and

detecting light. Light possesses remarkable physical properties, such as its extremely high

propagation speed, multiple controllable degrees of freedom (intensity, phase, polarization,

and wavelength), the ability to propagate through diverse media with minimal perturba-

tion, and its efficiency in transferring energy. These unique features make light an ideal

carrier of both information and power, enabling a broad range of applications. As a result,

photonic technologies play a central role in modern society, underpinning fields such as op-

tical fiber telecommunications [20, 21], biomedical and environmental sensing [22, 23], solid-

state lighting [24], advanced manufacturing [25], and emerging quantum technologies [26],

among many others [27].

Today, many photonic applications benefit from integration and miniaturization at chip

level, following a developmental trajectory reminiscent of the rapid scaling of the electronics

industry that began in the 1960s. While electronics is based on the control of electrons,

photonics revolves around the manipulation of photons. The rise of integrated photonics has

been largely enabled by the technological maturity of materials and fabrication techniques

originating from the microelectronics industry.

Beginning in the 1980s, researchers adapted CMOS-compatible silicon fabrication plat-

forms to realize photonic components [28–30]. During this period, substantial effort was

devoted to developing standardized photonic building blocks such as waveguides, modula-

tors, couplers, and photodetectors, that could be co-integrated within a single optical chip.

The rapid growth of fiber-optic communications accelerated this transition and continues to

drive the demand for scalable and reliable photonic solutions to satisfy the increasing global

data traffic.

As in electronics, reducing the footprint of photonic components enables the dense in-

tegration of multiple functions on a single platform [31]. Miniaturization also offers key

advantages in terms of performance [32], energy efficiency [20], and reliability [31]. More-

over, the compatibility of photonic platforms with CMOS fabrication processes allows for

high-volume, cost-effective, and scalable production of photonic integrated circuits (PICs).

These characteristics have established integrated photonics as a cornerstone technology for

next-generation optical systems.

4



Chapter 2. Introduction to photonic integrated technologies

The evolution of integrated photonics is often compared to the microelectronics as the

photonic analogue of Moore’s law. However, a few important distinctions exist. Unlike

electronics, photonics lacks a universal building block equivalent to the transistor [33]. Fur-

thermore, integrated photonic platforms are typically customized for specific applications,

and fabrication costs remain significantly higher [34]. In contrast, electronic hardware bene-

fits from economies of scale and a broad ecosystem of standardized components and design

tools, enabling faster and more generalized technological progress. These factors have re-

sulted in a slower scaling rate for photonics compared to electronics.

Nevertheless, this slower evolution presents valuable opportunities for innovation at

both the device and system levels. In particular, although silicon photonics has achieved

remarkable success, the intrinsic limitations of silicon motivate the exploration of comple-

mentary material systems. For instance, the indirect bandgap of silicon prevents efficient

light emission, necessitating the use of III–V compound semiconductors such as indium

phosphide (InP) to realize on-chip lasers and amplifiers. Similarly, materials such as lithium

niobate (LN) and silicon nitride (SiN) provide strong electro-optic (EO) or second-order non-

linear responses, wide optical transparency windows, and low propagation losses. Together,

these alternative platforms significantly extend the functionality of integrated photonic sys-

tems, enabling a broader range of advanced applications in communications, sensing, and

quantum technologies [11].

Building on these developments, research efforts are now actively exploring hybrid and

heterogeneous integration combining multiple material platforms such as silicon, III–V semi-

conductors, and LN within the same chip. These hybrid approaches aim to merge the

strengths of different materials, enabling functionalities and performance levels that can-

not be achieved with a single platform [35, 36]. Recent advances are expanding the scope

of integrated photonics well beyond traditional telecommunication applications. Emerging

areas include biosensing [37], quantum information processing [11], and optical neural net-

works [38], where PICs are increasingly recognized as key enabling technologies.

In this chapter, I first review the fundamental building blocks employed across vari-

ous integrated photonic platforms to realize the basic functionalities. For each block, a de-

scription and its working principle are provided, since most of these components are imple-

mented in the integrated photonic module developed during this PhD project. The second

section presents an overview of the most widely adopted integrated photonic platforms,

emphasizing their respective advantages, limitations, and application domains. Finally, the

last section focuses on the nonlinear optical properties of materials and their applications.

Particular attention is given to third-order nonlinearities in silicon and second-order nonlin-

earities in LN, as these represent two of the most efficient and widely exploited mechanisms

in nonlinear optics. Such properties enable the realization of key building blocks for diverse

applications, including those employed in the experimental demonstrations of the quantum

protocols described in Chapters 5 and 6.
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Chapter 2. Introduction to photonic integrated technologies

2.1 Fundamental building blocks

In this section, I review the fundamental building blocks considered essential for the manip-

ulation of light, outlining their working physical principles and key characteristics within

integrated photonic systems. These components are typically based on the same underlying

physical principles but have been implemented in different material platforms, each exhibit-

ing distinct performance characteristics.

Over the years, these building blocks have been continuously optimized to fulfill specific

functional requirements, depending on the target application and the properties of the cho-

sen platform. When properly combined and engineered, these photonic components enable

the realization of complex integrated circuits.

2.1.1 Waveguides

A waveguide is an optical structure designed to confine and guide light along a defined

path. Waveguides are fundamental components of integrated optical circuits, as they enable

the routing and distribution of optical signals within a chip.

The guiding property of a waveguide relies on the principle of total internal reflection

(TIR). This occurs at the interface of two dielectric media with different refractive indices

when light propagates from a medium of higher refractive index n1 into one with a lower

refractive index n2 (n1 > n2). As illustrated in Figure 2.1a, this mechanism provides confine-

ment in the vertical dimension (x-axis). In practical devices, confinement must also occur lat-

erally in the plane perpendicular to the propagation direction (xy-plane), which is achieved

by surrounding the guiding region (core) with cladding materials of lower refractive index.

While this geometrical description provides useful intuition, it is only accurate when the

waveguide dimensions are significantly larger than the optical wavelength. For integrated

photonic waveguides, where feature sizes are typically comparable to the wavelength due

to the high refractive index contrast between core and cladding material, a full electromag-

netic analysis is required as the TIR picture alone is insufficient to accurately describe light

propagation.

To rigorously analyze waveguide behavior, Maxwell’s equations are applied to the sys-

tem. In a lossless, source-free medium, they can be written as:

{

∇× H = iωϵ0n2E,

∇× E = −iωµ0H,
(2.1)

where E and H denote the electric and magnetic fields, ω is the angular frequency, ϵ0 and

µ0 are the vacuum permittivity and permeability, and n is the refractive index. By applying

boundary conditions that enforce field continuity at dielectric interfaces, and considering

confinement in the transverse (x, y) plane with propagation along the z-direction, the field

solutions can be expressed as:

{

E(x, y, z, t) = Em(x, y) ei(ωt−βz),

H(x, y, z, t) = Hm(x, y) ei(ωt−βz),
(2.2)

6



2.1. Fundamental building blocks

where Em and Hm represent the mode field distributions, and β is the propagation constant.

The guided modes of a waveguide are generally classified as either transverse electric

(TE) or transverse magnetic (TM), depending on which longitudinal field component van-

ishes. In TE modes, the longitudinal electric field component Ez is zero and Hz is nonzero,

while for TM modes, the longitudinal magnetic component Hz vanishes, with nonzero elec-

tric component Ez. From the Maxwell’s equations, it can be shown that the remaining field

components are nonzero and related to Ez and Hz [39].

When the transverse dimensions of a waveguide are sufficiently large, higher-order modes

can propagate alongside the fundamental one. The fundamental mode, denoted TE00 or

TM00, exhibits a single intensity maximum across the transverse cross-section, as shown in

Figure 2.1b. Higher-order modes, labeled TEnm or TMnm, display multiple intensity maxima

and nodes, where n and m correspond to the number of field nodes along the transverse

dimensions of the core. For instance, Figure 2.1c illustrates the higher-order mode TE01 in a

rib waveguide structure.

Exact analytical solutions for complex integrated geometries are generally not feasible,

so numerical methods are used to solve for the optical modes. finite-difference eigenmode

(FDE) solvers [40] are widely employed to compute mode profiles, effective refractive in-

dices, and propagation constants for arbitrary waveguide structures.

The propagation constant β describes the mode’s propagation behavior. If β is real, the

mode is guided and propagates; if β is imaginary, the mode is evanescent and decays expo-

nentially, and if β is complex, the mode is leaky and loses energy during propagation. For

guided modes (β ∈ R), β satisfies

n2
ω

c
< β < n1

ω

c
,

which ensures exponential decay in the cladding and confinement within the core. The

propagation constant can also be expressed as:

β = neff
ω

c
, (2.3)

where neff is the effective refractive index of the mode, bounded between the refractive in-

dices of the core and cladding (n2 < neff < n1).

In general, β depends on the optical frequency and provides information about the mode’s

chromatic dispersion. A propagating mode at different frequencies experiences a change in

β due to waveguide dispersion, which arises because the modal field distribution varies with

wavelength. An additional contribution, known as material dispersion, results from the in-

trinsic frequency dependence of the refractive indices n1(ω) and n2(ω). The total dispersion

can be described by expanding β(ω) in a Taylor series around the central frequency ω0:

β(ω) = β0 + β1(ω − ω0) +
1

2
β2(ω − ω0)

2 +
1

6
β3(ω − ω0)

3 + · · · , (2.4)

where each coefficient βn has a distinct physical meaning:

• β0: the phase constant at ω0, related to the phase velocity vp = ω0/β0;
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Chapter 2. Introduction to photonic integrated technologies

• β1: the inverse of the group velocity, vg = 1/β1, describing pulse envelope propaga-

tion;

• β2: the group velocity dispersion (GVD) parameter, responsible for pulse broadening

and chirping;

• β3: the third-order dispersion term, relevant for ultrashort or broadband optical pulses.

Another important waveguide parameter is the propagation loss, which can be expressed

through the imaginary part of the refractive index:

n = neff + inim, (2.5)

where nim accounts for optical losses. These losses are typically expressed per unit length

through the attenuation coefficient

α = nim
ω

c
.

Substituting this expression into Eq. (2.2) yields an exponentially decaying field intensity

along the propagation direction z:

{

E(z) = E(0) e−αz,

H(z) = H(0) e−αz.
(2.6)

Losses cause exponential attenuation of the optical power along the propagation direc-

tion and originate from several mechanisms. One contribution arises from material absorp-

tion, when the waveguide material is not fully transparent at the operating wavelength or

contains fabrication-induced defects and impurities. A second, and often dominant, con-

tribution in integrated waveguides is sidewall scattering, caused by surface roughness at the

core–cladding interface due to imperfections in the fabrication process.

In summary, waveguide design involves balancing multiple factors to optimize perfor-

mance for a given application. Increasing the waveguide cross-section enhances mode con-

finement and reduces scattering loss for the fundamental mode, but it also increases the

probability of supporting higher-order modes. Since single-mode operation is generally pre-

ferred to avoid mode-dependent distortion and coupling inefficiency, the geometry is typi-

cally chosen so that only the fundamental mode is supported at the operating wavelength.

Even under single-mode conditions, the design must also account for chromatic dispersion

management and fabrication tolerances, which together determine the final performance of

the integrated optical system.

2.1.2 Input and output couplers

To effectively use an integrated optical circuit, it is essential to couple light into and out

of the chip. This step is crucial for interfacing the PIC with external components such as

lasers, detectors, or other elements involved in optical signal processing. In most cases,

coupling is achieved using optical fibers, as they are well-suited for long-distance optical

signal transmission due to their low propagation losses and wide availability.
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Figure 2.1: Waveguide propagation. a) Representation of the TIR phenomenon by ray-optics schematic in a
slab waveguide, with n1 > n2. FDE simulation of the electric field intensity of propagating modes: (b) the TE00

fundamental mode and (c) the TE01 higher-order mode, supported due to the sufficiently large waveguide
width.

Integrated photonic platforms generally exhibit a high refractive index contrast (e.g.,

Si/SiO2: 2.04, TFLN/SiO2: 0.76, Si3N4/SiO2: 0.6), leading to strong optical confinement

within the waveguide core. This confinement results in a small mode-field diameter, typi-

cally on the order of 1 µm, in contrast to the 10 µm mode-field diameter of standard single-

mode fibers such as SMF28 [41]. While strong confinement is advantageous for compactness

and enables dense integration of photonic components, it also introduces a substantial mode

mismatch with optical fibers, significantly reducing coupling efficiency and increasing inser-

tion loss.

To mitigate this issue, coupling structures are employed to gradually transform the tightly

confined on-chip mode into a larger optical mode that better overlaps with the fiber mode.

Several strategies have been developed for this purpose, among which the two most widely

adopted are: (i) edge coupling, which typically employs inverse tapers and mode expanders to

enlarge the optical mode at the chip facet, and (ii) grating couplers, which use surface-etched

periodic structures to couple light vertically between the chip and the fiber. Each approach

presents specific advantages and limitations depending on the application requirements,

and their relative performance is discussed in the following sections.

Edge couplers Also referred to as butt-couplers, these operate by terminating the on-chip

waveguide at the chip lateral facet, where the waveguide is adiabatically tapered to grad-

ually expand the mode effective area. The objective is to enlarge the on-chip optical mode

to better match the mode field diameter of an optical fiber, thereby reducing mismatch and

minimizing coupling losses. In this configuration, light is injected directly into the waveg-

uide through the polished edge of the chip, which requires careful dicing and cleaving to

achieve smooth facets and reduce scattering losses due to surface roughness.

When tapering alone is insufficient to match the fiber mode, alternative external solutions

can be used to reduce the mode-field diameter by focusing effect as shown in Figure 2.2. For

example, lensed fibers that are terminated with a curved interface to produce a focusing

effect [42], can reduce the optical spot size to typically between 2 µm and 6 µm, improving

overlap with the confined waveguide mode. Alternatively, high-numerical-aperture fibers

with smaller mode field diameters can be employed [43].
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Figure 2.2: Edge coupler. Schematic of an inverse-taper edge coupler, where light is coupled using a mi-
crolensed fiber. Figure from ref. [50].

Edge coupling generally provides relatively low coupling losses. State-of-the-art values

below 1 dB per facet have been reported for TFLN [44–47], around 0.7 dB for silicon photon-

ics [48], and even lower for SiN platforms, where coupling losses below 0.1 dB have been

demonstrated [49]. Moreover, edge couplers typically offer a broad coupling bandwidth, of-

ten exceeding 100 nm and are also less sensitive to polarization than grating couplers, mak-

ing them particularly attractive for applications requiring polarization diversity.

However, edge coupling requires precise alignment between the fiber and the chip facet,

as well as high-quality facet preparation often involving polishing and, in some cases, the

use of anti-reflective coatings to suppress back reflections, which can be detrimental in spe-

cific applications. These requirements can complicate packaging and increase fabrication

costs.

Grating couplers Grating couplers operate on the principle of diffraction from a periodic

structure formed by alternating sections of high-index guiding material and lower-index

cladding. With appropriate design, they can achieve efficient vertical coupling of light into

and out of the waveguide at a well-defined angle with respect to the chip plane. The main

design parameters include the grating period, the duty cycle (also known as the fill factor,

i.e., the ratio between etched and unetched regions), and the etch depth, as shown in Fig-

ure 2.3a and in the zoomed view in Figure 2.3b. Physically, each grating period acts as a

small scattering source that radiates light into free space. When the grating period is prop-

erly engineered, the scattered waves from each period interfere constructively at a specific

angle, defined by the phase-matching condition.

A major advantage of grating couplers is their ability to couple light through the top

surface of the chip, enabling wafer-level optical testing. This is particularly useful during

fabrication, as it allows in-line wafer characterization without requiring chip dicing. It also

facilitates coupling to multiple neighboring devices or to multiple structures on the same

chip.
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Figure 2.3: Grating coupler. a) and b) Scanning electron microscope image of a TFLN surface grating coupler
showing key design parameters: period, duty cycle, and etch depth. c) Schematic of the coupling mechanism
between an optical fiber and the grating coupler. Figure from ref. [51].

However, due to their diffraction-based nature, grating couplers exhibit strong wave-

length dependence. At a fixed incident angle, the coupling bandwidth is typically limited to

a few tens of nanometers. This narrow bandwidth arises directly from the phase-matching

condition required for efficient diffraction-based coupling. Moreover, grating couplers gen-

erally exhibit higher coupling losses compared to edge-coupling techniques, mainly due to

mode mismatch between the fiber and the emitted grating mode, penetration of light into

the substrate, and back reflections from both the fiber and the grating interfaces [51]. In

addition, practical implementations must account for fabrication constraints. For example,

in TFLN platforms, limitations such as non-vertical sidewalls and minimum feature sizes

imposed by the etching process (as shown in Figure 2.3b) can restrict design flexibility and

impact coupler performance.

Despite these limitations, significant progress continues to be made. Recent demonstra-

tions on silicon photonics have reported insertion losses as low as 0.34 dB with 1-dB band-

widths exceeding 20 nm [52], and several works have achieved sub-1 dB coupling losses [53–

56]. Similarly, for TFLN, coupling losses below 1 dB with 1-dB bandwidths around 45 nm

have been demonstrated [57].

2.1.3 Phase modulators

Phase modulation of light is a fundamental functionality in integrated photonic platforms,

enabling a wide range of applications. Therefore, the availability of efficient and tunable

phase modulators is of primary importance. Practical examples include coherent and inco-

herent optical communication protocols, frequency comb generation, stabilization of reso-

nant structures such as ring resonators, and phase control in various types of interferome-

ters, such as Mach–Zehnder interferometers (MZIs), discussed in the following section.

The variation of the optical phase can be induced by modifying the refractive index of

the material where the light propagates, therefore inducing a variation of the effective refrac-

tive index (ne f f , defined in Eq. 2.3) experienced by the propagating mode in the integrated

waveguide. This index change can be achieved by exploiting different physical mechanisms

depending on the material platform. Some of the most relevant mechanisms are described

below.
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thermo-optic phase shifters (TPSs). In TPSs, the refractive index variation is induced by

a local change in the waveguide temperature. This is typically achieved by placing a thin

metal layer (e.g., Ti, TiN, or Au) in close proximity to the waveguide. When a current flows

through the metal, resistive heating occurs via the Joule effect, locally increasing the waveg-

uide temperature. The dissipated thermal power follows Ohm’s law as P = VI. A key

design trade-off exists in the heater–waveguide spacing: placing the heater closer improves

modulation efficiency but increases propagation losses due to metal-induced absorption,

whereas larger separations reduce heating efficiency.

A drawback of this approach is its relatively low modulation speed, since thermal pro-

cesses are inherently slow. Typical modulation bandwidths do not exceed the tens of kilo-

hertz range. Additionally, when multiple waveguide heaters are placed in close proximity,

thermal crosstalk can occur [58, 59], where heat from one TPS diffuses into neighboring re-

gions, unintentionally altering the operating point of nearby photonic components. Despite

these limitations, TPSs remain widely used for setting and stabilizing static operating points

in integrated devices, owing to their simplicity, CMOS compatibility, and compact design.

The efficiency of the thermo-optic effect is quantified by the thermo-optic coefficient, which

relates the refractive index variation to the temperature change. Typical values at a wave-

length of 1550 nm are:

• Silicon: 1.8 × 10−4 K−1 [60];

• SiN: 2.45 × 10−5 K−1 [61];

• LN: 3.95 × 10−5 K−1 [62].

EO phase modulators. In EO modulators, a phase shift is induced by an externally applied

electric field that modifies the refractive index via the linear EO (Pockels) effect. This effect

occurs only in crystalline non-centrosymmetric materials (i.e., materials that lack inversion

symmetry) such as LN, barium titanate (BaTiO3), and III–V semiconductors such as InP and

aluminum gallium arsenide (AlGaAs), but is absent in centrosymmetric materials like silicon

(Si). The refractive index change is proportional to the applied electric field:

∆n ∝ rE, (2.7)

where r is the EO coefficient and E is the applied electric field. A detailed physical descrip-

tion of the Pockels effect is provided in Section 2.3.1.

The EO modulators based on the Pockels effect can, in principle, achieve extremely high

modulation speeds, as the refractive index change follows the electric field nearly instan-

taneously. Two key figures of merit characterize their performance: the 3-dB modulation

bandwidth, defined as the frequency at which the modulation response drops to 50% of its

maximum value, and the half-wave voltage Vπ , the voltage required to induce a phase shift of

π radians.
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Recent advances have focused on optimizing electrode and circuit designs to maximize

electric field overlap with the optical mode. TFLN modulators, in particular, have demon-

strated modulation frequencies exceeding 100 GHz, with Vπ values in the range of 1–3 V, de-

pending on device geometry [63]. Thanks to their combination of large bandwidth, low drive

voltage, and low optical loss, EO modulators are widely used in classical optical communica-

tion systems for high-speed data transmission at hundreds of gigabits per second. They are

also increasingly relevant for quantum applications, where fast and low-noise phase control

is critical.

p–n and p–i–n junction modulators. Another approach for phase modulation in inte-

grated photonics is based on altering the effective refractive index via free-carrier injection

or depletion. This mechanism is particularly important in silicon photonics, where the lack

of the Pockels effect necessitates alternative high-speed modulation strategies. In this ap-

proach, compatible with standard CMOS fabrication, a p–n or p–i–n junction is integrated

along the waveguide core. By applying a forward or reverse bias across the junction, carri-

ers are injected or depleted in the guiding region, thereby changing the carrier concentration

and the effective refractive index through the plasma dispersion effect.

However, this method introduces intrinsic trade-offs. Carrier injection increases free-

carrier absorption (FCA), leading to additional optical losses [29]. To improve modulation ef-

ficiency, larger depletion regions and optimized junction geometries have been proposed [64,

65]. These designs, however, often trade lower drive voltages for increased capacitance,

which limits the achievable modulation bandwidth.

Despite these challenges, state-of-the-art silicon p–i–n modulators have demonstrated

modulation bandwidths in the tens of GHz range, with optimized designs achieving sub-

volt Vπ values [66]. This makes them a practical and scalable solution for integrated photon-

ics, particularly in platforms where the Pockels effect is absent.

2.1.4 Mach–Zehnder interferometer

The MZI is one of the most widely used devices in photonic applications for controlling the

intensity of an optical signal. Its operation relies on the principle of interference between

two optical paths, enabling modulation of the output power by adjusting the relative phase

difference between the arms.

As illustrated in Figure 2.4a, the MZI consists of an input optical beam splitter, typi-

cally implemented in integrated photonic platforms as a directional coupler or a multi-mode

interferometer (MMI) coupler, which divides the incoming optical signal into two paths

(arms). One or both arms contain a phase modulation section, and the paths are then re-

combined in a second coupler characterized by 2 input and 2 output ports (2×2 coupler),

where interference occurs. The relative phase shift between the two arms, ϕ1 and ϕ2, can be

introduced using any of the techniques described in the previous section such as thermo-

optic, EO, or free-carrier-based modulation depending on the material platform and desired

performance. Assuming symmetric interferometric paths and a balanced 2×2 coupler, the
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output powers at the two output ports are given by:

POUT, bar = PIN,1 sin2

(

∆ϕ

2

)

+ PIN,2 cos2

(

∆ϕ

2

)

, (2.8)

POUT, cross = PIN,1 cos2

(

∆ϕ

2

)

+ PIN,2 sin2

(

∆ϕ

2

)

, (2.9)

where PIN,1 and PIN,2 are the optical input powers, and ∆ϕ = ϕ1 − ϕ2 is the differential phase

shift between the two arms. By varying ∆ϕ, the output intensity can be tuned between a

minimum (destructive interference) and a maximum (constructive interference), allowing

precise control of the transmitted optical power. The two output ports exhibit complemen-

tary transmission as a function of ∆ϕ.

The performance of an MZI modulator can be characterized using several key figures of

merit. One of the most important is the extinction ratio (ER), which quantifies the modulator’s

ability to suppress the optical signal. It is typically expressed in decibels (dB) as the ratio

between the maximum and minimum output powers:

ER (dB) = 10 log10

(

Pmax

Pmin

)

.

In an ideal case, the MZI would exhibit an infinite ER (Pmin → 0), corresponding to complete

destructive interference. In practice, however, the ER is finite due to imperfections such

as unequal propagation losses between the two interferometer arms, unbalanced splitting

ratios in the 2×2 couplers, or any fabrication-induced asymmetries. These imperfections

prevent perfect destructive interference, thereby reducing the achievable ER and limiting

performance in applications that require high contrast between optical states.

As an example, Figure 2.4b reports the measured output power of an MZI as a function

of the applied thermal power for the integrated optical circuit developed in this work and

described in Chapter 4. In this case, the recorded ER is about 20 dB, likely limited by the un-

balanced optical path lengths of the two interferometric arms, which differ by approximately

1.3 cm.

Since an MZI modulator necessarily incorporates at least one phase modulator, other

figures of merit are the half-wave voltage Vπ and the 3-dB EO bandwidth. These parameters

are determined by the underlying modulation mechanism and the material platform, as

discussed in the previous section, and they influence both the modulation speed and the

efficiency of the MZI.

2.2 Technological platforms for integrated photonics

Beyond silicon photonics, research in integrated photonic platforms has expanded to a wide

variety of material systems. The motivation behind this diversification is to overcome the

intrinsic limitations of silicon and to meet the distinct performance requirements of various

applications. Silicon suffers from several fundamental drawbacks: it is not suitable for light

detection in the telecommunication band (its absorption range extends from approximately

200 nm to 1100 nm); it cannot efficiently emit light at any wavelength due to its indirect
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a) b)

Figure 2.4: Mach–Zehnder interferometer (MZI). a) Schematic representation of an integrated MZI consisting
of two 2×2 couplers and phase modulation sections in each arm. b) Measured output power as a function of
the applied thermal power for a TFLN-based MZI device. The observed ER of approximately 20 dB is limited
by the unbalanced arm lengths of about 1.3 cm.

Figure 2.5: Schematic of integrated photonic wafer structures. Standard wafer structure typically involved in
different technological platforms, such as SOI, SiN, and TFLN wafers.

bandgap; it lacks second-order optical nonlinearity because of its centrosymmetric crystal

structure, and when its third-order nonlinearity is exploited, nonlinear absorption processes

such as two-photon absorption (TPA) introduce additional losses and limit performance.

Silicon photonics, also known as silicon-on-insulator (SOI), is based on a multilayer stack

comprising a thin crystalline silicon device layer, a buried oxide (BOX) layer of silicon diox-

ide, and a thick silicon substrate. Optical waveguides and components are patterned within

the silicon device layer. In alternative material platforms, including those discussed below,

the silicon device layer is replaced by a different optical material, while the underlying sil-

icon substrate and BOX are often retained, as shown schematically in Figure 2.5. In most

cases, a top cladding layer of silicon dioxide is also deposited to protect the optical layer.

In the following, some of the most widely adopted photonic integration platforms are

compared: SOI, SiN, InP, and TFLN. Their main features, advantages, and limitations are

discussed, highlighting their relevance for integrated photonics. Finally, Table 2.1 summa-

rizes the main features and performance metrics of the described different platforms.
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2.2.1 Silicon-on-Insulator

Silicon photonics rapidly gained importance thanks to its compatibility with CMOS fabrica-

tion processes. During the 2000s, it experienced significant acceleration, primarily driven by

the growing demand for high-bandwidth optical communication. Today, silicon photonics

represents the most mature and robust photonic platform, supported by a well-established

ecosystem covering design, fabrication, and packaging. The availability of multi-project

wafers (MPWs) services enables even small research groups without in-house cleanroom fa-

cilities to access advanced silicon photonic technologies at reduced cost. These services rely

on verified process design kits (PDKs) that include standardized components and ensure

reliable fabrication [67].

The optical properties of silicon components are primarily determined by the high refrac-

tive index contrast between silicon and silicon dioxide (∆n ≈ 2.04), which allows for strong

light confinement and highly compact devices. Typical propagation losses are in the range of

1–2 dB/cm, mainly caused by sidewall scattering, although the exact values depend strongly

on fabrication quality and waveguide geometry. Silicon is transparent over the wavelength

range from approximately 1.1 µm to 4 µm, covering the main telecommunication bands and

part of the near-infrared spectrum.

Silicon photonics supports a wide variety of passive components, including waveguides,

MMIs, grating couplers, and edge couplers. For active devices, silicon enables TPSs and p–

i–n modulators based on the plasma dispersion effect. However, due to its indirect bandgap,

silicon cannot provide light emission or optical amplification. To overcome this limitation,

several approaches have been proposed, the most successful being the heterogeneous inte-

gration of silicon with III–V semiconductors [68].

Beyond linear applications, silicon is also widely exploited for its third-order optical non-

linearity (χ(3), see Section 2.3.2). With proper engineering of dispersion and phase-matching

conditions, silicon waveguides enable efficient nonlinear processes such as four-wave mix-

ing (FWM), self-phase modulation (SPM), and third-harmonic generation (THG). The strong

optical confinement achievable in integrated waveguides further enhances the efficiency of

these effects. Such nonlinear capabilities allows for various applications, including wave-

length conversion [69], entangled photon-pair generation [70], nonlinear microscopy [71],

and soliton generation [72].

However, these nonlinear processes are fundamentally limited by optical absorption

mechanisms in silicon. The most significant is TPA [73], in which two photons are simul-

taneously absorbed, exciting an electron from the valence band to the conduction band.

This effect is particularly detrimental at telecommunication wavelengths (around 1.55 µm),

where the combined energy of two photons exceeds the silicon bandgap. The generated free

carriers induce both FCA [74] and free-carrier dispersion (FCD), which introduce additional

losses and degrade the efficiency of nonlinear processes.

Finally, photodetectors operating at telecommunication wavelengths in the O (1310 nm)

and C (1550 nm) bands can be monolithically integrated on silicon chips through CMOS-

compatible epitaxial growth of germanium on silicon. These devices, typically realized as

reverse-biased p–i–n junctions, provide broadband response (up to tens of GHz) and rep-

resent a reliable and cost-effective solution for optical receivers within the silicon photonics
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platform [67].

2.2.2 Silicon nitride (SiN)

SiN has emerged as a complementary material to silicon in integrated photonics, offering

key advantages such as ultra-low propagation loss, negligible TPA at telecommunication

wavelengths, and a broad transparency window. Compared to silicon, SiN exhibits a lower

refractive index contrast with a silicon dioxide cladding (∆n ∼ 0.6). Although this results in

larger device footprints, it provides important benefits, including improved fabrication tol-

erance, enhanced phase stability against imperfections, and reduced scattering losses from

sidewall roughness [75]. As a result, SiN waveguides have demonstrated state-of-the-art

propagation losses below 0.1 dB/cm [76].

These properties make SiN particularly well suited for applications requiring long opti-

cal paths, such as delay lines, large-scale interferometers, and high-Q resonators. Its wide

bandgap suppresses TPA at telecom wavelengths, enabling high optical power handling,

while the broad transparency window—from the visible (400 nm) to the mid-infrared (ap-

proximately 4 µm)—supports a wide range of applications. These include biochemical sens-

ing [77], LiDAR systems [78], precision metrology [79], and nonlinear photonics, such as

frequency comb generation [80] and optical parametric oscillation [81].

SiN is fabricated using CMOS-compatible processes and is often co-integrated with sil-

icon on the same wafer. In such heterogeneous platforms, silicon is typically employed for

compact active components (e.g., modulators and detectors), while SiN provides ultra-low-

loss routing, long optical delays, and large-scale interferometric circuits [67].

2.2.3 Indium phosphide (InP)

In contrast to the other material platforms described in this Thesis, InP belongs to the family

of III–V compound semiconductors. These materials play a fundamental role in photonics

because, as it is a direct-bandgap semiconductors, it enable for direct light emission and

optical amplification, functionalities that are not possible in Si, SiN, or TFLN.

InP has a direct bandgap of approximately 1.35 eV, corresponding to an emission wave-

length of about 923 nm, and thus it remains transparent at longer wavelengths [82]. How-

ever, when InP is combined with quaternary alloys such as InGaAsP, the bandgap can be

engineered to match the emission wavelengths required for the telecommunication win-

dows around 1.3 µm and 1.55 µm [83]. By tailoring the composition and spatial distribution

of these alloys, quantum wells or quantum dots can be formed, enabling further tuning of

the electronic band structure and, consequently, of the emission wavelength. Using this

approach, III–V heterostructures can emit across a broad spectral range from 0.9 µm up to

about 2 µm [84]. Optical gain and lasing are achieved in InP photonic circuits by integrating

wavelength-selective optical resonators, typically distributed Bragg reflector (DBR) [85] and

distributed-feedback gratings [86].

Waveguides are formed by exploiting the refractive-index contrast between the different

III–V alloys, as the refractive index is inversely related to the bandgap energy of the material.

Typical waveguide structures use InP as the cladding, and InGaAsP as the core guiding
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region [84], which having a lower bandgap, exhibits a higher refractive index. Propagation

losses as low as 0.8 dB/cm have been reported [87]. Although this material system enables

both passive and active components, they cannot rely on the same layer composition: active

devices require a bandgap close to the operating wavelength to provide efficient optical

gain under electrical pumping, while passive devices require a larger bandgap to ensure

transparency and low propagation loss. The coexistence of these functionalities is enabled

by multiple epitaxial growth and selective etching steps, which define the active and passive

regions of the photonic circuit in different layers [88].

Fast phase modulation can be achieved in InP by exploiting the Pockels effect. Mod-

ulators employing travelling-wave electrodes can achieve bandwidths exceeding tens of

GHz, with typical figures of merit Vπ L ≈ 0.7 V · cm and bandwidth-length products around

16 GHz · cm [89, 90]. InP supports both second-order (χ(2)) and third-order (χ(3)) nonlin-

ear effects. The second-order nonlinearity originates from its non-centrosymmetric crystal

structure, enabling processes such as second-harmonic generation (SHG) and spontaneous

parametric down-conversion (SPDC) [91]. InP also exhibits significant third-order nonlin-

earity characterized with n2 ≈ 1.9 × 10−17 m2/W [92], enabling Kerr-based effects such as

FWM and SPM [93]. Despite these capabilities, the dominant nonlinear loss mechanism is

TPA, which can increase optical loss and degrade the performance of nonlinear process.

Since III–V materials are not naturally compatible with CMOS fabrication processes,

modern photonic integration increasingly employs hybrid and heterogeneous integration

techniques. These approaches combine the efficient light-generation and amplification ca-

pabilities of III–V materials with the low-loss routing and scalability of other platforms, such

as Si and SiN [94].

2.2.4 Thin-film lithium niobate TFLN

LN (LiNbO3, LN), first synthesized in 1949 [95], is one of the most versatile and widely

used materials in photonics. It exhibits a broad transparency window from 350 nm to 5 µm

covering the visible to the mid-infrared spectrum, and has a relatively high refractive index

(n ≈ 2.2 at 1550 nm).

LN is non-centrosymmetric and possesses excellent nonlinear properties. It exhibits large

second-order nonlinear coefficients, enabling efficient χ(2) processes such as Pockels effect

modulation, SHG, and parametric down-conversion. In addition, LN features a third-order

nonlinear coefficient (n2 ≈ 1.8 × 10−19 m2/W), comparable to SiN (n2 ≈ 2.5 × 10−19 m2/W)

and approximately 20 times smaller than that of silicon (n2 ≈ 4.5 × 10−18 m2/W) [96], as

outlined in Table 2.1. Due to its wide indirect bandgap, LN does not provide light emis-

sion or photodetection and is therefore mainly employed for passive and nonlinear optical

functionalities.

Bulk LN. Initially, LN was used in bulk crystal form for second-order nonlinear optics [97],

EO modulation [98], and acousto-optic beam deflection [99]. It remains an important mate-

rial for high-power optical systems operating in free space, where its large optical aperture

and high damage threshold are advantageous.
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Early integrated LN. One of the LN key properties is its large linear EO (Pockels) coeffi-

cient (r33 ≈ 30 pm/V), which enables high-speed and broad bandwidth modulation. In the

1990s, integrated waveguides were fabricated by titanium indiffusion [100], leading to the

first integrated EO modulators [101].

Although these devices were produced using microfabrication processes, the weak re-

fractive index contrast between the core and the cladding limited light confinement. Conse-

quently, these devices required large footprints, with bending radii on the order of centime-

ters that are much larger than those achievable in other integrated photonics technologies.

Thin-film lithium niobate (TFLN). A major advancement came with the development of

thin-film lithium niobate on insulator (LNOI) [102]. In this platform, a thin LN layer is

bonded onto a SiO2 substrate, and waveguides are defined by direct etching of the LN film.

The resulting higher refractive index contrast compared to bulk or diffused LN waveguides

allows for strong mode confinement, enhanced overlap between optical and electrical fields,

and significantly reduced device dimensions. This enables modulators with lower driving

voltages (Vπ) and higher bandwidths [63, 103]. One of the main technological challenges

remains LN etching, as sidewall roughness contributes to scattering losses. Nevertheless,

state-of-the-art devices achieve propagation losses as low as 0.02 dB cm−1 [104].

Another unique feature of LN is its ferroelectric nature. Indeed, the orientation of fer-

roelectric domains can be engineered and inverted by applying a strong electric field, cre-

ating a spatially periodic modulation of the sign of the nonlinear susceptibility χ(2) along

the propagation direction of the waveguide. The domain inversion can be designed such

that the phase of the generated second-harmonic field is effectively reset by π at each poling

period, thereby compensating for the phase mismatch between the interacting waves and

allowing the nonlinear signal to build up constructively along the propagation length. This

technique is known as quasi-phase matching (QPM), and greatly enhances conversion effi-

ciency for SHG, optical parametric oscillation, and frequency conversion. periodically poled

lithium niobate (PPLN) has long been used in bulk form, but since 2016, periodic poling

has also been demonstrated in TFLN [105–107], enabling highly efficient on-chip nonlinear

devices. The strong optical confinement in TFLN waveguides significantly enhances optical

intensities, further improving nonlinear conversion efficiency.

The combination of a wide transparency window, strong EO response, high nonlinear

coefficient, and the capability to implement periodic poling in thin-film form makes LN one

of the leading platforms for next-generation integrated photonics. Its applications span high-

speed EO modulators, phase and amplitude modulators, second-harmonic and frequency

converters, frequency combs, quantum light sources, and precision metrology.

2.3 Optical nonlinearities

This section introduces the theoretical background necessary to understand the physical ef-

fects exploited by a few key optical components used in the experimental demonstrations of

quantum applications presented in the following chapters. I focus on third-order nonlinear
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Property SOI SiN InP TFLN

Refractive index ∼ 3.48 ∼ 2.0 ∼ 3.17 ∼ 2.2

Transparency window 1.1 − 4 µm 0.4 − 4 µm 0.9 − 2 µm 0.35 − 5 µm

Propagation loss 1 − 2 dB/cm < 0.1 dB/cm ∼ 0.8 dB/cm 0.02 − 0.1 dB/cm

Second-order non-
linearity χ(2) (larger
Pockels coefficient)

No No r41 ≈ 1.2 pm/V r33 ≈ 30 pm/V

Third-order nonlinear-
ity (Nonlinear Index
n2)

4.5 × 10−18 m2/W 2.5 × 10−19 m2/W 1.9 × 10−17 m2/W 1.8 × 10−19 m2/W

TPA and FCA Yes No Yes No

Light emission / am-
plifications

No No Yes No

Photodetection 200 − 1100 nm No 400 − 920 nm No

CMOS compatibility Yes Yes No No

Table 2.1: Comparison of key properties of different integrated photonic platforms. The reported informa-
tion summarizes the main features discussed in the section 2.2. Representative values are given at 1550 nm
wavelength.

processes in silicon integrated waveguides employed for the generation of entangled photon

pairs, and on second-order nonlinearities in LN, which are used for ultrafast optical phase

modulation. Before addressing these specific effects, the general concepts of nonlinear optics

are introduced.

Nonlinear optics studies light–matter interactions in which the response of a medium

depends nonlinearly on the intensity of the applied electromagnetic field. Under typical il-

lumination conditions with incoherent or low-intensity light sources, nonlinear effects are

negligible. However, the invention of the laser in 1960 provided intense and coherent light

sources [108], enabling the systematic exploration and technological exploitation of nonlin-

ear optical phenomena.

When light propagates through a material, its interaction can be described by the induced

dipole moment per unit volume, given by the polarization vector P. In the simplest case, the

polarization depends linearly on the electric field E:

P = ε0χ(1)E, (2.10)

where ε0 is the vacuum permittivity and χ(1) is the linear susceptibility. This approximation

holds for weak fields. For stronger fields, however, higher-order terms must be included for

an accurate description of light–matter interactions. The polarization can thus be expanded

as a power series in E:

P = ε0

(

χ(1)E + χ(2)E2 + χ(3)E3 + · · ·
)

, (2.11)

where χ(n) is the nth-order nonlinear susceptibility, described by a tensor of rank n+ 1. These

higher-order terms are responsible for the wide variety of nonlinear optical effects observed

in different materials, although contributions beyond third order are typically negligible
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2.3. Optical nonlinearities

due to their weak magnitude. Nonlinearities associated with χ(2) give rise to second-order

effects, which scale quadratically with the electric field amplitude and occur only in non-

centrosymmetric crystals. While nonlinearities associated with χ(3) give rise to third-order

effects, which can occur in both centrosymmetric and non-centrosymmetric media, making

them relevant for platforms such as silicon photonics.

2.3.1 Second-order nonlinearities in lithium niobate

LN has been widely exploited for decades thanks to its exceptional second-order nonlinear

properties. Its second-order susceptibility tensor contains relatively large coefficients [109],

making LN one of the most efficient materials for EO and nonlinear optical processes such as

SHG and SPDC [110]. Among these effects, one of the most technologically important is the

modulation of the optical field phase induced by an external electric field, with a frequency

(ωRF) at least 10−3 lower than the optical one (ω0). This phenomenon, known as the EO

effect, arises from the Pockels effect, whereby the applied electric field alters the effective

refractive index experienced by the propagating optical mode.

Formally, this can be described by expanding the polarization vector to include second-

order terms. Considering only the i-th component of the polarization, it can be expressed

as:

Pi(ω0) = ε0χ
(1)
ij Ej(ω0) + ε0χ

(2)
ijk Ej(ω0)Ek(ωRF) + · · · , (2.12)

where χ
(1)
ij and χ

(2)
ijk are the linear and second-order susceptibility tensor coefficients, respec-

tively. If Ek(ωRF) corresponds to a radio frequency (RF) field with ωRF ≪ ω0, the second-

order term acts as a perturbation to the linear optical response, yielding:

Pi(ω0) = ε0

[

χ
(1)
ij + χ

(2)
ijk Ek(ωRF)

]

Ej(ω0). (2.13)

Hence, the applied electric field alters the material’s linear permittivity, which can be written

as:

εeff
ij = εij + ∆εij, (2.14)

where the unperturbed permittivity and its change due to the applied field are given by:

εij = 1 + χ
(1)
ij , ∆εij = χ

(2)
ijk Ek(0).

Historically, the modulation is described in terms of the impermeability tensor ηij = (ε−1)ij [111].

In this formalism, the change in impermeability due to the applied field is expressed as:

∆ηij = rijkEk(ωRF), (2.15)

where rijk is the linear EO (Pockels) tensor. The relationship between rijk and the second-

order susceptibility is:

∆ηij = ∆

(

1

εij

)

= −
∆εij

ε2
ij

= −
χ
(2)
ijk Ek(ωRF)

ε2
ij

. (2.16)
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Since the dielectric permittivity tensor εij is real and symmetric, it can be diagonalized by

choosing suitable principal axes:

εij = εi δij,

where εi are the principal permittivities and δij is the Kronecker delta. Due to the symmetry

properties of εij, the EO tensor rijk is symmetric in its first two indices. For practical use, the

third-rank tensor rijk is often expressed in contracted notation as a two-dimensional matrix

rij.

Overall, the change in refractive index due to the applied electric field can be obtained

from the impermeability tensor:

∆

(

1

εi

)

= ∆

(

1

n2
i

)

= −2
∆ni

n3
i

= rijEj(ωRF). (2.17)

From this, the induced refractive index change is given by:

∆ni = −1

2
n3

i rij Ej(ωRF). (2.18)

This relationship forms the basis for EO modulators, particularly in TFLN, as discussed in

Chapter 4. It directly links the applied electric field to the change in refractive index.

In the telecom band, lithium niobate exhibits relatively large EO coefficients (r33 ≈ 31 pm V−1),

enabling highly efficient modulators. In integrated photonics, careful electrode design al-

lows operation up to hundreds of GHz. The intrinsic bandwidth of the Pockels effect itself

is much higher and is not the limiting factor; rather, the main constraint lies in efficiently

delivering the high-frequency electrical signals across the optical waveguide.

In recent years, there has been growing interest in materials exhibiting even higher EO

performance than TFLN. A notable example is barium titanate (BTO), which possesses one

of the largest EO coefficients known (r42 ≈ 923 pm V−1). Such high values make BTO

highly promising for both high-speed modulation and second-order nonlinear processes.

Current research is focused on developing wafer-scale growth of crystalline BTO on silicon

substrates, paving the way toward scalable and high-performance hybrid photonic plat-

forms [112].

2.3.2 Third-order nonlinearities in Silicon

Silicon, in the crystallographic configuration used in SOI wafers for integrated photonics, is

a centrosymmetric material. As a result, its second-order susceptibility is null (χ(2) = 0).

However, silicon exhibits a relatively large third-order susceptibility χ(3), more than two

orders of magnitude higher than that of silica glass [113], the material used in standard

telecommunication optical fibers. This strong χ(3) response enables a wide range of third-

order nonlinear effects in silicon waveguides and resonant structures, including SPM, cross-

phase modulation (XPM), FWM, and third-harmonic generation (THG).

The nonlinear polarization of the medium for the i-th field component can be written as

Pi = ε0χ
(1)
ij Ej + ε0χ

(3)
ijklEjEkEl + · · · , (2.19)
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2.3. Optical nonlinearities

where the second term corresponds to the third-order nonlinear processes. In general, three

frequency components ω1, ω2, ω3 can interact to generate a fourth component ω4, subject to

energy conservation:

ω4 = ±ω1 ± ω2 ± ω3, (2.20)

and momentum conservation (phase matching):

k4 = ±k1 ± k2 ± k3, (2.21)

where ki are the propagation constants of the interacting electromagnetic waves. Because the

guided modes in silicon waveguides experience chromatic dispersion, and because the inter-

acting optical frequencies may be widely separated, satisfying the phase-matching condition

is generally nontrivial. As a result, the waveguide geometry must be carefully engineered to

enable efficient nonlinear interactions.

For simplicity, consider an optical field composed of three frequency components with

the same polarization, which can be expressed in scalar form as

E(t) = E1e−iω1t + E2e−iω2t + E3e−iω3t + c.c.

Substituting this expression into Eq. (2.19), the resulting third-order nonlinear polarization

contains multiple terms, each of which can be associated with a specific nonlinear effect:

P(3)(t) = 3 ε0χ(3)|E1|2E1 e−iω1t + c.c. (SPM)

+ 6 ε0χ(3)|E2|2E1 e−iω1t + c.c. (XPM)

+ ε0χ(3)E3
1 e−i3ω1t + c.c. (THG)

+ 3 ε0χ(3)E1E2E3 e−i(ω1+ω2+ω3)t + c.c. (Sum-frequency)

+ 3 ε0χ(3)E1E2E∗
3 e−i(ω1+ω2−ω3)t + c.c. (FWM). (2.22)

Among these effects, FWM is of particular relevance for quantum optics, as it enables the

generation of entangled photon pairs in the telecommunication band, which is essential for

quantum communication applications.

FWM, in its spontaneous form spontaneous four-wave mixing (SFWM), the degenerate-

pump configuration requires only a single pump field injected into the waveguide. In this

case, two pump photons at frequency ωP are annihilated, and a signal–idler photon pair is

created at frequencies symmetrically detuned from the pump to satisfy energy conservation:

2h̄ωP = h̄ωS + h̄ωI . (2.23)

This process is illustrated schematically in Figure 2.6. In practice, efficient generation in

the telecom band is achieved through dispersion engineering of the waveguide, since the

pump, signal, and idler wavelengths are spectrally close. In this work, SFWM is exploited

to generate time-bin entangled photon pairs, as presented in Chapter 5 and later used in the

QKD demonstrations of Chapter 6.
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Figure 2.6: Spontaneous four-wave mixing (SFWM) Schematic representation of the SFWM process. a)
Energy-level diagram showing how two pump photons at frequency ωP are annihilated to generate a sig-
nal–idler photon pair at frequencies ωS and ωI , symmetrically detuned from the pump. b) Corresponding
spectral representation illustrating the symmetric detuning of the signal and idler around the pump frequency.

The spontaneous nature of SFWM arises from vacuum fluctuations, which provide the

initial seed for the creation of signal–idler photon pairs in the presence of the strong pump

field. When phase matching is satisfied, this leads to efficient generation of quantum-correlated

photons directly on chip. A quantum mechanical description of SFWM involves both the lin-

ear and nonlinear parts of the Hamiltonian:

HL =
∫

dk h̄ωk a†
k ak, (2.24)

HNL = −
∫

dk1 dk2 dk3 dk4 S(k1, k2, k3, k4) a†
k1

a†
k2

ak3
ak4

+ H.c., (2.25)

where a†
i and ai are the photon creation and annihilation operators, and S(k1, k2, k3, k4) is

the nonlinear coupling coefficient, which depends on the effective mode area and the phase-

matching conditions. As described in Ref. [114], for the case of a degenerate two-photon

pump, the generated signal and idler power scales as

PS,I =
h̄ωP

T (γPPL)2, (2.26)

where PP is the pump power, L is the waveguide length, and γ is the nonlinear parameter:

γ =
2χ(3)ωP

n2ϵ0c2 Aeff
, (2.27)

with Aeff the effective modal area. The factor T accounts for dispersion and the effective

phase-matching bandwidth:

T ≈ 3

2

√

2π|β2(ωP)|L, (2.28)

where β2(ωP) is the group-velocity dispersion at the pump frequency.

Overall, the advantages of integrated waveguides can be understood in terms of the

nonlinear parameter γ. Even when the available optical pump power is limited, the strong

optical confinement achievable in integrated platforms, especially in silicon due to its high

refractive index contrast, leads to very small effective mode areas. This confinement results

in high optical intensities and therefore large effective nonlinear interactions, enabling effi-

cient photon-pair generation in compact on-chip devices.
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Chapter 3

Introduction to quantum photonic

technologies

This chapter provides an overview of quantum photonic technologies, spanning from the

underlying theoretical principles to their practical implementation challenges. It begins with

a review of the key concepts of quantum mechanics that form the basis of modern quan-

tum technologies. Particular emphasis is placed on the description of quantum states, their

unique properties, and the concept of entanglement, which represents one of the most pow-

erful resources for quantum information processing. In this context, different approaches for

encoding quantum information into photonic states are introduced. Photons are presented

as natural carriers of quantum information, owing to their robustness, weak interaction with

the environment, and suitability for long-distance transmission.

Building on these foundations, the chapter outlines the main applications of quantum

technologies, including quantum computation, communication, and sensing, with a partic-

ular focus on their photonic implementations. Then, the fundamental properties of entan-

glement are described, highlighting how they can be exploited in quantum communication

systems. Such properties enable protocols and functionalities that cannot be achieved using

classical approaches.

Finally, the chapter presents a detailed analysis of quantum telecommunication systems

based on temporal encoding of photons. Both the theoretical framework and the intrinsic

limitations of current approaches are analyzed. This discussion establishes the foundation

for the research presented in this PhD work, which aims to overcome these limitations.

3.1 The Qubit

Classical information processing relies on the manipulation of bits, the fundamental units

of information, which can assume one of two possible values, conventionally denoted as 0

and 1. In the framework of quantum technologies, the analogue of the classical bit is the

quantum bit, or qubit. Like a bit, a qubit is also defined on a two-level system with logical

states |0⟩ and |1⟩. However, the essential difference is that a qubit is not restricted to being

in one of these states, but can exist in a coherent superposition of both.
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Formally, a qubit |ψ⟩ is described by a vector in a two-dimensional Hilbert space spanned

by the computational basis {|0⟩ , |1⟩}:

|ψ⟩ = α |0⟩+ β |1⟩ ,

where α, β ∈ C are complex coefficients. The squared amplitudes |α|2 and |β|2 represent the

probabilities of measuring the system in state |0⟩ or |1⟩, respectively. A state of this form is

referred to as a pure state, and the normalization condition |α|2 + |β|2 = 1 ensures that the

total probability of obtaining either outcome is unity.

More generally, a quantum system may not be in a well-defined pure state, but rather in

a statistical mixture of several possible states, each occurring with a certain probability pi.

Such states are described by a density matrix ρ, which generalizes the notion of a quantum

state. Mixed states are represented as convex combinations of pure states:

ρ = ∑
i

pi |ψi⟩ ⟨ψi| ,

where ∑i pi = 1 and pi denotes the probability that the system is in the state |ψi⟩. Pure states

are a special case, corresponding to density matrices of the form ρ = |ψ⟩ ⟨ψ|.
Beyond the computational basis {|0⟩ , |1⟩}, it is often convenient to work in alternative

orthonormal bases. One example is the diagonal basis, composed of {|+⟩ , |−⟩}, defined as

|+⟩ = 1√
2
(|0⟩+ |1⟩), |−⟩ = 1√

2
(|0⟩ − |1⟩).

Another example is the circular (rotational) basis, composed of {|R⟩ , |L⟩}, given by

|R⟩ = 1√
2
(|0⟩+ i |1⟩), |L⟩ = 1√

2
(|0⟩ − i |1⟩).

A geometric representation of a qubit is provided by the Bloch sphere. Any pure qubit

state can be expressed as

|ψ⟩ = cos
(

θ
2

)

|0⟩+ eiϕ sin
(

θ
2

)

|1⟩ ,

with spherical coordinates θ ∈ [0, π] and ϕ ∈ [0, 2π]. On the Bloch sphere, shown in Fig-

ure 3.1, θ determines the relative weight of |0⟩ and |1⟩ (latitude), while ϕ specifies their rel-

ative phase (longitude). The north and south poles correspond to the computational states

|0⟩ and |1⟩, whereas states on the equator represent equal-weight superpositions differing

only by the relative phase.

A qubit can be physically realized in various two-level quantum systems. In photonics,

qubits can be encoded using several degrees of freedom of photons, such as polarization,

time, frequency, or spatial modes, as described in Section 3.2. This versatility represents a

major advantage compared to other physical implementation platforms. Alternative realiza-

tions include spin states of electrons or nuclei in a magnetic field, as well as electronic states

of atoms or ions [115].
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Figure 3.1: Bloch sphere. Graphical representation of a single qubit’s quantum state. Points on the surface of
the sphere correspond to a pure state in a two-dimensional Hilbert space, while points inside represent mixed
states.

3.1.1 Multiple Qubits and Entanglement

When multiple qubits are combined into a composite quantum system, the overall state is

described within the tensor product of the individual Hilbert spaces of each qubit. Thus, for

an n-qubit system, the most general pure state can be written as

|ψ⟩ =
2n−1

∑
i=0

αi |i⟩ , (3.1)

where {|i⟩} denotes the computational basis of the 2n-dimensional Hilbert space, and the

complex coefficients αi satisfy the normalization condition ∑i |αi|2 = 1.

This highlights a fundamental difference between classical and quantum information. A

classical register of n bits can store only one of the 2n possible configurations at any given

time. In contrast, an n-qubit quantum register can exist in a coherent superposition of all 2n

basis states simultaneously, with complex amplitudes {αi}. Before measurement, the quan-

tum system is therefore described by a continuum of possible states, and a measurement

collapses the superposition to one of the basis states with probability |αi|2 [115].

A quantum composite state is said to be separable if it can be written as the tensor product

of the states of its subsystems:

|ψ⟩ = |ψA⟩ ⊗ |ψB⟩ , |ψA⟩ ∈ HA, |ψB⟩ ∈ HB. (3.2)

In this case, the two subsystems are independent, and measurements performed on one have

no influence on the other. Conversely, when a state cannot be written in this form—i.e., it is

not expressible as a tensor product of subsystem states—it is said to be entangled. Entangled

states exhibit correlations between measurement outcomes that cannot be reproduced by

any classical statistical model, a feature famously highlighted by the Einstein–Podolsky–Rosen

(EPR) paradox [116]. Such nonclassical correlations constitute one of the most powerful and

counterintuitive resources of quantum mechanics.

A particularly important illustration of entanglement arises in the case of two qubits.

Among all possible two-qubit states, a fundamental role is played by the Bell states, which
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form a complete orthonormal basis of maximally entangled states:

∣

∣Φ+
〉

=
1√
2
(|00⟩+ |11⟩) ,

∣

∣Φ−〉 =
1√
2
(|00⟩ − |11⟩) ,

∣

∣Ψ+
〉

=
1√
2
(|01⟩+ |10⟩) ,

∣

∣Ψ−〉 =
1√
2
(|01⟩ − |10⟩) . (3.3)

These states cannot be expressed as tensor products of single-qubit states and therefore rep-

resent genuine quantum entanglement. They also demonstrate non-classical correlations: a

measurement performed on one qubit instantaneously determines the corresponding out-

come for the other, independently of their spatial separation.

Entanglement is a key resource enabling a wide range of quantum technologies [117].

The fundamental principles underlying its use in quantum information processing are in-

troduced in the following Section 3.4.

3.2 Qubit encoding using photons

In principle, a qubit can be encoded in any two-level quantum system, such as the spin of

an electron, the excitation of an atom, or similar degrees of freedom [115]. The choice of

encoding depends on the specific requirements of the quantum application, including the

coherence time of the quantum state, environmental stability, implementation complexity,

scalability to multiple qubits, and available methods for state manipulation.

In the case of light, the wave-particle duality of photons allows them to exhibit particle-

like behavior, formalized through the quantization of the electromagnetic field [118]. The

energy of the field is carried in discrete quanta called photons, with each photon represent-

ing a single quantum of the electromagnetic field. Photons can therefore serve as carriers

of quantum information. Photons are particularly advantageous for quantum technologies,

as they can propagate over long distances at the speed of light with low loss and minimal

interaction with the environment. Their energy is significantly larger than the thermal noise

scale kBT, allowing room-temperature operation and making them naturally robust against

noise and decoherence. In addition, photonic systems offer compatibility with existing op-

tical network infrastructures, extremely low decoherence, and the possibility of high-speed

transmission [14, 119]. These features make photons ideal carriers for the practical imple-

mentation of quantum protocols.

In this section, I provide an overview of the main degrees of freedom of light that can

be exploited to encode qubits and transmit quantum information. These include temporal,

polarization, spatial, and frequency encodings.

3.2.1 Temporal encoding

The temporal encoding of entangled states was first demonstrated by Franson in 1989 [120].

He proposed a scheme that exploits the intrinsic temporal uncertainty in the emission time of

photon pairs generated by a nonlinear optical source as schematically shown in Figure 3.2a.

Because the exact emission time of each pair is indeterminate, sending the two photons

28



3.2. Qubit encoding using photons

Figure 3.2: Temporal encoding. a) Time-energy entanglement representation in which photon pairs are gener-
ated with a large emission time uncertainty (illustrated by the colored boxes), much longer than their individ-
ual coherence time (represented by a single colored box). b) Time-bin entanglement representation in which
only one of the two pump pulses generates an entangled photon pair, producing a superposition of emission
in the early and late time-bins. Figures from Ref. [128].

through spatially separated, unbalanced interferometers allows their wavefunctions to form

superpositions in the temporal domain, thereby realizing time-energy entanglement.

A later variation, introduced in 1999 by Gisin et al., is known as time-bin entanglement [121].

In this scheme, the long temporal uncertainty of the source is replaced by a well-defined

probabilistic emission in one of two discrete time slots, or bins, denoted |early⟩ or |0⟩ and

|late⟩ of |1⟩ as schematically shown in Figure 3.2b. The photon pair is thus created in a

coherent superposition of these two bins, forming the entangled state:

|ψ⟩ = 1√
2
(|00⟩+ |11⟩) . (3.4)

In both approaches, temporal-state analysis is performed using unbalanced interferom-

eters. The temporal delay is chosen to be shorter than the coherence time of the source

in the case of time-energy entanglement, or equal to the time-bin separation in the case of

time-bin encoding. A more detailed discussion of the behavior, features, and experimental

implementation of time-energy and time-bin encoding is presented in Section 3.5.

The manipulation and decoding of temporal states is straightforward and can be achieved

by varying the relative phase between the two interferometer arms using phase modula-

tors. Temporal encoding is particularly suited for quantum communication over existing

fiber-optic networks, as it is inherently robust against environmental perturbations. In con-

trast to polarization encoding, which is susceptible to polarization-mode dispersion in op-

tical fibers, temporal encoding offers superior stability over long distances, making it ideal

for QKD implementations [122, 123]. Moreover, time-bin entanglement supports advanced

functionalities such as high-dimensional quantum encoding [124] and hyperentanglement

across multiple degrees of freedom [125, 126]. Additionally, pulsed pumping in time-bin

schemes provides a natural means for temporal synchronization among users, establish-

ing a shared timing reference between communicating parties [127]. At the detection stage,

single-photon detectors must be capable of resolving events separated by the interferometer

delay, introducing a trade-off between repetition rate and timing resolution.
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3.2.2 Polarization encoding

The direction of a light wave’s electric field vector is defined by its polarization, which al-

ways lies in a plane perpendicular to the direction of propagation. Within this plane, two

orthogonal directions can be chosen to define a basis of polarization states. In the quantum

regime, where light is described in terms of photons, these two orthogonal states form a

natural two-level system suitable for qubit encoding.

Historically, these two orthogonal polarization states are chosen as horizontal and verti-

cal, denoted by |H⟩ and |V⟩, forming the computational basis. A single-photon polarization

qubit can then be expressed as

|ψ⟩ = α |H⟩+ β |V⟩ (3.5)

Beyond the computational basis, other commonly used polarization bases are directly de-

rived from different orientations of the electric field. The diagonal basis, {|D⟩ , |A⟩}, corre-

sponding to linear polarization at +45◦ and −45◦:

|D⟩ = 1√
2
(|H⟩+ |V⟩), |A⟩ = 1√

2
(|H⟩ − |V⟩),

and the circular basis, {|R⟩ , |L⟩}, corresponding to right- and left-handed circular polariza-

tion:

|R⟩ = 1√
2
(|H⟩+ i |V⟩), |L⟩ = 1√

2
(|H⟩ − i |V⟩).

Polarization encoding is widely used in quantum communication for several reasons.

The polarization of photons is easy to manipulate and analyze using standard optical ele-

ments such as half-wave plates, quarter-wave plates, and polarization beam splitters. These

components allow precise control of the quantum state with minimal effort, are inexpen-

sive, and readily available. Polarization-entangled photon pairs are typically generated us-

ing nonlinear crystals with birefringence, exploiting type-II phase-matching in second-order

nonlinear processes [129], which is shown in Figure 3.3. Polarization qubits are also robust

against environmental perturbations, which has enabled their extensive use in free-space

quantum links and QKD demonstrations [130, 131].

However, in optical fiber systems, polarization states are affected by random rotations

due to fiber birefringence, which originates from manufacturing imperfections and external

stresses [39]. Compensation strategies are therefore required to reliably recover the transmit-

ted qubits [132]. A further limitation of polarization encoding is that it is inherently restricted

to a two-dimensional Hilbert space. In contrast, other photonic degrees of freedom, such

as temporal, frequency, or spatial modes, can support higher-dimensional quantum states,

which can offer performance advantages in advanced quantum communication protocols

[133].

3.2.3 Spatial mode encoding

Spatial mode (or path) encoding is realized by preparing a photon in a superposition of at

least two distinct spatial modes, which can be labeled as |0⟩ and |1⟩. Entangled states in
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Figure 3.3: Polarization encoding. Schematic representation of polarization entanglement produced by a non-
linear (NL) medium pumped by a sequence of optical pulses. The generated photon pairs are in superpositions
of horizontal (|H⟩) and vertical (|V⟩) polarization states, resulting in the creation of polarization-entangled pho-
ton pairs.

the spatial domain can be generated by coherently pumping multiple nonlinear sources in

parallel, as depicted in Figure 3.4 for the case of two optical sources. Similarly to the tem-

poral domain, the operating regime must satisfy the condition that, with high probability,

only a single source emits a photon pair at a given time. In this case, the generated state is a

coherent superposition of the possible emission paths, and can be expressed as:

|ψ⟩ = 1√
2
(|0S0I⟩+ |1S1I⟩) , (3.6)

where |0S0I⟩ corresponds to the signal and idler photons being generated in the first source,

while |1S1I⟩ corresponds to their generation in the second source. Superposition states and

relative phase control can then be implemented using beam splitters and tunable phase

shifters, which allow precise manipulation of the relative phase between the paths [134].

In bulk optical setups, this can be achieved by physically separating the optical paths,

in combination with polarization encoding (e.g., using type-I and II phase matching in non-

linear crystals [135]). Maintaining coherent superpositions in such systems requires precise

phase stability among the spatial modes, making bulk implementations highly sensitive to

environmental fluctuations.

Integrated photonic platforms have recently enabled more robust and scalable spatial-

mode encoding. By guiding photons through different on-chip waveguides, these platforms

support high-dimensional encodings and improved scalability of quantum states [136, 137].

Moreover, the compactness of integrated circuits significantly reduces phase fluctuations

among the paths, providing enhanced stability compared to bulk optical setups. Quantum

gates have been successfully implemented in this framework [134, 138]. Spatial encoding has

also been employed to demonstrate quantum advantage in boson-sampling experiments,

where interference among large numbers of spatial modes performs computations that are

exponentially hard for classical computers [139, 140].

Overall, spatial encoding naturally supports scaling to multiple modes and photons,

enabling high-dimensional interference networks that are essential for advanced photonic

quantum simulators and quantum computation protocols.
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Figure 3.4: Spatial encoding. Example of spatial-mode encoding and the generation of spatially entangled
states using two nonlinear sources (NL) and path superposition. Entanglement in the spatial degree of freedom
arises from the condition that only one of the nonlinear sources emits a photon pair, leading to a coherent
superposition of the possible spatial paths.

3.2.4 Frequency-bin encoding

A photon can encode quantum information in its frequency degree of freedom, an approach

commonly referred to as frequency-bin encoding. In this scheme, different frequency modes

correspond to distinct quantum states, such as ω0 → |0⟩, ω1 → |1⟩, etc., each characterized

by a spectral bandwidth determined by the generation process. To ensure well-defined and

distinguishable states, the frequency bins must be sufficiently separated to minimize spectral

overlap.

A key advantage of frequency-bin encoding is its natural scalability: the dimensional-

ity of the Hilbert space can be increased by adding more frequency bins, enabling high-

dimensional quantum information processing [141, 142]. In this work, the focus is on the

discrete-variable regime of frequency-bin encoding; however, it is worth noting that fre-

quency encoding can also be implemented in the continuous-variable regime, where quadra-

ture measurements of the spectral field are exploited.

Frequency-bin entangled quantum states, are typically generated through nonlinear opti-

cal processes [143]. The two main mechanisms are second-order (χ(2)) SPDC and third-order

(χ(3)) SFWM. In both cases, a coherent pump generates photon pairs in correlated frequency

modes, and spectral filtering is used to define the relevant frequency bins, as depicted in

Figure 3.5 for a two-bin encoding scheme. Referring to the figure, the generated state can be

expressed as

|ψ⟩ = 1√
2
(|0ωS1

0ωI1⟩+ |1ωS2
1ωI2⟩) , (3.7)

where the two terms correspond to photon-pair generation in distinct signal–idler frequency

modes.

After generation, photons must be manipulated to implement quantum protocols or gate

operations. A common approach is via spatial separation: spectral filtering isolates the fre-

quency bins, and phase modulation can be applied individually [144, 145]. This can be

realized using free-space elements, such as prisms or gratings, or fiber-based components in

the telecom C-band.
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Figure 3.5: Frequency encoding. Generation of frequency-encoded qubits by pumping a nonlinear source
(NL) with two different pump frequencies. In the regime where only a single pump pulse generates a photon
pair, the output state forms a coherent superposition of the two possible frequency bins. Energy conservation
imposes the relations ωP1,2 = ωS1,2 + ωI1,2 or, 2ωP1,2 = ωS1,2 + ωI1,2, depending on the nonlinear interaction.

To enable quantum interference between frequency bins the frequency modes must over-

lap coherently. Practical solutions include EO modulators, which shift photon frequen-

cies via phase modulation [146]. EO modulators typically allow frequency shifts up to

∼ 100 GHz, which may be insufficient for integrated platforms with large free spectral range

(FSR) or widely spaced frequency bins. An alternative approach uses nonlinear interactions

(χ(2) [147] or χ(3) [148]) assisted by auxiliary pump fields to achieve frequency-bin mixing,

enabling coherent interference and implementing quantum gate operations.

Direct temporal resolution of the beating between frequency modes is not practical, as

even state-of-the-art single-photon detectors cannot resolve the fast timescales correspond-

ing to typical bin separations (1/∆ω). As a result, direct measurement of beating between

frequency bins is challenging and generally limited to closely spaced bins [149]. A straight-

forward solution is to use dense wavelength-division multiplexing (DWDM) filters, which,

similar to the manipulation step, spatially separate each frequency bin and route it to indi-

vidual detectors. Another method is frequency-to-time mapping, where dispersive elements

or chirped Bragg gratings convert frequency differences into time delays [150]. This enables

discrimination of frequency bins using a single time-resolving detector and is relatively sim-

ple to implement, even when scaling to higher-dimensional frequency encodings.

3.3 Quantum applications

In this section, I provide an overview of the main domains in which quantum phenomena

are exploited to achieve functionalities beyond classical limits. The discussion focuses on

the three primary fields of quantum technology: quantum computation, quantum commu-

nication, and quantum sensing.
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3.3.1 Computing

As in the classical domain, quantum computation takes input states representing informa-

tion and produces output states according to a well-defined sequence of operations that im-

plement a function. The essential difference, however, lies in the nature of the computation

itself. Classical computation is deterministic and can be described by a mechanical model

such as a Turing machine. Quantum computation, in contrast, is governed by the postulates

of quantum mechanics, and its outcomes are generally probabilistic. Computation proceeds

through a sequence of quantum operations, or quantum gates, which are unitary transfor-

mations acting on the qubits. Quantum algorithms can therefore be built from finite sets

of such gates, directly analogous to the use of logic gates in classical computation. As in

the classical domain, where universal sets of gates (e.g., NAND or NOR) allow any Boolean

function to be implemented, quantum computation also admits universal sets of gates. A

standard example is the set composed of the Hadamard gate, the phase gate, and the CNOT

gate [115].

Another fundamental distinction from classical computation is the exploitation of quan-

tum superposition. During computation, a quantum system can exist in a superposition

of all possible computational basis states, and unitary operations act simultaneously on all

components of this superposition. This effect, referred to as “quantum parallelism” [151],

enables quantum algorithms to perform calculations on multiple inputs at once, providing

a computational advantage over classical approaches.

Although information is encoded in a superposition of states, it cannot be accessed di-

rectly as in classical computing. At the end of a quantum algorithm, a measurement col-

lapses the state to a single outcome, with a probability determined by the amplitudes of the

superposition. Therefore, the design of a quantum algorithm must ensure that the correct

result appears with high probability. This highlights a key distinction between the paral-

lel evolution of quantum states and the practical extraction of useful information, which in

some cases may require multiple repetitions of the same algorithm to achieve reliable results.

To understand the potential of quantum computation, it is useful to place it in the context

of classical computational complexity. Classically, the class P contains problems that can be

solved efficiently (in polynomial time) by a deterministic Turing machine. The class NP in-

cludes problems for which a candidate solution can be verified efficiently by a deterministic

Turing machine, although finding a solution may not be efficient in general. In contrast to

polynomial-time solvability, the best known algorithms for solving NP problems may re-

quire exponential time. The class of NP-complete problems consists of those problems in

NP to which every other problem in NP can be reduced in polynomial time. Many com-

putationally hard problems, such as the traveling salesman problem, belong to NP, and no

efficient classical algorithms are known to solve all NP-complete problems. In the quantum

setting, the class bounded-error quantum polynomial time (BQP) contains problems that can

be solved efficiently by a quantum computer with a probability of success greater than 2/3.

The exact relationship between BQP and NP is currently unknown: it is believed that BQP is

not large enough to include all NP-complete problems, meaning quantum computers are un-

likely to efficiently solve every problem in NP. However, for certain specific problems, such
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as factoring integers or simulating quantum systems, quantum algorithms provide a signif-

icant advantage over the best known classical approaches, exploiting quantum interference

and entanglement to achieve performance advantages [152, 153].

A landmark example is Shor’s algorithm for integer factorization, which runs in polyno-

mial time, whereas the best known classical algorithms require sub-exponential time [154].

Shor’s algorithm is based on the quantum Fourier transform (QFT), a fundamental subrou-

tine that also underlies other algorithms such as quantum phase estimation [155], used to

estimate the eigenvalues of a unitary operator. Another well-known example is Grover’s

algorithm for unstructured search [156], which provides a quadratic speedup compared to

the best possible classical approaches. Simon’s algorithm [157] is another notable case: it ef-

ficiently solves a problem that inspired the later development of Shor’s factoring algorithm,

and more generally, it demonstrates the potential of quantum algorithms to outperform clas-

sical ones for certain structured problems.

Despite advances in quantum algorithms, technological limitations such as noise, deco-

herence, and scalability challenges currently restrict their implementation to relatively small

problem sizes. Scaling up the number of qubits remains difficult across all platforms, as

each qubit must be individually controlled and made to interact reliably while maintain-

ing high coherence and high-fidelity gate operations. Unwanted interactions with the en-

vironment cause decoherence, and even small gate imperfections accumulate over long se-

quences, corrupting the encoded quantum information. To address these issues, quantum

error-correction codes and fault-tolerant protocols have been developed [158], exploiting en-

tanglement to protect quantum states. However, these methods introduce significant over-

head, making practical large-scale implementation highly demanding.

Quantum computers can be realized on a variety of physical platforms, each exploiting

controllable quantum systems with long coherence times and precise manipulation. Pho-

tonic systems are one of the promising platforms for quantum computing [159]. Quantum

information can be processed using linear and nonlinear optical elements, while single pho-

ton resolution detectors enable measurements with high precision. Significant milestone

demonstrations of quantum computational advantage with photons have been achieved

through Gaussian boson sampling (GBS), which is a classically hard problem. In particu-

lar, the experiments reported in [140, 160] demonstrated large scale GBS with, respectively,

50 and 144 indistinguishable single-photon modes, surpassing the capabilities of classical

simulation on conventional computers.

Another notable demonstration was carried out by Xanadu in [161], which introduced

Borealis, the first reconfigurable photonic quantum processor capable of performing time-

multiplexed GBS across 216 optical modes. This platform demonstrated quantum advan-

tage in 2022 and represented a major step forward compared with earlier boson-sampling

implementations, which lacked reconfigurability of the interferometer. More recently, sig-

nificant progress has been made toward fully integrated photonic quantum computers. A

demonstration reported in [49] by PsiQuantum proposed a manufacturable integrated plat-

form that could potentially combine the generation, manipulation, and detection of pho-

tonic qubits on a single chip. In addition, the work [159] by Xanadu introduced Aurora, an

35



Chapter 3. Introduction to quantum photonic technologies

integrated photonic architecture that demonstrates all key building blocks required for uni-

versality and fault tolerance. Such developments highlight the crucial role of integration for

achieving large-scale, low-loss, and highly stable photonic quantum processors, enabling

the feasibility of scalable photonic platforms for quantum computation.

Overall, integrated photonic technologies provide a pathway to scalable quantum com-

putation by enabling precise control over multiple photons with high stability and repro-

ducibility. As fabrication techniques continue to advance, photonic architectures may be-

come one of the leading candidates for fault-tolerant and large-scale quantum computing.

3.3.2 Sensing and Metrology

Every measurement is affected by a certain amount of uncertainty. In many practical scenar-

ios, this uncertainty is dominated by device imperfections or technical noise sources. Even

when these effects are minimized through improved engineering, measurement precision is

ultimately constrained by the standard quantum limit (SQL), which bounds the achievable

sensitivity to a statistical scaling of 1/
√

N, where N is the number of independent measure-

ments. In optical interferometry, for example, the SQL arises from Poissonian fluctuations in

photon number—commonly referred to as shot noise—with N corresponding to the number

of detected photons.

Quantum sensing and metrology exploit coherent superpositions of quantum states to

detect and measure physical quantities with sensitivities surpassing the SQL. Resources such

as entanglement and squeezing enhance measurement precision beyond the bounds achiev-

able by classical approaches [5]. When quantum correlations are fully utilized, the ultimate

precision scales as 1/N, known as the Heisenberg limit [162]. Although reaching this limit

in practice is challenging due to losses and decoherence, even partial quantum enhance-

ment can provide significant improvements over classical measurement strategies. Some of

the most important applications where quantum sensing and metrology have demonstrated

significant advantages include gravitational-wave detection [163], biological imaging [164],

and atomic clocks [165].

3.3.3 Communication

Quantum communication can be defined as “the art of transferring a quantum state from

one place to another” [1]. One of its most prominent applications is QKD, which enables

distant parties to securely exchange cryptographic keys [1].

Classical cryptographic protocols ensure secure communication by encrypting messages

with a secret key known by the legitimate parties. These protocols fall into two categories.

The first category is asymmetric cryptography, in which a public key is used by any sender

to encrypt a message, while a private key, known only to the intended recipient, is used to

decrypt it. Both keys are generated by the receiver. The second category is symmetric cryp-

tography, which relies on a secret key shared exclusively between the two parties and used

for both encryption and decryption. In this case, security is based entirely on the secrecy

of the shared key. The security of most classical schemes depends on assumptions about
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computational complexity: without the secret key, an adversary is not expected to have suf-

ficient computational power to solve the underlying hard mathematical problem required to

decrypt the information. For example, one of the most widely used cryptographic schemes

is RSA [166], which is an asymmetric protocol. Its security relies on the computational diffi-

culty of factoring large integers, a task that is computationally hard for classical computers

and not solvable in polynomial time. However, such protocols could be compromised by

future advances in computational power, particularly through quantum computers capable

of running Shor’s algorithm [154].

In contrast, quantum communication can provide security based on the fundamental

laws of quantum mechanics. QKD allows two parties (historically referred to as Alice and

Bob) to establish a shared secret key such that any unwanted third-party attempts to obtain

information (historically referred to as Eve) can be detected (Eavesdropping). A key princi-

ple underlying this is the no-cloning theorem [167], which states that it is impossible to create

an exact copy of an unknown quantum state. Moreover, any measurement on a quantum

system necessarily disturbs its state. As a result, any interception of the quantum states in-

troduces detectable disturbances, enabling intrinsically secure cryptographic schemes based

on the laws of quantum mechanics [168].

The first QKD protocol was proposed by Bennett and Brassard in 1984 [169] and is re-

ferred to as BB84. The first experimental demonstrations of BB84 were reported in 1989 [170],

confirming the feasibility of secure quantum key exchange. In the following paragraph, the

BB84 protocol is described in detail, outlining the steps required to effectively implement

it. This protocol belonging to the class of prepare-and-measure schemes, does not rely on

shared entangled states but it is the precursor of the entanglement-based version, proposed

by Bennett, Brassard, and Mermin in 1992 (BBM92) [171], which is presented in Section 3.4.2

and demonstrated experimentally in the final Chapter 6.

BB84 The two users Alice and Bob, aim to establish a shared secret key. Here the proto-

col is explained using the polarization degree of freedom, although any two-level photonic

encoding can be used. The protocol employs four quantum states forming two mutually un-

biased bases. For example, the computational (rectilinear) basis {|H⟩ , |V⟩} and the diagonal

basis {|D⟩ , |A⟩}, where

|D⟩ = 1√
2
(|H⟩+ |V⟩), |A⟩ = 1√

2
(|H⟩ − |V⟩).

These bases are mutually unbiased because any pair of states from different bases has equal

overlap, i.e. | ⟨D|H⟩ |2 = 1/2. A conventional bit assignment can be used, for instance,

0 → {|V⟩ , |D⟩} and 1 → {|H⟩ , |A⟩}.

• Alice sends individual photons to Bob, choosing randomly among the four states, as

schematized in the first row of Figure 3.6.

• Bob measures each qubit in a randomly chosen basis among the two predefined ones

(rectilinear or diagonal). The random choices made by Alice and Bob must be inde-

pendent (second row of Figure 3.6).
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• When Alice and Bob choose the same basis, their results are perfectly correlated; oth-

erwise, the outcomes are completely uncorrelated. At this point, each party holds a

sequence of bits known as the raw key, which intrinsically contains about 25% errors

due to the random and independent basis choices (third row of Figure 3.6).

• Alice and Bob publicly announces the basis used for each measurement, without re-

vealing the measurement outcomes. All events corresponding to different basis choices

are discarded. This step, known as sifting, removes approximately half of the raw key

and produces the sifted key, as shown in the last two rows of Figure 3.6.

• From the sifted key, Alice and Bob publicly compare a small random subset of their bits

to estimate the quantum bit error rate (QBER). This step is known as parameter estima-

tion. If the QBER exceeds a certain threshold (25%) indicates the possible presence of an

eavesdropper (as described below), and the protocol is aborted and restarted from the

beginning. If the QBER is below the threshold, the remaining errors can be attributed

to technical imperfections, a noisy transmission channel, or even partial information

stealing by Eve.

• At this stage, Alice and Bob share the sifted key, but their keys may not be identical be-

cause of residual errors. They therefore perform classical error correction, using partial

information of the sifted key.

• After error correction, Alice and Bob share the same key, but Eve may still possess

partial information. Thus, finally privacy amplification techniques are applied to distill

a shorter but fully secure secret key. This method was first proposed in [172] and

ensures that any information potentially held by Eve is eliminated.

In the following, the intercept–resend eavesdropping strategy is analysed to illustrate how

the BB84 protocol detects unwanted third-party interference [168]. In this attack, Eve inter-

cepts each photon sent by Alice, measures it in a randomly chosen basis (just as Bob), and

then resends to Bob a new photon prepared in the state corresponding to her measurement

result. Due to the no-cloning theorem, Eve cannot create a perfect copy of the qubit and

measure it later, and therefore must perform the measurement directly on the intercepted

photon.

Since Eve chooses her measurement basis at random, in about half of the cases she uses

the correct basis, the one compatible with Alice’s prepared state. In these cases, she resends

the correct state to Bob, and her presence remains undetected. However, in the other half of

the cases, Eve uses the wrong basis. Because she has no information about Alice’s random

choice, the state she resends has only a 1/2 overlap with the correct one. This highlights

the importance of using quantum random number generators (QRNGs) in practical imple-

mentations to guarantee true randomness. As a result, when Alice and Bob use the same

basis, these incorrect-basis events introduce errors in their correlations. Altogether, the in-

tercept–resend attack gives Eve information about 50% of the sifted-key bits in the case she

measures in the correct basis, while Alice and Bob observe an error rate of about 25% in their

sifted key. Such a QBER value is easily detectable during the parameter-estimation step of

the protocol.

38



3.3. Quantum applications

Figure 3.6: BB84 protocol. Schematic steps representation of the BB84 QKD protocol based on polarization
photon encoding. Once the sifted key is obtained, parameter estimation, error correction, and privacy amplifi-
cation steps are performed to distill a secure secret key.

If Eve applies this strategy only to a fraction of the exchanged photons, for example 10%,

the QBER will scale proportionally to 2.5%, while Eve gains partial information of about

5% of the sifted key. Even if such a small error does not exceed the abort threshold, privacy

amplification ensures that Alice and Bob can still distill a secure secret key by shortening it

appropriately to remove any information Eve might possess.

Photons are the most suitable candidate for quantum communication applications, as

they offer relevant advantages for the transmission of quantum states. Firstly, photon trans-

mission can leverage the existing global fibre-optic network on which modern telecommu-

nication systems are based. In the telecom bands, photons can propagate at the speed of

light with inherently low transmission losses, enabling communication over long distances.

In terms of hardware, many optical components can be inherited from traditional telecom

applications, at relatively low cost and with wide availability. Photons can also be used for

free-space quantum communication applications, especially for Earth-to-satellite communi-

cation. In this case, different wavelengths can be used beyond the standard telecommunica-

tions fibre-optic band (∼ 1.3 µm and ∼ 1.55 µm). For instance, ∼800 nm is often chosen to

reduce beam divergence in satellite-based demonstrations [173]. In addition, photons offer

different degrees of freedom on which a quantum state can be encoded, such as polarization,

time, space and frequency, as described in Section 3.2.

Quantum communication protocols has moved beyond the proof-of-concept stage, with

numerous experimental demonstrations and companies now offering commercial QKD sys-

tems. Companies such as ID Quantique, ThinkQuantum, Toshiba, LuxQuanta, and others,
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sell modules for secure key distribution via fibre and free-space links demonstrating that

QKD technology is becoming practical and commercially viable [174]. Currently, several

operational quantum networks link multiple nodes, but the development of standardized

hardware and universally adopted protocols remains an open challenge [175, 176].

Research is currently focused on improving system performance, such as increasing the

secret key rate (SKR) over long distances, and on developing scalable hardware implemen-

tations. In terms of technological development, integrated photonic components play an

important role, providing reliable, compact, and scalable solutions for photon sources, ma-

nipulation, and single-photon detection [11].

Additional research directions include the extension of communication ranges using

quantum repeaters [177, 178], as well as the development of multi-user quantum networks

that go beyond the original point-to-point schemes between Alice and Bob. This is often

based on the adoption of classical telecom concepts such as DWDM that allow multiple

users to share the same link while maintaining secure connections [179–182]. Overall, these

efforts aim to create scalable and high-performance quantum communication networks.

A recent alternative approach that enables experimentally high SKRs is continuous-variable

quantum key distribution (CV-QKD). The presented BB84 protocol belongs to the class of

discrete-variable quantum key distribution (DV-QKD), where quantum information is en-

coded in discrete degrees of freedom. In contrast, in CV-QKD the key information is encoded

in the continuous quadrature amplitudes of the quantized electromagnetic field, rather than

in discrete quantum states [183].

CV-QKD was originally proposed using squeezed states [184], but most practical im-

plementations employ coherent states, as they can be readily generated using standard at-

tenuated laser sources [185]. One of the main advantages of CV-QKD is that it relies on

homodyne or heterodyne detection techniques, similar to those used in classical optical

telecommunications, enabling the use of high-bandwidth detectors and potentially higher

SKRs [186]. Indeed, recent demonstrations have reported SKRs on the order of tens of Mbps

over metropolitan-scale fibre links [187].

It represents a promising complementary approach to DV-QKD and benefits from strong

compatibility with integrated photonic and telecom technologies. The use of continuous-

variable quantum information carriers, instead of qubits, constitutes a powerful alternative

not only for QKD but more broadly for quantum information processing [183].

3.4 Entanglement as a quantum resource

Entanglement was introduced earlier in this chapter as a special case of multi-qubit states.

In this section, I discuss why entanglement is a central resource in quantum technologies,

outlining its main properties and the advantages it provides across different applications.

Entanglement is one of the most fundamental and non-classical features of quantum me-

chanics. Formally, a bipartite quantum state ρAB is said to be separable if it can be expressed

as a convex combination of product states:

ρAB = ∑
i

pi ρ
(i)
A ⊗ ρ

(i)
B , (3.8)
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where pi are probabilities, and ρ
(i)
A and ρ

(i)
B are local density matrices of subsystems A and

B, respectively. If a state cannot be written in this form, it is entangled.

Although this is a negative definition, it emphasizes that entanglement represents corre-

lations that cannot be reduced to classical statistical mixtures of individual subsystems, but

instead reveal intrinsic quantum connections between them. One of the most striking conse-

quences of entanglement is the existence of correlations between measurements on spatially

separated particles that cannot be explained classically. In 1935, Einstein–Podolsky–Rosen

(EPR) [116] argued that such correlations implied that quantum mechanics must be incom-

plete, proposing that additional “hidden variables” could predetermine measurement out-

comes.

In 1964, John Bell formalized this intuition by introducing the framework of local hidden

variable models (LHVMs), where hidden variables govern the behavior of quantum systems in

a deterministic way. Bell derived a set of constraints, now known as the Bell inequalities [188],

which any local hidden variable theory must satisfy. Subsequent experiments [189] demon-

strated violations of these inequalities, confirming that entangled states exhibit correlations

that cannot be reproduced by any classical local model, thus establishing entanglement as

an inherently non-classical phenomenon.

There exist several methods to experimentally certify and quantify the presence of entan-

glement in a quantum state [190]. One of the most widely used forms is the Clauser–Horne–Shimony–Holt

(CHSH) inequality [191], proposed in 1969 and inspired by Bell’s original work. It manifests

in the measured outcomes of entangled states, which exhibit particular statistical behavior

that cannot be generated by classical correlations. Consider a correlation experiment be-

tween two spatially separated subsystems A and B sharing an entangled state, where the

measurement outcomes of the first system depend on the variables a1 and a2, and similarly

for B, which depend on the variables b1 and b2. Then the LHVM imposes that the statistical

measurement outcomes must satisfy the following inequality:

|S| = ∥E(a1, b1) + E(a1, b2) + E(a2, b1)− E(a2, b2)∥ ≤ 2 (3.9)

where E(ai, bj) denotes the expectation value of the correlation experiment as a function

of the variables ai, bj. Thus, to demonstrate the presence of entanglement, it is necessary

to show a Bell parameter S > 2. The maximum value achievable for a two-dimensional

quantum system, as predicted by quantum mechanics, is bounded by S < 2
√

2 [192].

While violations of Bell inequalities (such as CHSH) are a strong method to demonstrate

entanglement, they are not the only way to certify it. Indeed, for instance an entanglement

witness is an observable W such that, for any non entagled state separable state ρsep,

Tr[W ρsep] ≥ 0. (3.10)

If, for a given quantum state ρ,

Tr[W ρ] < 0, (3.11)

then the state ρ is guaranteed to be entangled [193, 194]. It is important to note that a negative

expectation value of an entanglement witness is a sufficient condition for entanglement, but
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not a necessary one. This means that some entangled states might not be detected by a par-

ticular witness, but whenever the witness indicates entanglement, it is a rigorous certifica-

tion. Entanglement witnesses are particularly useful in experiments with high-dimensional

or multi-partite systems, where full state tomography is complicated.

3.4.1 Generation of entangled states

Entangled states can be generated using a variety of methods and physical implementations.

In the field of optical applications, the most widely adopted approaches for generating en-

tangled photons exploit the nonlinear optical properties of materials, specifically second-

and third-order nonlinear processes.

Second-order processes. The second-order process that is most commonly employed is

SPDC. In this process, one pump photon is absorbed and two lower-energy photons are

emitted. Due to the conservation of energy and momentum, the two emitted photons carry

an average of half the energy of the pump photon.

SPDC has been efficiently demonstrated in bulk nonlinear crystals such as PPLN [195–

198] and periodically poled potassium titanyl phosphate (PPKTP) [141, 199]. More recently,

SPDC has also been implemented in integrated TFLN platforms [200, 201], although achiev-

ing reliable periodic poling on-chip remains a technological challenge. Other materials of

interest include potassium niobate (PPKN) and related periodically poled structures.

These platforms provide high generation efficiency and wavelength tunability, with emis-

sion properties determined by phase-matching conditions and by engineering the poling pe-

riod. An important practical advantage is that the pump wavelength is far from that of the

emitted entangled photons, facilitating residual pump filtering and improving photon-pair

collection efficiency. However, in integrated implementations, this becomes more challeng-

ing, as proper phase matching and dispersion engineering must be simultaneously achieved

for optical modes propagating at significantly different frequencies.

Third-order processes. The third-order process relies on SFWM, where two pump pho-

tons are absorbed and a correlated pair of signal and idler photons is emitted symmetrically

around the pump frequency because of the energy conservation. This process has been ex-

tensively demonstrated in integrated photonic platforms, including silicon, SiN, and other

material systems [202, 203].

Generally integrated waveguide platforms provide great versatility for dispersion en-

gineering, enabling precise phase-matching control and enhanced nonlinear interaction effi-

ciency. The strong optical confinement achievable in these structures further increases the ef-

fective intensity of the interacting fields, significantly boosting photon-pair generation rates.

Additional enhancement can be achieved with resonant structures such as micro-ring res-

onators, which offer both resonant field buildup and compact on-chip integration. Notably,

the discrete FSR of micro-ring resonators naturally defines well-separated frequency modes,

making them particularly suitable for frequency-bin entanglement [142]. Moreover, inte-

grated photonic devices enable not only efficient photon-pair generation but also on-chip
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Figure 3.7: Entanglement generation. The diagrams illustrate nonlinear optical processes for generating en-

tangled photons in materials with (a) second-order (χ(2)) and (b) third-order (χ(3)) nonlinearity. Figure from
Ref. [205].

manipulation and filtering of the generated photons, paving the way toward compact, scal-

able, and programmable quantum photonic sources [204].

Generation condition A characteristic of photon-pair sources based on nonlinear optical

materials is their non-deterministic nature. The probability of generating zero, one, or mul-

tiple photon pairs depends on the pump power. For entanglement-based quantum applica-

tions involving two qubits and relying on SPDC or SFWM processes, the regime of interest

is the single-pair generation regime, which is achieved at relatively low pump powers. Op-

erating in this regime, however, also increases the likelihood of generating no pairs at all.

Conversely, increasing the pump power enhances the single-pair generation probability but

simultaneously raises the occurrence of multi-pair events, which introduce noise and de-

grade the entanglement visibility and fidelity.

The output of a SPDC or SFWM source can be described as a two-mode squeezed vac-

uum state [206, 207]:

|ψ⟩ =
√

1 − λ
∞

∑
n=0

λ
n
2 |n⟩s |n⟩i , (3.12)

where ns,i are the photon numbers in the signal and idler modes, and λ = tanh2 r. Here,

r is the squeezing parameter, which depends on the nonlinear interaction strength and the

pump amplitude (rSPDC ∝
√

Ppump and rSFWM ∝ Ppump).

The probability of generating n photon pairs follows a geometric distribution

P(n) = | ⟨ψ|n⟩s |n⟩i |2 = (1 − λ) λn, (3.13)

The mean photon-pair number is given by

µ =
λ

1 − λ
≃ sinh2 r, (3.14)
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which scales with the pump power. In the low-gain regime (µ ≪ 1), the dominant terms are:

P(0) ≈ 1 − µ, P(1) ≈ µ, P(2) ≈ µ2,

showing that multi-pair events increase quadratically with µ, while the single-pair rate in-

creases linearly. This quadratic scaling of unwanted multi-pair events is a fundamental

limitation of probabilistic sources, independent of whether the generation process relies on

second-order (SPDC) or third-order (SFWM) nonlinearities.

The quality of photon-pair sources is commonly characterized by the coincidence-to-accidental

ratio (CAR), defined as the ratio between the number of coincidence events arising from

single-pair generation, and the number of accidental coincidences, which originate from

multi-pair emissions, detector dark counts, or any background noise. A high CAR indicates

a low noise contribution and thus a higher purity and visibility of the generated quantum

state, both of which are essential for reliable quantum communication. In the ideal case,

neglecting detector dark counts and other technical noise sources, the CAR scales inversely

with the mean pair number, approximately as:

CAR ≈ P(1)

P(2)
=

1

µ

This relationship highlights the intrinsic trade-off between pair-generation rate and source

quality: increasing the pump power enhances brightness but simultaneously degrades the

CAR due to the quadratic growth of multi-pair events.

Deterministic sources Due to the mentioned limitations of probabilistic sources of SPDC

and SFWM, which face scalability challenges, there has been significant interest in the de-

velopment of deterministic optical sources. These include single atoms [208] and quantum

dots [209, 210], which can emit entangled photon pairs on demand. Single atoms trapped in

optical cavities or tweezer arrays can be coherently driven to emit photons in well-defined

temporal modes, often with the possibility of entangling successive photons or generating

polarization- or time-bin entangled pairs. Quantum dots, on the other hand, are semi-

conductor nanostructures that can be engineered to produce pairs of entangled photons

via biexciton-exciton cascades, with emission wavelengths tunable through strain, electric

fields, or cavity coupling. Both platforms enable deterministic photon generation with high

purity and indistinguishability.

Compared to probabilistic sources, deterministic ones offer potentially much higher gen-

eration rates, particularly in the pulsed regime of quantum applications. In such systems,

the operational clock rate sets the timescale, and since probabilistic sources generate entan-

gled pairs only with a certain probability per pulse, their overall rate scales linearly with this

probability. Deterministic emitters overcome this limitation by providing entangled pairs at

every clock cycle.

However, most deterministic sources have so far been developed for the generation of
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single-qubit state photons, and the engineering required for realizing true on-demand en-

tangled photon sources remains more challenging [209, 211]. Moreover, these solutions typ-

ically rely on complex material systems and highly controlled environments, often requiring

cryogenic temperatures to ensure stable and reliable operation [212].

3.4.2 Entanglement in quantum communication

Entanglement plays a central role in quantum communication, particularly in the domain

of QKD. In general QKD protocols can be divided into two categories: prepare-and-measure

schemes and entanglement-based schemes. The first category does not rely on entanglement

for its operation; the earliest example is the BB84 protocol, described in the previous section.

In contrast, entanglement-based protocols exploit the quantum correlations shared by entan-

gled photon pairs to distribute keys securely and to detect the presence of an eavesdropper.

The entanglement-based analogue of BB84, is BBM92, introduced by Bennett, Brassard, and

Mermin in 1992 [171]. In the experimental work presented in Chapter 6, I focus on the

implementation of the entanglement-based BBM92 protocol. In the following, I provide a

description of it, highlighting its connection to the BB84 protocol.

Over the years, various QKD protocols have been developed [171, 213–215], each offering

different advantages such as higher key rates, improved robustness against losses, increased

security against specific attacks, or reduced experimental requirements.

BBM92 The BBM92 protocol is similar to the BB84 protocol. It also involves two users,

Alice and Bob, but in this case a central entangled-photon source distributes one photon of

the entangled pair to Alice and to Bob, as schematically shown in Figure 3.8. Still considering

the polarization degree of freedom, the source generates a maximally entangled Bell state,

such as
∣

∣Φ+
〉

=
1√
2

(

|HH⟩+ |VV⟩
)

,

although the protocol can be implemented with any two-level quantum system. For each

received photon, Alice and Bob independently and randomly choose a measurement basis

from two predetermined mutually unbiased bases. For example, they may select between

the rectilinear basis {|H⟩ , |V⟩} and the diagonal basis {|D⟩ , |A⟩}. Each user records both

the chosen basis and the corresponding measurement outcome, as illustrated in the blue and

green shaded rows of Figure 3.8.

Only the events where both users selected the same basis are retained, since these mea-

surements are expected to exhibit perfect correlations due to the entanglement of the shared

state. Measurements performed in different, mutually unbiased bases produce completely

uncorrelated outcomes.

From this point onward, the protocol proceeds in the same way as BB84 previously de-

scribed. After collecting a sufficiently large dataset, Alice and Bob publicly announce the

basis used for each detection event, without revealing the outcomes, thereby performing the

sifting step. They then carry out parameter estimation by publicly comparing a small random

subset of their correlated results to estimate the QBER. If the QBER is higher than 25%, the
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Figure 3.8: BBM92 protocol. Schematic steps representation of the BBM92 QKD protocol based on polarization
photon encoding. Once the sifted key is obtained, parameter estimation, error correction, and privacy amplifi-
cation steps are performed to distill a secure secret key. EPR: entangled photon source.

protocol is aborted. If the QBER is below the threshold, they proceed with classical error cor-

rection to reconcile their sifted keys, and finally apply privacy amplification to distill a secure

secret key, as shown in the last row of Figure 3.8.

As in the BB84 protocol, according to the no-cloning theorem it is impossible for Eve to

create a perfect copy of an unknown quantum state without disturbing it. Consequently, any

attempt to intercept and measure the transmitted qubits modify the quantum correlations,

producing detectable errors in the measurement statistics. This ensures that eavesdropping

can always be identified.

The enhanced security offered by entanglement-based protocols such as BBM92, com-

pared to prepare-and-measure schemes like BB84, arises from the nonlocal correlations of

entangled states. Unlike BB84, where Alice actively prepares and sends quantum states

to Bob, BBM92 relies on pre-shared entangled photon pairs. This configuration enables the

direct verification of quantum correlations—typically through the violation of a Bell inequal-

ity such as CHSH—which provides a stronger and more fundamental security guarantee. In

this way, even if the entangled-photon source is untrusted or located outside Alice and Bob’s

secure domains, the observed violation of a Bell inequality certifies the presence of genuine

quantum correlations [168].

Although this approach offers stronger theoretical security guarantees, it comes at the

cost of increased experimental complexity, as entanglement generation typically require

more advanced hardware.
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Figure 3.9: Entanglement-based applications. Schematic representation of entanglement-based applications
other than QKD, which have no classical analogue: a) Superdense coding, b) Quantum teleportation, BSM:
Bell state measurement, Figure from Ref. [1], and c) Entanglement swapping, Figure from Ref. [222].

Other applications of entanglement Entanglement enables powerful applications in which

its correlations are exploited to perform quantum communication tasks that are impossible

to achieve with classical methods. The most notable and important of these protocols, other

than QKD, are described briefly here:

Quantum dense coding: (or superdense coding) This protocol allows two users, to ex-

change 2 bits of classical information by transmitting only 1 qubit, provided they share an

entangled pair, as schematcally shown in Figure 3.9a. Classically, transmitting 2 bits would

require sending 2 bits; entanglement thus reduces the quantum communication cost. The

scheme relies on Alice applying one of four possible quantum operations to her qubit: the

identity operator (I) or one of the three Pauli gates (X, Y, and Z). She then sends this qubit

to Bob, who performs a joint Bell-state measurement (BSM) on both qubits. From this joint

measurement, Bob can unambiguously retrieve the 2 bits of classical information. This pro-

tocol was first demonstrated experimentally in 1996 [216].

Quantum teleportation: This protocol allows Alice to transfer an unknown quantum

state to Bob using a shared entangled pair and classical communication. Importantly, the

quantum state is transferred, not copied, thus complying with the no-cloning theorem. The

involved steps, represented in Figure 3.9b, require that Alice performs BSM on the two quan-

tum state and by a classical channel the outcomes information is transferred to Bob. Based

on the two classical bits received, Bob applies a specific unitary correction operation (one of

four possible Pauli operations to his qubit. After this correction, Bob’s qubit is transformed

into the original unknown state. The concept was first introduced in 1993 by Bennett et al.

[217] and experimentally demonstrated in 1997 [218].

Entanglement swapping: Consider four parties, where A and B share a maximally en-

tangled pair (Source 1), and C and D share another maximally entangled pair (Source 2) as

shown in Figure 3.9c. If B and C perform a joint BSM on their two qubits, the entanglement

is "swapped" [219]. Consequently, A and D end up sharing a maximally entangled state,

even though they never interacted directly. This principle is crucial in quantum commu-

nication, particularly for EBQKD protocol, because it enables the construction of quantum

repeaters [220, 221]. Quantum repeaters allow entanglement to be distributed over long dis-

tances, thereby overcoming the limitations of direct photon transmission imposed by loss in

prepare-and-measure schemes like BB84.
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3.5 Quantum communication with temporal encoding

This section introduces the fundamental principles and recent developments of quantum

communication schemes based on temporal encoding, providing the necessary background

for the research presented in this thesis. The discussion begins with an overview of the main

temporal encoding methods and their variants, emphasizing their respective advantages

and practical limitations. This framework serves to clarify the technological and security

challenges associated with temporal encoding, particularly those that arise in real-world

implementations.

3.5.1 Time-energy entanglement

The temporal encoding of entangled states was first proposed by Franson in 1989 [120]. This

scheme exploits the intrinsic randomness in the emission times of photon pairs generated

by a nonlinear medium, giving rise to a encoding referred as time-energy entanglement. The

original proposal, schematically illustrated in Figure 3.10, considered an atom excited by a

laser into a long-lived upper state with lifetime τ1. After the emission of the first photon

(γ1), the atom occupies an intermediate energy level with a much shorter lifetime τ2 ≪
τ1, and subsequently decays to the ground state by emitting a second photon (γ2). Time-

energy entanglement arises because the two photons are strongly correlated in their emission

times (within τ2) and energies, due to energy-momentum conservation, while the absolute

emission time remains uncertain within the duration τ1.

In modern quantum optics experiments, the atomic-level picture is typically replaced

by optical sources based on nonlinear processes, such as SFWM or SPDC. For SFWM, two

pump photons at frequency ωp interact with the nonlinear medium to generate one signal

and one idler photons at frequencies ωs and ωi. In this analogy, the long atomic lifetime

τ1 is effectively replaced by the coherence time of the pump laser, τ, which can be large

for continuous-wave and narrowband sources. The short coherence time of the emitted

photons, τp, corresponds to the duration over which an individual photon wavepacket is

well-defined. Physically, τp is determined by the spectral bandwidth of the generated pho-

tons: narrower spectra yield longer photon coherence times, while broader spectra produce

shorter coherence times. The condition τ ≫ τp ensures that the emission time of the photon

pair is uncertain on the timescale of the pump coherence, while the relative timing between

signal and idler photons remains well-defined.

Experimentally, these correlations can be characterized through the joint spectral intensity

(JSI) and the joint temporal intensity (JTI), as illustrated in Figure 3.11. The JSI is the two-

dimensional probability distribution that quantifies correlations between the signal and idler

photons in the frequency domain, while the JTI describes the joint probability of detecting

the two photons at specific arrival times, thereby capturing their temporal correlations.

Entangled photon pairs generated by nonlinear processes can be described as [128]:

|Ψ⟩ =
∫

dωi dωs ϕ(ωi, ωs) |ωi⟩ |ωs⟩ , (3.15)
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Figure 3.10: Time-energy entanglement experimental schematic. Original optical scheme proposed for the
certification of time-energy entanglement, based on a long-lived τ1 upper excited state and a short-lived τ2 in-
termediate state that together generate photon pairs γ1 and γ2 correlated in both time and energy. Coincidence
detection correlations are analysed by detectors D1 and D2 after the interferometer’s path recombination. Fig-
ure from Ref. [120].

where ωi and ωs denote the idler and signal frequencies, and ϕ(ωi, ωs) is the probability am-

plitude for generating a photon pair at those specific frequencies (JSI). This function depends

on the nonlinear process and the pump laser. In many cases, ϕ(ωi, ωs) can be approximated

by a double-Gaussian function [128], oriented along the diagonal (ωs +ωi) and anti-diagonal

(ωs − ωi) axes:

ϕ(ωi, ωs) ∝ e−
τ2

4π (ωi+ωs−2Ωp)2
e−(δi(ωi−Ωi)−δs(ωs−Ωs))

2

, (3.16)

with Ωp the pump frequency, Ωi,s the central idler and signal frequencies (with Ωi + Ωs =

2Ωp), and δi,s parameters related to the phase-matching condition. By Fourier transforming

the JSA, it is obtained the JTI:

F(ti, ts) ∝ e
− π

τ2

(

δi ti+δs ts
δi+δs

)2

e
− (ti−ts)2

2(δi+δs)2 ei(tiΩi+tsΩs). (3.17)

A simulated JSI and JTI using the double-Gaussian function approximation is reported

in Figure 3.11. In the double-Gaussian model, the parameter τ, which corresponds to the co-

herence time of the pump laser, determines the width of the JSI along the diagonal direction

(ωi + ωs) and the width of the JTI along the diagonal direction (ti + ts). A longer coherence

time τ results in a narrower diagonal bandwidth in the JSI, and a correspondingly broader

temporal distribution along (ti + ts) in the JTI. In contrast, the anti-diagonal width is deter-

mined by the phase-matching conditions of the nonlinear medium, through the parameters

δs and δi, which set the spectral region where the nonlinear process is efficient. These con-

straints define the bandwidth of (ωs − ωi) in the JSI and manifest in the temporal domain as

the width of the JTI along the (ts − ti) direction.

As proposed by Franson in the seminal work [120], the verification of time-energy en-

tanglement relies on an unbalanced MZI, commonly referred to as a Franson interferometer,
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Figure 3.11: Simulated JSI and JTI of time-energy entangled state. Representation of the joint spectral inten-
sity (left) and the joint temporal intensity (right). According to the double-Gaussian model in Eqs. (3.16) and
(3.17), the simulation is performed assuming a pump coherence time of τ = 100 ps, phase-matching parameters
δs,i = 5 ps, and δs,i = 2τ. The central frequencies are set to Ωp = 2π · 200 THz for the pump, Ωs = 2π · 199 THz
for the signal, and Ωi = 2π · 201 THz for the idler.

illustrated in Figure 3.10. Assuming two identical interferometers such that L1 = L2 and

S1 = S2, the path-length difference ∆L = L − S introduces a temporal delay

∆t = ∆L/c, (3.18)

where c is the speed of light in the medium. This delay must satisfy the condition

τ ≫ ∆t ≫ τp, (3.19)

In this regime, single-photon interference is suppressed because τp ≪ ∆t, while the long

pump coherence time τ allows the two-photon wavefunction to interfere nonlocally, giving

rise to time-energy entanglement correlations.

After passing through the interferometers, the two-photon state |Φ⟩ can be expressed in

terms of the paths |aA, bB⟩, where a, b ∈ {S, L} denote the short (S) or long (L) arm taken

by Alice’s and Bob’s photons, respectively. Considering all four possible path combinations,

the state evolves as

|Φ⟩ → |SASB⟩+ ei(ϕA+ϕB) |LALB⟩+ eiϕB |SALB⟩+ eiϕA |LASB⟩
2

, (3.20)

where ϕA and ϕB are the phases accumulated in the long arms of Alice’s and Bob’s inter-

ferometers. The nonlocal interference of the entangled state between the two spatially sep-

arated interferometers is revealed through coincidence measurements through detectors D1

and D2 as labeled in the Figure 3.10, which record the joint detection of Alice’s and Bob’s

photons. These coincidences depend on the specific combinations of optical paths taken by

the photons, as shown in Figure 3.12a. By analyzing the coincidence detections as a function

of the arrival-time difference, the resulting statistical histogram exhibits three distinct peaks,

as shown in Figure 3.12b :
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• Side peaks: Correspond to |SALB⟩ and |LASB⟩, which are temporally distinguishable

due to a separation of 2∆t in detection times. These events do not exhibit interference.

• Central peak: Corresponds to |SASB⟩ and |LALB⟩, which are temporally indistinguish-

able thanks to the long pump coherence time τ. This indistinguishability allows non-

local two-photon interference, as is described below.

The central peak events thus correspond to coherent superpositions of the two-photon wave-

function, enabled by the long pump coherence time, and give rise to nonlocal two-photon

interference—a direct signature of time-energy entanglement. This can be described analyt-

ically in the following way. After the final beam splitter of each interferometer, the incoming

path modes are mapped onto two output spatial modes associated with detections corre-

sponding to the states |0A,B⟩ and |1A,B⟩. Using the balanced beam-splitter transformation:

|SA,B⟩ → 1√
2
(|0A,B⟩+ i |1A,B⟩) , (3.21)

|LA,B⟩ → 1√
2
(|0A,B⟩ − i |1A,B⟩) , (3.22)

and restricting the analysis to the central peak events that shows the non local interfernece

(i.e., post-selecting indistinguishable detection events), the two-photon state becomes

|ΦPS⟩ =
|SASB⟩+ ei(ϕA+ϕB) |LALB⟩

2
, → 1

2
√

2

[

(1 + ei(ϕA+ϕB)) |0A0B⟩+ i(1 − ei(ϕA+ϕB)) |0A1B⟩

+i(1 − ei(ϕA+ϕB)) |1A0B⟩ − (1 + ei(ϕA+ϕB)) |1A1B⟩
]

.

(3.23)

The coincidence probabilities can be calculated from this last expression. For instance,

the probability of detecting both photons in the |0A0B⟩ output is

P(0A0B) =
∣

∣ ⟨0A0B|ΦPS⟩
∣

∣

2
= 1

8

∣

∣1 + ei(ϕA+ϕB)
∣

∣

2
= 1

4 [1 + cos(ϕA + ϕB)] . (3.24)

By varying the relative phases ϕA and ϕB, interference fringes appear in the coinci-

dence rates, even if Alice and Bob are spatially separated. For a test of the CHSH in-

equality (Eq. (3.9)), specific phase settings are chosen to maximize the violation of local

realism. A common choice is ϕA ∈ {0, π/2} and ϕB ∈ {−π/4, π/4}, which corresponds

to the four measurement settings used to compute the correlation parameter S, where E =

P(0A0B) + P(1A1B)− P(0A1B)− P(1A0B). With these settings, the coincidence probabilities

exhibit maximal nonlocal correlations, and the measured value of S can approach the quan-

tum bound of 2
√

2, providing an experimental demonstration of time-energy entanglement.

3.5.2 Time-bin entanglement

In 1999, Gisin et al. proposed a variation of Franson’s time-energy scheme, initially referred

to as pulsed time-energy entanglement and later known as time-bin entanglement [121]. In this

scheme, shown in Figure 3.13, the generation mechanism of the entangled state is modified,

while the analysing interferometer remains the same as in the Franson configuration (an
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Figure 3.12: Time-energy entanglement measurement correlation. a) Possible measurement correlation
events: temporally indistinguishable events give rise to nonlocal two-photon interference between the two
users, while distinguishable events do not exhibit correlations. These effects are revealed by analyzing co-
incidence detections between D1 and D2 of Figure 3.10. Figure from Ref. [128]. b) Measured coincidence
histogram as a function of the arrival-time difference between Alice and Bob, showing three distinct peaks:
two side peaks corresponding to distinguishable events (|SA LB⟩ and |LASB⟩) and a central peak correspond-
ing to indistinguishable events (|SASB⟩ and |LA LB⟩) that give rise to nonlocal two-photon interference. Figure
from Ref. [223].
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Figure 3.13: Time-bin entanglement experimental schematic. Optical scheme for the generation and verifica-
tion of time-bin entanglement. Figure from Ref. [224].

unbalanced interferometer). The photon-pair source is no longer pumped continuously but

by two coherent optical pulses separated by a fixed delay ∆t. Under suitable pump-power

conditions, a photon pair can be generated either in the first time-bin, denoted |early⟩, or in

the second time-bin, denoted |late⟩. Moreover, the pump coherence time τp is much shorter

than the bin separation, i.e., ∆t ≫ τp. This condition ensures that the two time-bin modes

do not overlap temporally, yielding a well-defined separation between early and late bins.

An illustration of the expected JTI of the generated state is shown in Figure 3.14a.

The resulting quantum state is a coherent superposition of the two possible emission

times of a photon pair:

|Φ⟩ = 1√
2

(

|early⟩A |early⟩B + eiϕp |late⟩A |late⟩B

)

, (3.25)

where ϕp denotes the relative phase between the two time-bins, directly set by the relative

phase of the pump pulses. For compact notation, we may write

|Φ⟩ = 1√
2

(

|early⟩AB + eiϕp |late⟩AB

)

. (3.26)

When these photons are sent into the unbalanced interferometers of Alice and Bob, each

photon can take either the short (|SA,B⟩) or long (|LA,B⟩) path, as in the time-energy case. It

is important that the interferometer delay ∆L/c matches the temporal separation ∆t. Con-

sidering the two input time-bins |early⟩AB and |late⟩AB with the two interferometer paths

|SA,B⟩ and |LA,B⟩ leads to eight possible coincidence events. An illustrative representation

of the evolution of the JTI through the unbalanced interferometers is shown in Figure 3.14b.

By analysing the coincidence detections as a function of the arrival-time difference between

the two users—i.e., integrating statistical events along the tA + tB axis—three coincidence

peaks are observed, as shown in Figure 3.14c:
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• Side peaks: |early⟩AB |SALB⟩, |early⟩AB |LASB⟩, |late⟩AB |SALB⟩, and |late⟩AB |LASB⟩,
which are distinguishable in time since their detection times differ by ±∆t.

• Central peak: |early⟩AB |LALB⟩ and |late⟩AB |SASB⟩, which are temporally indistin-

guishable. Additionally, |early⟩AB |SASB⟩ and |late⟩AB |LALB⟩ are indistinguishable

when analysing the coincidence histogram versus tA − tB, but they can be discrimi-

nated when using synchronization with the pump laser emission time, as shown in

Figure 3.14b (outer diagonal cases).

Thus, the wavefunction components that overlap temporally at the central peak are

|early⟩AB |LALB⟩ and |late⟩AB |SASB⟩. As in the time-energy case, this indistinguishability

leads to nonlocal interference. Restricting to the post-selected central events, the quantum

state evolves as

|ΦPS⟩ → eiϕp |late⟩AB |SASB⟩+ ei(ϕA+ϕB) |early⟩AB |LALB⟩√
2

. (3.27)

After mapping the time-bin modes to the detection outputs via the balanced beam-splitter

transformation (Eq. 3.22), it is obtained:

|ΦPS⟩ → eiϕp

2
√

2

[

(1 + ei(ϕA+ϕB−ϕp)) |0A0B⟩+ i(1 − ei(ϕA+ϕB−ϕp)) |0A1B⟩

+i(1 − ei(ϕA+ϕB−ϕp)) |1A0B⟩ − (1 + ei(ϕA+ϕB−ϕp)) |1A1B⟩
]

.

(3.28)

The nonlocal interference is analysed using the coincidence probability for a specific detector

pair. For example, the coincidence probability for the pair P(0A, 0B) is:

P(0A0B) =
∣

∣ ⟨0A0B|ΦPS⟩
∣

∣

2
= 1

8

∣

∣1 + ei(ϕA+ϕB−ϕp)
∣

∣

2
= 1

4

[

1 + cos
(

ϕA + ϕB − ϕp

)]

.

(3.29)

Note that this probability is not normalized, as only one detection outcome is considered

and varies with the phase sum ϕA + ϕB − ϕp. Considering the full distribution, including all

four detector outcomes, the probability is normalized to unity.

Time-bin encoding offers important advantages over time-energy entanglement for quan-

tum communication applications. In time-energy schemes, the photon-pair emission time is

uncertain within the long coherence window of the pump laser (τ), requiring detectors to re-

main continuously active. This continuous operation increases accidental coincidences and

dark-count noise. In contrast, time-bin entanglement defines two well-separated temporal

modes, allowing detectors to be gated only at the expected arrival times of the early and

late bins [128]. This gating capability significantly reduces background noise, improves the

signal-to-noise ratio (SNR), and extends the achievable transmission distance. Furthermore,

unlike time-energy schemes, time-bin encoding does not require a pump laser with a long

coherence time τ. Finally, pulsed pumping naturally provides both a timing reference and

a repetition clock, making time-bin entanglement highly compatible with existing telecom-

munication infrastructures [225].
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Figure 3.14: Time-bin JTI. Representation of the JTI distribution for time-bin entangled photons: (a) before
the analyser interferometer, (b) after propagation through the unbalanced analyser interferometer, (c) resulting
three-peak coincidence pattern obtained by integrating the JTI along the diagonal axis (tA + tB = const.).

3.5.3 Loopholes

The experimental correlation features observed in both time-energy and time-bin configura-

tions enable the demonstration of non-local interference patterns, i.e., correlations between

distant measurements.

In ideal conditions, with a perfectly balanced entangled state and an ideal interferometer,

these correlations ((3.24) and (3.29)) can exhibit a maximum interference pattern with coinci-

dences probability ranging from 0 to 1. A main figure of merit to evaluate the entanglement

quality and the analyzing interferometer stage is the visibility of the expected sinusoidal

function. The visibility V for the coincidence probability function P(ϕA, ϕB) is defined as:

V =
max[P(ϕA, ϕB)]− min[P(ϕA, ϕB)]

max[P(ϕA, ϕB)] + min[P(ϕA, ϕB)]
(3.30)

Such a visibility, when it exceeds the Bell inequality bound of 1/
√

2 ( ∼ 70.7%), effectively

rules out LHVMs [226].

In real experiments, however, the observed nonlocal correlations are inevitably affected

by imperfections and technical limitations, which can allow alternative LHVMs to repro-

duce similar statistical results. For this reason, most experimental demonstrations of Bell

inequality violations rely on a set of auxiliary assumptions. If these assumptions are not

strictly satisfied, LHVMs may still account for the observed correlations, leaving open what

are known as loopholes. These loopholes represent potential weaknesses in the experimental

verification of entanglement.

In time-energy and time-bin entanglement experiments, three main loopholes are typi-

cally considered:

Locality loophole. This loophole arises if the choice of measurement settings or the de-

tection events at Alice’s and Bob’s stations are not space-like separated, which would in

principle allow classical communication between the parties within the light cone. It was

first closed in 1998 by using a quantum random number generator to select measurement

settings at stations separated by 400 m [227].
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Detection loophole. This loophole is due to the fact that low detection efficiencies can

allow selective sampling of detection events, enabling LHVMs to mimic quantum correla-

tions. To achieve the maximum violation of the CHSH inequality, the minimum detection

efficiency required is 83% [228]. For many years this threshold could not be reached, as

efficient detectors and low-loss components were not available. More recently, significant

progress in detection efficiency has enabled the closure of the detection loophole through

the use of highly efficient superconducting transition-edge sensors (TES) [229, 230]. Nev-

ertheless, in photonic implementations, closing this loophole remains challenging because

optical components used for photon manipulation and interferometry still introduce signif-

icant losses.

Temporal (post-selection) loophole. While the two loopholes described above are also rel-

evant for other degrees of freedom of entanglement implementation, the temporal PSL is

specific to time-energy and time-bin encoding schemes. As described in the previous sec-

tions, only events in the central time binning contribute to the nonlocal interference. In

particular, these are the |SASB⟩ and |LL⟩ contributions for time-energy entanglement, and

the |early⟩AB |LALB⟩ and |late⟩AB |SASB⟩ contributions for time-bin entanglement, while the

side peaks are discarded. The discarded events—corresponding to |SALB⟩ and |LASB⟩ for

time-energy entanglement, and to the other six contributions in the time-bin case—imply

that selective post-processing has been performed. This leaves room for LHVMs to repro-

duce the observed correlations [19].

Different strategies have been proposed to address this issue.

Polarization beam splitter. One approach is to exploit an additional degree of freedom—most

commonly polarization—so that, by means of a polarization beam splitter, the path taken in

the unbalanced interferometer can be deterministically selected [231]. While it is effective

for closing the loophole, this method is not directly optimized for information encoding in

scalable quantum communication, where hyperentanglement or multiplexing are desired.

There have also been alternative proposals, often labeled as genuine, in the sense that only

a single degree of freedom, the temporal one, is exploited.

Hug interferometer. Another approach is the so called “hug interferometer”, in which the

interferometers of Alice and Bob are compenetrated [232], as shown in Figure 3.15. In this

configuration, the events that would normally be discarded (|SALB⟩ and |LASB⟩) lead to co-

incident detections on the same user’s side and are thus naturally filtered out. Conversely,

when one photon is detected by each user, the geometry of the setup ensures temporal su-

perposition of |SASB⟩ and |LALB⟩ (or equivalently |early⟩AB |LALB⟩ and |late⟩AB |SASB⟩),
giving rise to the desired quantum nonlocal interference. This method has also been demon-

strated on an integrated SiN platform [233]. However, its practical implementation is chal-

lenged by the stringent requirement of maintaining relative phase stability, particularly when

the two users are widely separated and the transmission links must be actively stabilized.

Additionally, the compenetrated interferometer structure can limit the security of QKD im-

plementations, as an eavesdropper could, in principle, act on the analyzer interferometer.

Finally, the hug interferometer reduces the maximum achievable key rate because non-

interfering events are discarded spatially, whereas methods such as polarization beam splitter

56



3.5. Quantum communication with temporal encoding

Figure 3.15: "Hug" interferometer. Interferometer scheme enabling the elimination of temporal post-selection
in time-energy and time-bin Bell experiments. Distinguishable events are removed when both entangled pho-
tons arrive at the same side of the setup and do not contribute to the coincidence detection between the two
users. Figure from Ref. [232].

or switching schemes can exploit all events injected into the analyzer for quantum statistical

measurements.

Switching. As originally proposed in the first work introducing time-bin encoding [121],

the temporal PSL can be eliminated by inserting an optical switch, synchronized with the

pump source, before the unbalanced analysing interferometer, as shown in Figure 3.16. The

optical switch allows to selectively routes photons into the two paths according to the ap-

plied modulation phase ϕM. Specifically, the modulation is configured such that, at the

expected arrival time of the |early⟩AB bin (dark shaded photons in the Figure 3.16), the pho-

ton is routed toward the long path |L⟩, while at the arrival time of the |late⟩AB bin (light

shaded photons in the Figure 3.16), the switch directs the photon toward the short path |S⟩.
In this way, temporal PSL is intrinsically avoided as all detection events correspond to indis-

tinguishable path combinations (|early⟩AB |LALB⟩ and |late⟩AB |SASB⟩), leading to nonlocal

interference without discarding any events.

Unlike the previously mentioned methods that can be applied to both time-energy and

time-bin schemes, this switching approach is specific to time-bin encoding. The first experi-

mental implementation of this method was demonstrated in 2018 using bulk and fiber-based

components to certify entanglement [234]. Notably, it has also been realized in an integrated

form within the scope of this PhD project and will be described in detail in the next chapter.

Overall, these loophole-closure techniques are not essential for demonstrating entangle-

ment certification in principle, but are directly relevant for guaranteeing the intrinsic secu-

rity of quantum applications such as QKD, where an eavesdropper could exploit to hack the

system, as has been demonstrated in the time-energy scenario [235].

To date, no experimental demonstration with time-energy or time-bin entanglement has

simultaneously closed both the detection, locality and temporal PSLs, leaving a fully loophole-

free test still open in this domain.
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Figure 3.16: Switching scheme. Generic setup of a time-bin Bell experiment enabling the elimination of tem-
poral post-selection through the use of an optical switch. The blue (red) pulses correspond to the signal (idler)
photons in the early (late) time-bin, indicated by the dark (light) shaded regions. By appropriately driving the
phase ϕM, the two time-bins are deterministically routed and coherently overlapped at the output of the final
interferometer, thereby removing the need for temporal PSL. Figure from Ref. [234].

Summary

In this first part of the thesis, the main theoretical background and concepts relevant to the

second part have been introduced. Some of these concepts are directly involved in the work

presented later, while others provide an overview of the main alternative approaches in the

field that are not explicitly used but are important for contextualizing the research.

In the second part of the thesis, the focus shifts to the specific implementation developed

during the PhD. In particular, I will use the TFLN technology platform to create a PIC tai-

lored for manipulating time-bin encoded quantum states. The research goal is to overcome

the limitations imposed by temporal post-selection by implementing a switching scheme

combined with platform engineering, making use of the technology’s intrinsically high EO

performance and low propagation losses.
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Chapter 4

Thin-Film Lithium Niobate

Receiver for Quantum

Communication

In this chapter, it is presented a custom-designed device developed to overcome key security

and efficiency limitations affecting quantum communication protocols based on time-bin

encoding.

As discussed in the previous chapter, both time-bin and time-energy encoding schemes

suffer from the PSL, which compromises the security of quantum protocols such as QKD [235].

Moreover, when using stand-alone unbalanced interferometers as measurement setups (Fig-

ure 3.10 and Figure 3.13), the overall detection efficiency is inherently reduced for both

time-energy and time-bin encodings. In particular, only 50% (time-energy) and 25% (time-

bin) of photon detection events contribute to nonlocal measurement correlations, while the

remaining 50% and 75% are discarded because the corresponding photons do not tempo-

rally overlap within the interferometric measurement window as shown in Figure 3.12b.

Another major limitation arises from the timing resolution required by single-photon de-

tection systems. In implementations that rely on temporal post-selection, detectors must

resolve the fine separation between the early and late bins, posing a significant experimental

limitation[179, 236], or alternatively, forces the use of larger separations, thereby limiting the

overall transmission clock rate.

These issues are addressed in this work by adopting the switching scheme originally pro-

posed in the seminal time-bin encoding paper by Brendel et al. [121]. The switching ap-

proach offers several advantages. By enabling deterministic interference between the two

time-bin components, it eliminates the need for temporal post-selection, thereby closing the

associated security loophole and maximizes the detection efficiency as no events are dis-

carded. Additionally, it relaxes the timing requirements of the detection system: in a syn-

chronized quantum link where time-bin states are transmitted periodically at a fixed repe-

tition rate, detectors only need to register one event per clock cycle, rather than resolve the

sub-nanosecond separation between the two bins.

The first experimental proof-of-principle demonstration of this concept was reported in

2018 by Vedovato et al. [234], whose setup is schematically illustrated in Figure 3.16. In their
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experiment, entanglement was verified by scanning the interferometric phase and observing

a violation of Bell’s inequality. However, that implementation relied on fiber-based compo-

nents with relatively large temporal separations between time-bins (∼ 3 ns), which limited

scalability and hindered full photonic integration. To address these limitations, the device

developed in this work implements the switching scheme integrated with an unbalanced

interferometer for time-bin state manipulation, realized on the TFLN photonic platform.

At the time of this work’s conceptualisation (2022), the state-of-the-art performance of the

TFLN platform was characterized by EO modulation bandwidths exceeding 100 GHz [237–

241]. Furthermore, TFLN modulators achieved remarkable modulation efficiencies, with

Vπ L products reaching approximately 1.7 V·cm [242–244]. Simultaneously, significant ad-

vancements in fabrication processes enabled low propagation losses below 0.1 dB/cm [104,

245, 246], alongside improved coupling efficiencies for fiber interfacing with loss < 1 dB per

facet [57, 247].

These properties are particularly attractive for implementing the switching scheme, which

requires high-speed modulation to manipulate closely spaced time-bin states. This capabil-

ity also enables the realisation of a wide-bandwidth time-bin projector, which is suitable

for fast and arbitrary quantum state operations, as will be discussed later in this chapter.

Meanwhile, low propagation loss allows for the realisation of interferometers incorporat-

ing delayed paths and featuring high interference performance. Furthermore, integration

on a photonic chip offers several advantages, including compactness, reproducibility, en-

hanced phase stability, and intrinsic alignment-free operation; key factors for future deploy-

able quantum systems.

The device presented here was fabricated by Advanced Fiber Resources (AFR) Milan, a

company specializing in high-performance LN modulators for telecom applications. This

industrial maturity establishes TFLN as a prime candidate for integrated quantum photonic

technologies in the next generation of quantum communication systems [248]. The follow-

ing sections describe the design, modeling, fabrication, and characterization of the TFLN

receiver.

4.1 Device architecture and design strategy

In this section, the key performance requirements that determine the main design parame-

ters are described, and they are summarized in Table 4.1. The design process follows a series

of trade-offs between optical performance, modulation speed, and detection capabilities. In

the second part of this section, the overall device architecture and its detailed implementa-

tion are presented in accordance with outlined specifications.

The central design parameter is the target delay of the unbalanced MZI, which directly

determines the time-bin separation. Increasing this separation requires a longer integrated

delay line, which introduces higher unbalanced propagation losses between the two inter-

ferometer arms. For the TFLN platform used here, previous characterizations indicate a

propagation loss of approximately 0.2 dB/cm, corresponding to about 0.26 dB for every

100 ps of delay. This attenuation degrades the maximum achievable interference visibility

as the delay increases, an effect modeled and numerically quantified in Section 5.3.
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Physical constraints Target / Constraint Impact on design

SNSPD resolution 55 ps jitter Unbalanced MZI delay
line

Optical propagation
loss:

0.2 dB/cm Quantum interfer-
ence/visibility

MZM: optical loss Trade-off with Vπ and bandwidth MZM design

MZM: bandwidth < 100 GHz MZM design

MZM: driving voltage
(Vπ)

< 5 V (CMOS compatible) MZM design

Clock rate Time-bin separation Unbalanced MZI delay
line

Pulse duration (FWHM) < 1/5 time-bin separation Unbalanced MZI delay
line

Table 4.1: Main design parameters and their influence on the device architecture.

The choice of time-bin separation also determines the required modulation speed of the

Mach–Zehnder modulator (MZM). To correctly switch between maximum and minimum

transmission states, the device must operate at a frequency equal to the inverse of twice the

time-bin separation. While a shorter delay line is desirable to maintain high interference

visibility, the minimum achievable separation is ultimately limited by the EO modulation

bandwidth of the MZM. In this respect, the TFLN platform provides sufficient bandwidth

(exceeding 100 GHz [63]) to support separations in the tens-of-picoseconds range.

Furthermore, the optical pulse duration must be short enough to prevent temporal over-

lap between adjacent bins and ensure their orthogonality in the computational basis. For

Gaussian-shaped pulses, the time-bin separation should be at least a few times the pulse

width to preserve orthogonality (5 standard deviations for 1.24% overlap). While the TFLN

platform features optical components operating in the C+L telecom bands, the performance

of the overall system is limited by the optical bandwidth of the external components, includ-

ing the nonlinear source, fibre-based components, filters, and the pulsed laser source. In ad-

dition, maintaining a limited optical bandwidth (e.g., ∼100 GHz, corresponding to ∼0.8 nm

or ∼5 ps full width at half maximum (FWHM) for Fourier-limited pulses) is desirable to

ensure compatibility with standard DWDM telecommunication systems.

Finally, the dominant constraint in this implementation arises from the detection sys-

tem. The employed superconducting nanowire single-photon detectors (SNSPDs) exhibit a

timing jitter of approximately 55 ps, setting a lower bound on the achievable time-bin sep-

aration. It is indeed essential that detection events from consecutive clock cycles remain

distinguishable, and that the early and late time-bins can be reliably resolved in some of the

experimentally implemented quantum applications.

Considering these constraints, two device versions were designed with time-bin sep-

arations of 100 ps and 50 ps, These correspond to switching rates of 5 GHz and 10 GHz,

respectively. These values are well within the capabilities of the TFLN platform. The 50 ps

and 100 ps separations enable the use of optical pulses with durations of a few tens of pi-

coseconds, corresponding to optical bandwidths on the order of hundreds of GHz, while
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Figure 4.1: Conceptual schematic. a) Schematic of the integrated optical circuit. b) The evolution of the
input photon state is illustrated for the three possible working conditions: (i) the first stage MZM is biased at
quadrature with no RF modulation on the optical switch; (ii) the MZM is driven such that early (late) time-bin
photons are routed into the longer (shorter) path of the unbalanced MZI; (iii) the RF modulation is inverted,
routing early (late) photons into the shorter (longer) path.

remaining compatible with standard telecom channel allocations.

Overall this design strategy ensures an optimal balance between modulation speed, quan-

tum interference performance, and detection constraints. In particular, the adoption of short

time-bin separations—among the smallest reported for quantum time-bin encoding (see Ta-

ble 6.1)—enables potential operation at repetition rates in the GHz regime.

A conceptual schematic of the device is shown in Figure 4.1a. The circuit is composed of

two main functional stages arranged in a cascaded configuration. The first stage consists of

a balanced MZM that operates as a reconfigurable optical switch. By appropriately driving

the MZM, the optical transmission at one output port can be switched between its maximum

and minimum values, while the complementary behavior appears at the second port. This

function is implemented using long and broad modulation bandwidth EO phase modulators

embedded in each arm of the interferometer and configured in a push-pull scheme [249]. In

this configuration, equal but opposite phase shifts are applied to the two arms, maximizing

modulation efficiency. Finally, two TPSs, one per arm, are included to control the bias point

and ensure stable operation.

The second stage is an unbalanced MZI with a propagation delay of 100 ps. The relative

phase shift between the two arms, and hence the working point of the interferometer, can

be tuned using either thermal or EO phase modulators integrated on the longer arm. This

stage enables interference between temporally separated components, allowing analysis of

entangled time-bin states. The two interferometric stages are interconnected through 2×2
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MMIs designed to operate as 50:50 beam splitters. The output ports of the unbalanced MZI

are coupled to edge couplers for optical interfacing. In packaged devices, edge couplers

provide access through standard optical fiber connectors.

In addition to the main components essential for implementing a PSL-free time-bin pro-

jector, a few auxiliary optical structures were integrated to facilitate device control and test-

ing. At the input of the optical switch, the first MMI has two input ports: one connected to

an edge coupler for quantum signal injection, and the second to a grating coupler for ver-

tical access, enabling in-line monitoring during wafer-level testing. A second monitoring

structure is included in the shorter arm of the unbalanced MMI. It consists of a 2% tap cou-

pler followed by a 1×2 MMI that divides the signal between two outputs, one routed to an

edge coupler and the other to a grating coupler. This configuration allows real-time mon-

itoring of the optical switch operating point during operation. The second grating coupler

also provides vertical access for wafer-level testing of the optical switch.

The overall layout of the fabricated chip is shown in Figure 4.2. Given the available die

area of 14.4 mm × 3 mm, the optical layout was optimized to maximize spatial efficiency. The

longer dimension of the chip is primarily used to accommodate the MZM, whose electrode

length typically extends from the sub-centimeter to centimeter scale, and to implement the

delay lines. Along the transverse direction, three different design variants are integrated

on the same die (hereafter referred to as the nth config.) to explore different modulation

configurations, while maintaining compactness.

Two distinct delay lengths have been implemented for the unbalanced MZI: 100 ps and

50 ps. The 1st and 2nd configurations provide a 100 ps delay, while the 3rd configuration fea-

tures a 50 ps path-length delay. All designs include a TPS on the longer arm for static phase

tuning. Among the 1st and 2nd configurations, the difference is that the 1st configuration

also integrates a high-speed EO phase modulator in the longer arm of the unbalanced MZI.

The absence of a configuration that combine the EO phase modulator with a 50 ps delay is

dictated by the intrinsic length of the delay line itself. The length of the integrated delay

waveguide of approximately 0.7 mm is insufficient to accommodate the electrodes, particu-

larly when accounting for waveguide routing constraints such as bends and minimum cur-

vature radii. The chip layout was designed to be integrated into a standard metallic package,

ensuring stable electrical and optical interfacing through conventional RF and fibre connec-

tors. Further details on the packaging design and assembly are discussed in Section 4.5.2.

The following sections of this chapter describe the device development, as far as pos-

sible, in chronological order, from the initial design of the MZM to fabrication and final

packaging. An exception is made for the "Quantum visibility modeling" which is presented

in Section 5.3 as it depends also on the specific experimental setup in addition to the intrinsic

device features. These steps are summarized in the workflow diagram shown in Figure 4.3.

The initial phase consists of defining the target specifications, as outlined at the beginning

of this section. These requirements, combined with the constraints imposed by the available

die area, guide the design of the optical switch based on the MZM, which is described in

Section 4.3. Subsequently, all the design considerations, including device specifications and

packaging constraints, lead to the definition of the full chip layout, which has been presented
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Ω
•
•

Figure 4.2: Chip design. Layout of the die developed for the TFLN receiver, showing the three implemented
design variants with different unbalanced-MZI delays and phase-modulation configurations. The 1st config.

features a 100 ps delay with both EO and TPS modulators; the 2nd config. also implements a 100 ps delay but

includes only a TPS modulator; the 3rd config. employs a 50 ps unbalanced MZI with a single TPS modulator.
The available die dimension is 14.4 mm×3 mm.
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Figure 4.3: Development workflow of the TFLN receiver. Schematic representation of the procedural phases
involved in the realization of the device.

in the second part of this section to provide an overview of the design choices. Once the de-

sign is finalized, the fabrication process begins. During fabrication, intermediate wafer-level

characterizations are performed at key steps to monitor the process and ensure device per-

formance. At the end of fabrication, the chips are diced, and 16 integrated optical chips from

the first available wafer are tested, each including the three configuration variants. Based on

these measurements, a subset of devices is selected for packaging and subsequent use in the

quantum demonstrations.

4.2 Operating principles

The device is designed to operate on a generic single qubit served in its input

|ψ⟩ = α |0⟩+ β |1⟩ eiθ

where α and β are the probability amplitudes, and θ is the relative phase between the two

time-bins. Here, |0⟩ and |1⟩ correspond to the photon states in the early and late time-bins,

respectively, separated by 100 ps (50 ps, according to the config.), as set by the path imbalance

of the unbalanced MZI. By applying different modulation signals to the optical switch and
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controlling the phase of the unbalanced MZI, the device can function as an arbitrary time-

bin projector. Three distinct operating configurations have been identified and employed for

experimental demonstrations, although other operating regimes can also be defined.

In the first configuration (mode 1), illustrated in Figure 4.1.i, the balanced MZM is biased

at the quadrature point, acting as a 50:50 beam splitter. In this passive configuration, the de-

vice behaves like a standard time-energy or time-bin interferometer analyzer, equivalently

consisting of only the unbalanced interferometer. When a generic optical field encoding the

time-bin state |ψ⟩ is injected, photons are randomly routed through either the short or long

arm of the unbalanced interferometer. Those traveling through the longer arm experience

the 100 ps (50 ps) delay, resulting in a three-peak detection pattern in the arrival-time his-

togram after recombination. Interference arises only in the central peak, where the early

and late time-bins overlap temporally. More rigorously, this configuration implements the

projection-valued measurement (PVM)

Π̂±(θ) = 1
4 Î + 1

2 P̂±(θ), (4.1)

where Î = |0⟩ ⟨0| + |1⟩ ⟨1| is the identity operator representing the non-interfering contri-

butions from distinguishable events—namely, early (late) photons propagating through the

short (long) arm, which correspond to the outer peaks in the detection histogram. While

P̂±(θ) = 1
2

(

|0⟩ ± eiθ |1⟩
)(

⟨0| ± e−iθ ⟨1|
)

(4.2)

describes the temporally indistinguishable interferometric contribution associated with the

central peak. The signs ± account for the dependence on the two output ports of the unbal-

anced MZI stage, which exhibit a relative phase shift of π.

The distinctive functionality of the device emerges when the MZM operates as a high-

speed optical switch (mode 2), where photons in the early (late) time-bin are deterministi-

cally routed into the longer (shorter) arm of the unbalanced interferometer, as shown in

Figure 4.1.ii. To deterministically route photons between two time-bins separated by 100 ps

(50 ps), the MZM must be modulated between its maximum and minimum transmission

within that interval, corresponding to a modulation frequency of 5 GHz (10 GHz). In this

configuration, photons from the two time-bin slots are temporally overlapped at the output

of the second interferometer, leading to a single interference peak in the detection pattern,

where all photons contribute coherently. The implemented PVM corresponds to P̂±(θ) as

defined in Eq. (4.2). By varying the phase θ in the longer arm of the unbalanced MZI—either

via the TPS or the EO modulator—it is possible to project the time-bin state onto any equa-

torial state of the Bloch sphere (Figure 3.1), without requiring temporal post-selection. The

phase control can be achieved with high precision and stability over long timescales (tens of

hours) using the TPS, and at GHz speeds using the EO phase modulator.

A third operating condition (mode 3) is achieved when the modulation signal applied to

the optical switch at 5 GHz (10 GHz) is phase-shifted by 180◦, thereby reversing the photon

routing, as illustrated in Figure 4.1.iii. In this configuration, measurement in the compu-

tational basis is performed by post-selecting detection events in the early or late time-bin,
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maximizing the detection efficiency. Here, the PVM reduces to Î/2, corresponding to pro-

jection of the qubit onto the poles of the Bloch sphere (Figure 3.1). The effective time-bin

separation at the output doubles from 100 ps (50 ps) to 200 ps (100 ps), as the late (early)

pulse propagates through the longer (shorter) interferometer path. This increased tempo-

ral separation relaxes the constraints on detector timing resolution, enhancing compatibility

with detectors exhibiting moderate timing jitter.

Comparing mode 1 and mode 2, there is a fundamental difference in the achievable in-

terference visibility when all detected events are considered, i.e., without temporal post-

selection. For a balanced time-bin encoded pure state |ψ⟩ = (|0⟩ + |1⟩)/
√

2 at the device

input, the maximum interference visibility at the output ports can be computed by applying

the PVM associated with each mode. Thus, for mode 1 we obtain:

⟨ψ| Π̂±(θ) |ψ⟩ =
1

4
+

1

4
[1 ± cos(θ)] (4.3)

while for mode 2, employing active switching, we have:

⟨ψ| P̂±(θ) |ψ⟩ =
1

2
[1 ± cos(θ)] (4.4)

Using the visibility V, defined in Eq. (3.30) as the figure of merit when varying the phase

parameter θ, it follows that the achievable visibility contrast increases from a maximum of

50% in mode 1 to 100% in mode 2, due to the active optical switching.

This distinction becomes even more significant when dealing with time-bin entangled

photon pairs. Consider a maximally entangled Φ-type Bell state:

∣

∣Φ+
〉

=
|00⟩+ |11⟩√

2
(4.5)

where each photon of the pair is sent to a separate device, as in the schematic of Figure 3.13,

both operating in mode 1. In this case, the overall PVM applied by the system corresponds to

the tensor product of the two individual PVMs. For mode 1, the joint coincidence probability,

dependent on both applied phases θA and θB, is:

Cmode1(θA, θB) =
〈

Φ+
∣

∣ Π̂±(θA)⊗ Π̂±(θB)
∣

∣Φ+
〉

=
1

4
± 1

16
cos(θA + θB), (4.6)

where the ± depends on which output port statistics are considered. As discussed in Sec-

tion 3.5, applying temporal post-selection allows achieving 100% visibility by considering

only the temporally overlapping bins. Conversely, if no temporal post-selection is applied,

the resulting two-photon interference visibility is limited to

V =
max(Cmode1(θA, θB))− min(Cmode1(θA, θB))

max(Cmode1(θA, θB)) + min(Cmode1(θA, θB))
=

5 − 3

5 + 3
= 25%.

Since this visibility lies below the threshold of 1/
√

2 ≃ 70.7%, the Bell-CHSH inequalities

cannot be violated [250]. In this regime, temporal post-selection is required to recover quan-

tum correlations, thereby introducing a PSL that undermines loophole-free nonlocality tests
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Figure 4.4: MZM cross section. a) Schematic cross section of the fabricated MZM, showing the main struc-
tural layers and the electrode geometry. The tunable geometrical parameters WS, WG , and Gap are indicated.
b) Top-view layout of the coplanar waveguide (CPW) electrode structure in a ground-signal-ground (G-S-G)
configuration.

and can compromise security in EBQKD systems [235]. Furthermore, even when temporal

post-selection is applied, only 25% of the coincidence events contribute to quantum inter-

ference, thereby limiting the achievable SKR and requiring detectors with high temporal

resolution for closely spaced time-bins.

In contrast, when both devices operate in mode 2, the time-bin components are determin-

istically overlapped, enabling maximum quantum interference. The corresponding mea-

surement statistics are described by

Cmode2(θA, θB) =
〈

Φ+
∣

∣ P̂±(θA)⊗ P̂±(θB)
∣

∣Φ+
〉

=
1

4
± 1

4
cos(θA + θB). (4.7)

This configuration closes the PSL, produces a single interference peak in the time-resolved

coincidence histogram, and achieves up to 100% visibility while increasing throughput by

eliminating discarded events. It is important to note that the correlations for a single pair

of output ports are normalized to 1/2, since varying the ± indices accounts for the four

possible combinations of the interferometer outputs.

As a result, this configuration enables entanglement certification without temporal post-

selection and supports secure QKD with a fourfold increase in SKR across all mutually un-

biased bases (X, Y, and Z), thanks to the reconfigurability and versatility of the developed

device across both slow and high-speed operational regimes.

4.3 Optical switch design and simulation

The core element of the switching stage is a MZM, chosen for its ability to achieve high-

speed optical modulation through the intrinsically broadband EO response of LN. The MZM

functions as a controllable interferometer: the input optical signal is split into two arms,

each undergoing phase modulation via the EO effect in a push-pull configuration. After

recombination, the resulting interference depends on the relative phase difference between

the two arms, producing an intensity-modulated output signal (see Section 2.1.4).

By driving the MZM between its two extreme transmission states (maximum and mini-

mum), the device enables deterministic routing of photons between output ports, thereby

implementing a high-speed optical switch. Phase modulation in the LN waveguides is
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achieved by applying an electric field across the interferometer arms, exploiting the Pock-

els effect to modulate the refractive index, as discussed in Section 2.3.1. LN is particularly

advantageous for this application due to its large EO coefficient, low optical loss, and broad-

band response, which together enable efficient and high-speed modulation in integrated

photonic platforms.

The following section outlines the design and optimization of the MZM structure, em-

phasizing the trade-offs between optical, electrical, and fabrication constraints that deter-

mine high-speed modulation performance.

The optical switch was designed under both technological and performance constraints

to ensure efficient modulation. Figure 4.4a illustrates a schematic cross section of the fab-

ricated MZM, where the main geometrical parameters are indicated. Since the chip was

fabricated on a shared wafer using the Advanced Fiber Resources Milan foundry process,

the vertical stack parameters—including oxide and cladding thicknesses, waveguide height

and etch depth, and metal layer thickness were fixed by the process flow. These parameter

values are not explicitly reported here due to confidentiality agreements with the foundry.

By contrast, the optimisation work carried out in this thesis focused on the in-plane geomet-

rical parameters: the widths of the signal and ground electrodes (WS and WG), the electrode

separation (Gap), and the electrode length (L), all of whose data are reported and have been

tailored to meet the required electrical and optical performance.

In the following sections the engineering of the electrode geometry to ensure optimal

operation in the gigahertz frequency regime is presented. Indeed, at such frequencies in

TFLN technology, the electrodes behave as a traveling-wave transmission line rather than

a lumped-element circuit. This is because the RF and optical fields co-propagate along the

modulator when the RF wavelength becomes comparable to the electrode length (approx-

imately 2 cm at 5 GHz in vacuum). To achieve efficient EO modulation, different design

criteria have to be simultaneously considered:

• Impedance matching: The characteristic impedance of the RF line and the termination

load should both match the 50 Ω source impedance to maximize power transfer and

minimize reflections.

• Velocity matching: The RF phase velocity should be matched to the optical group

velocity in the waveguide to maximize modulation bandwidth.

• Field overlap optimization: The spatial overlap between the RF and optical modes

have to be maximized within the LN region to minimize the half-wave voltage (Vπ).

• Insertion loss minimization: The electrodes must be positioned close enough to en-

sure strong modulation efficiency, while avoiding excessive optical absorption caused

by the nearby metal layers.

A push-pull configuration was adopted, using a coplanar waveguide (CPW) electrode

layout in a ground-signal-ground (G-S-G) geometry, as shown in Figure 4.4. In this arrange-

ment, the ground electrodes are placed on the outer sides, while the central electrode carries

the RF signal. The resulting electric fields in the two interferometer arms are equal in magni-

tude and opposite in direction, inducing symmetric but opposite refractive index variations.
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4.3.1 Electrode geometry and cross-section modeling

As an initial step in designing the traveling-wave electrodes (TWE) for MZM, a parametric

sweep was performed to identify electrode geometries that ensure optimal RF performance

according ot the optical mode properties. This involved varying the in-plane geometrical

features, specifically the signal electrode width WS and the electrode Gap between the signal

and ground lines, while fixing the ground electrode width at WG = 100 µm. This choice is

justified because WG has a negligible influence on the RF properties when it is significantly

larger than WS [251].

The propagation features of the optical mode are retrieved with the simulation software

Ansys Lumerical MODE 2020 [40]. The employed cross section structure involved the full

oxide BOX layer thickness (refractive index from [252]), the LN waveguide with a rib ge-

ometry (refractive index from [253]), and the upper cladding layer. The FDE solver area is

10 × 6 µm with a 10 nm square mesh size. The simulated results yield an optical group in-

dex of ng = 2.35 for the entire C+L band, which served as the target value for RF velocity

matching. The optical field distribution, illustrated in Figure 4.6c, corresponds to the fun-

damental TE mode supported by the TFLN waveguide, designed for operation in the C+L

telecommunication bands.

Similarly, the RF electromagnetic mode analysis was performed to extract the transmis-

sion line parameters of the TWE. In this case, the Ansys CST 2023 solver [254] was used.

The cross-sectional geometry of the TWE was defined with the appropriate material proper-

ties and dimensions. Importantly, the dielectric properties were defined at RF frequencies,

where LN exhibits higher permittivity values (ϵO,LN = 43 and ϵE,LN = 28) compared to

its optical refractive indices. The electrical conductivity of the gold electrodes was set to

σ = 4.56× 107 S m−1, while the silicon substrate conductivity was set to σ = 1× 10−2 S m−1,

according to the used technology platform. The structure was excited using a wave port

with dimensions of 200 × 160 µm. A non-uniform mesh was employed, ranging from 80 nm

to 50 µm square edge size, with the higher resolution in the electrode gap region where the

optical waveguide is located. This allows accurate evaluation of the EO overlap integral,

discussed in the following section. The electromagnetic field distribution was simulated

at a frequency of 5 GHz, corresponding to the target modulation frequency for the 100 ps

time-bin separation (2nd and 3rd config.).

Figures 4.5a and b show the simulated results for the transmission-line characteristic

impedance (Z) and the microwave effective index (nm) as functions of the signal electrode

width (WS) and the electrode Gap. From these results, an intrinsic trade-off between these

parameters can be observed: a 50 Ω impedance can be achieved either by increasing the gap

between the electrodes or by reducing WS, whereas the RF effective index remains nearly

constant with gap and slightly increases with wider signal electrodes. In summary, both Z

and nm should ideally be increased to reach their respective target values; however, achiev-

ing this requires opposite parameter adjustments. From the simulated parameter range and

considering this trade-off, it follows that increasing the gap improves impedance matching

and slightly raises the RF effective index. However, as discussed in the next subsection, this

improvement comes at the cost of a significant increase in Vπ , since a larger gap reduces
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Figure 4.5: RF and optical cross-section simulations. a) Microwave effective index (nm) and (b) simulated
characteristic impedance (Z) as functions of the signal electrode width (WS) and electrode Gap. c) Simulated
optical propagation loss due to metal absorption as a function of the electrode separation (Gap). Narrower
gaps enhance modulation efficiency but increase optical losses through stronger evanescent field coupling to
the metal electrodes.

the electric-field overlap with the optical mode and consequently decreases the modulation

efficiency.

Overall, within this parameter range, perfect impedance and velocity matching cannot

be achieved simultaneously. Nevertheless, the resulting mismatch remains acceptable for

the target operating frequency and intended application.

Finally, optical propagation losses were evaluated to quantify absorption caused by the

overlap between the optical evanescent field and the metallic electrodes. To perform this es-

timation, simulations were carried out using the Ansys Lumerical MODE 2020 solver, based

on the same model employed for the optical mode analysis, but including the gold elec-

trodes. Their absorptive properties were taken into account through the complex refractive

index, specifically by considering the non-zero imaginary part, according to [252]. As shown

in Figure 4.5c, the simulated losses rise steeply for narrow electrode gaps because of field-

metal coupling. These values account only for excess losses due to metal absorption and

exclude other contributions such as sidewall scattering or intrinsic material attenuation.

4.3.2 Electro-optic overlap integral

The modulation efficiency of the transmission-line geometry was evaluated through the cal-

culation of the half-wave voltage-length product (Vπ L), a key figure of merit that quantifies

the voltage required to induce a π phase shift over a given modulator length.

The effective refractive index variation induced by the RF field in the LN waveguide is

expressed by Eq. (2.18) in Section 2.3.1:

∆ne = −n3
e r33ERF

2
, (4.8)

where ne is the extraordinary refractive index of LN, r33 is the EO tensor coefficient, and ERF

is the applied RF electric field along the extraordinary axis. LN exhibits strong birefringence,

with its largest EO tensor component r33 ≈ 30.8 pm V−1 corresponding to the extraordinary
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optical axis. For this reason, the electrode configuration was designed to generate an electric

field as closely aligned as possible with this axis, thereby maximizing modulation efficiency.

Because the RF electric field is non-uniform across the rib waveguide and the optical

mode partially extends into the cladding, the effective refractive index variation experienced

by the optical mode is reduced by a factor Γ (0 < Γ < 1), known as the overlap integral. The

simulated RF and optical field intensity distributions, extracted from the mode simulations

described in the previous section, for the optimized MZM cross-section are shown in Fig-

ure 4.6a-c. These highlight the spatial confinement of the optical mode within the LN core

and the corresponding RF field distribution in the electrode region. The optical waveguide

is symmetrically positioned between the signal and ground electrodes to ensure optimal

overlap between the optical and microwave fields. The RF field map reveals how the dis-

continuity of the dielectric permittivity across material interfaces imposes continuity of the

displacement field D = εE. As a result, the electric-field amplitude inside the LN region

(Figure 4.6b) is significantly weaker than in the surrounding cladding, owing to the higher

dielectric constant of LN (εE,LN ≈ 28) compared to the cladding material (εclad ≈ 3.7) at GHz

frequencies.

The effective refractive index change can therefore be expressed as [243]:

∆neff = −n3
e r33ERFΓ

2
. (4.9)

The overlap integral Γ quantifies the spatial overlap between the RF and optical fields

within the LN region and is defined as:

Γ =
Gap

VRF

∫∫

LN ERF(x, y) |Eopt(x, y)|2 dx dy
∫∫

all |Eopt(x, y)|2 dx dy
. (4.10)

where VRF is the applied RF voltage, ERF(x, y) is the RF electric field distribution, and

Eopt(x, y) is the optical mode profile. The numerator integrates over the LN region, where

the EO coefficient r33 is nonzero while the denominator normalizes the optical mode. The

factor Gap/VRF normalizes the RF field contribution, ensuring that Γ is a dimensionless

quantity bounded between 0 and 1.

The phase shift induced in one arm of the MZM is given by:

∆ϕ =
2π

λ
∆neffL = −πn3

e r33Γ

λ
ERFL. (4.11)

Assuming a uniform RF field (ERF ≈ VRF/Gap), a reasonable approximation once the over-

lap factor Γ is included, the single-arm phase shift becomes:

∆ϕarm = −πn3
e r33Γ

λ

VRFL

Gap
. (4.12)

In a push-pull configuration, the differential phase shift doubles:

∆ϕpp = 2∆ϕarm = −2πn3
e r33Γ

λ

VRFL

Gap
. (4.13)
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Figure 4.6: Simulated Vπ and overlap factor Γ. a-c) Simulated distributions of the RF and optical field inten-
sities in the MZM cross-section. d) Dependence of the calculated Vπ (blue) and overlap integral Γ (red) on the
electrode separation Gap. A larger gap improves impedance matching and optical losses but increases Vπ due
to reduced field overlap.

The corresponding Vπ L product is therefore:

Vπ L =
λGap

2n3
e r33Γ

. (4.14)

Figure 4.6d reports the simulated dependence of both Vπ and the overlap integral Γ on the

Gap. As expected, Vπ increases with larger Gap due to the weaker electric-field overlap with

the optical mode, whereas Γ decreases correspondingly.

Considering the simulated performance parameters: impedance matching, RF effective

index, modulation efficiency, and excess optical loss; the final electrode geometry was cho-

sen to provide a balanced trade-off among all these factors. The optimized design features

a central signal width of WS = 25 µm, a Gap = 6 µm, and a ground width of WG = 100 µm.

Numerical simulations yielded an overlap factor of Γ = 0.52, corresponding to a predicted

Vπ L ≈ 3 V · cm at λ = 1550 nm. This estimate assumes ideal impedance-matched condi-

tions, while the simulated characteristic impedance of approximately 35 Ω introduces partial

reflections at the MZM input, reducing the effective RF voltage across the electrodes, as esti-

mated in the following Section.

Nevertheless, the simulation results confirm that the selected geometry enables efficient

EO modulation suitable for high-speed, low-voltage operation on the TFLN platform. The

predicted performance meets the design goals, especially the target Vπ below 5 V, and demon-

strates potential compatibility with CMOS-level electronic drivers [255].

4.3.3 RF performance and scattering parameter analysis

After defining the optimized transverse geometry of the RF electrodes, the frequency-dependent

characteristics of the TWEs was analyzed using full 3D electromagnetic simulations. The

main outcomes of this analysis are the simulated scattering parameters (S-parameters), which

describe the transmission and reflection behavior of the RF signal along the modulator

electrodes. By combining the simulated electrical scattering parameters with an analyti-

cal model, presented in the following, it is possible to retrieve the frequency-dependent EO
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modulation performance. As a starting point, the total length of the MZM modulation sec-

tion was set to 1 cm, taking into account both the available chip length (14.4 cm) and the

target half-wave voltage of Vπ ≈ 3 V.

The electromagnetic simulations were performed using Ansys CST 2023 [254]. In this

case, the 3D geometry was defined starting from the cross-sectional model used for the RF

mode simulations. The structure was extended to the electrode length of 1 cm, and the same

material properties were adopted as in the previous RF mode simulations, with the addition

of a second wave port at the end of the transmission line. Figure 4.7 reports the simulated

electrical scattering parameters (S11 and S21) for the selected electrode design, showing a

3 dB electrical bandwidth of 13.8 GHz. Also in this case RF propagation losses were ac-

counted for by considering the finite electrical conductivity of gold (σ = 4.56 × 107 S m−1)

and the silicon substrate (σ = 1 × 10−2 S m−1). Dielectric losses in the LN layer and in

the cladding were not included in the model, as they are negligible over the considered

GHz frequency range [256]. Surface roughness effects were also neglected, since they be-

come relevant only when the root-mean-square roughness is comparable to the skin depth

δ =
√

2
ωµ0µσ [257]. In the present case, for the gold electrodes—which exhibit the highest

electrical conductivity in the simulated system and therefore the smallest skin depth—the

skin depth at the operating frequency of 5 GHz is approximately 1 µm, which is significantly

larger than the roughness of the fabricated material interfaces. Therefore, its impact can be

safely neglected.

Based on the extracted RF parameters, the corresponding EO modulation response as a

function of frequency can be estimated analytically following the model proposed in [258].

Precisely, the EO modulation response is defined as the logarithmic ratio between the voltage

amplitude detected at the photodetector (Vout( f )) that measures the optical output power

modulation, and the amplitude of the applied RF driving signal (Vin( f )). Under the as-

sumptions of small-signal modulation and quadrature biasing of the modulator, the optical

output power varies linearly with the applied RF signal:

M( f ) = 20 log10

{

Vout( f )

Vin( f )

}

= 20 log10

{

1

Vin( f )

1

L

∫ L

0
Vin( f )e

−(α( f )+ib( f ))l dl

}

. (4.15)

Here, L is the electrode length, and α( f ) is the RF attenuation coefficient, extracted from

the magnitude of the simulated S21 parameter as a function of frequency. The term b( f ) =

(nm − ng)
2π f

c accounts for the phase mismatch between the microwave and optical waves,

where nm = 2.105 and ng = 2.35 denote the microwave effective index and the optical group

index, respectively.

The physical meaning of this formulation is that the effective phase modulation of the

optical signal—that is directly proportional to the modulation voltage because of Pockels

effect—arises from the superposition of infinitesimal EO contributions (∝ Vine−(α+ib)l) along

the propagation direction. These contributions are weighted by the local RF voltage ampli-

tude, which decays along the electrode length and is accounted by the parameter α, and by

the relative RF phase experienced by the optical wave, which is accounted by the parameter
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b. Following [243], the previous expression can be rewritten in the following form:

M( f ) = 20 log10
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. (4.16)

Thus, the simulated EO modulation bandwidth is reported in Figure 4.7 , for the simualted

α and b values, and with the selected L = 1 cm. It exhibits a 3 dB bandwidth of approxi-

mately 30 GHz, while the purely electrical response at this frequency is reduced by about

5 dB. This behavior is a characteristic feature of traveling-wave modulators, for which the

EO bandwidth can exceed the purely electrical (EE) bandwidth in the absence of, or in the

presence of only small, velocity mismatch. This occurs because the electrical bandwidth is

determined solely by the RF voltage amplitude at the end of the transmission line, while the

EO response results from the cumulative contribution of all infinitesimal modulation seg-

ments along the electrode length. In the ideal case of perfect velocity matching, the 3 dB

EO bandwidth corresponds to 6.41 dB the EE bandwidth. In the present case, the residual

velocity mismatch is expected to reduce this enhancement by approximately 1.41 dB.

In general, as indicated by Equation (4.16), increasing the MZM length leads to a reduc-

tion of the EO bandwidth due to two main effects. First, higher RF attenuation along the

electrodes reduces the delivered electrical signal, with losses scaling as αL, where α depends

primarily on the electrode cross-section geometry. Second, velocity mismatch between the

microwave and optical waves further limits the bandwidth, with the corresponding term

scaling as bL. At the same time, the modulator length directly influences the half-wave volt-

age Vπ , which decreases approximately as 1/L. Therefore, the electrode length represents a

trade-off parameter between high-speed operation and low driving voltage requirements.

The MZM requires electrical connection to the RF lines of the package through wire-

bonding techniques in order to effectively feed the modulation signal. To enable reliable wire

bonding, the electrodes must be wider than the 25 µm signal electrode used in the traveling-

wave section. For this reason, the on-chip transmission line includes widened metal contact

pads connected to the TWE through tapered transition sections, as illustrated in Figure 4.4b.

To guarantee sufficient space for reliable bonding, the width of the central signal electrode

in the pad region was chosen to be 90 µm. From a geometrical standpoint, the pads and the

tapered transition are realized by depositing the metal layer above the cladding layer, while

the electrical contact with the underlying RF transmission line of the MZM is maintained on

the edge taper side towards the MZM electrodes. The RF pad design followed a procedure

similar to that adopted for the TWEs. First, a 2D RF modal simulation was performed to de-

fine the pad cross-section geometry. Subsequently, full 3D electromagnetic simulations were

carried out to extract the frequency-dependent scattering parameters of the pads and tapered

transition. In this case, optimization of the EO modulation efficiency was not required, as

the pad region does not overlap with the optical waveguides. Therefore, the design was

driven primarily by RF impedance matching considerations and geometrical constraints re-

lated to wire bonding. As shown in Figure 4.4b, the final pad geometry features a signal

electrode width of 90 µm, ground electrodes with a width of 200 µm, and a gap of 25 µm
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between signal and ground electrodes. Compared to the TWEs, the increased ratio between

signal width and gap results in a characteristic impedance of about 50 Ω to interface with

standard external RF instrumentation and components. The pad length is 200 µm, followed

by a tapered transition region of 100 µm that connects the pad geometry to the narrower

TWEs. The overall structure of pad and tapper ensures a flat frequency response over the

operating frequency range up to 20 GHz.

Overall, the electrode design features a 50 Ω transmission line in the pad region, followed

by a tapered transition to the 35 Ω TWEs. The TWEs are terminated on-chip with two 70 Ω

resistors connected in parallel between the signal and ground electrodes, providing an effec-

tive termination impedance of 35 Ω, which matches the simulated characteristic impedance

of the traveling-wave structure.

The residual impedance mismatch between the external 50 Ω RF components and the

on-chip 35 Ω electrodes introduces a power reflection at the input of the MZM. The corre-

sponding voltage reflection coefficient is given by:

Γ =
ZL − Z0

ZL + Z0
=

35 − 50

35 + 50
≈ −0.176. (4.17)

The associated reflected power fraction is |Γ|2 ≈ 3.1 %. From this result, the power suc-

cessfully delivered to the MZM electrodes can be estimated as Pdel = (1 − |Γ|2)Pin, where

Pin is the incident RF power. Given that P = V2/(2Z), the delivered voltage amplitude Vdel

across the 35 Ω electrodes relates to the input amplitude Vin in the 50 Ω line as follows:

Pdel =
V2

del

2ZL
= (1 − |Γ|2) V2

in

2Z0
(4.18)

Vdel = Vin

√

(1 − |Γ|2)ZL

Z0
. (4.19)

Substituting the design values, we obtain Vdel ≈ 0.824 Vin. This indicates that while only

3.1 % of the power is lost to reflections, the lower characteristic impedance of the electrodes

results in a delivered voltage amplitude that is approximately 82 % of the input signal am-

plitude.

4.4 Wafer-level processing

The fabrication of the integrated photonic circuits was carried out using the TFLN process

developed by Advanced Fiber Resources Milan for high-speed modulators. Rather than

defining a new technological process, this work leveraged Advanced Fiber Resources’s plat-

form to integrate multiple optical components with distinct functionalities on a single chip,

including high-speed EO modulators, MMIs, TPS, and fiber-to-chip coupling interfaces. This

strategy enabled the realization of a more reliable and scalable photonic device tailored for

quantum communication experiments.
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Figure 4.7: Scattering parameters. Simulated electrical scattering parameters (S11 and S21) of the designed
TWE structure 1 cm long, together with the corresponding theoretical EO modulation response that is derived
analytically from the simulated parameters according to Eq. (4.15).

4.4.1 Fabrication

The devices were fabricated on an X-cut LNOI wafer featuring a 550 nm-thick LN device

layer atop a BOX layer. Optical waveguides were defined using a rib geometry, where half

of the LN layer was etched to form the guiding region. LN is etched by reactive-ion etching

(RIE), which provides high anisotropy and smooth sidewalls. The areas to remain unetched

were protected by a photoresist layer, whose pattern was defined by the dedicated mask

layout.

After the etching step, an annealing process was carried out to reduce crystal defects and

surface roughness introduced during etching [259]. This thermal treatment improves the

crystalline quality of LN and decreases optical scattering losses along the waveguide.

Titanium thin films were then deposited and patterned to form resistive heaters for the

TPS and to realize the terminations of the MZM TWE. By properly adjusting geometric pa-

rameters such as the width and thickness of the titanium features, the desired sheet resis-

tance along the waveguide was achieved.

Gold layers were subsequently deposited by electroplating to form the TWEs of the MZM

and the metal routing interconnections between the RF contact pads and the TPS. Gold was

chosen for its high electrical conductivity and chemical stability, which ensure low-loss RF

propagation and long-term device reliability.

A cladding layer was then deposited over the LN and metal structures to provide elec-

trical insulation and mechanical protection during subsequent processing and packaging

steps. This cladding ensures both optical confinement and environmental protection for the

LN structures. Finally, openings were lithographically defined and etched into this dielectric

layer to expose the electrical contacts and RF pads.
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Cell name Components / Configurations

Quantum receiver (QR)
(Columns 2 and 4, 16 cells)

1st config.: 100 ps delay, EO phase modulator in the unbal-
anced MZI
2nd config.: 100 ps delay, TPS only in the unbalanced MZI
3rd config.: 50 ps delay, TPS only in the unbalanced MZI

Test cell (TC)
(Columns 2 and 4, 16 cells)

MZM with RF termination
MZM without termination (open electrode)
MMI test structures

Non-target designs
(Columns 1, 3, and 5)

Ring resonators for optical loss characterization

Table 4.2: Distribution of cell types across the wafer layout and corresponding components.

4.4.2 Characterization

Wafer-level tests were performed to verify the quality and uniformity of the fabrication pro-

cess by measuring dedicated on-chip optical test structures. The performance of these struc-

tures provides direct feedback on the effectiveness of the fabrication steps, enabling continu-

ous monitoring and optimization of the overall technology flow. Since all processing stages

are carried out directly on the wafer, these evaluations must be completed prior to the dicing

stage.

During wafer-level testing, optical access to the integrated components is achieved through

grating couplers, which enable vertical coupling between on-chip waveguides and external

optical fibers. The wafer layout includes both individual optical components corresponding

to those used in the main photonic circuit, as well as dedicated structures for process control

and loss characterization. Figure 4.8 shows a schematic of the wafer layout, highlighting its

division into cells. The wafer is organized into five vertical columns, each containing a stack

of chips with a dedicated design. The chip developed in this work is located in the second

and fourth columns, together with a dedicated test cell containing structures exclusively for

characterization. These two cells are replicated eight times in each column, resulting in a

total of 16 dies. These positions are labeled as “wafer field positions” or “chip IDs” and are

used as references during the characterization description in the next sections.

A summary of the tested components and chip variants is reported in Table 4.2. The

designed chip, labeled as QR, integrates the three configurations. The test cells (TC) in-

clude several structures for performance evaluation. Among these, the most relevant for

this work are the MMI and the MZMs, which replicate the same electrode geometry used

in the quantum receiver. Two MZM variants are included: one with RF termination and

one without, enabling comparative analysis. Finally, the first, third, and fifth columns host

auxiliary designs that are not directly related to the objectives of this work. However, they

include resonant optical structures used for optical loss characterization, and their results

have been considered for the evaluation of propagation losses. The results obtained from

the wafer-level tests are discussed in the following paragraphs.

Propagation loss and group index Propagation loss is one of the key indicators of fabri-

cation quality during the wafer process, as it directly reflects the optical performance of the
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Figure 4.8: Wafer layout. Schematic of the position allocation of the chip designs across the 4 inch wafer,
highlighting the distribution of the main photonic circuit design (QR) and the test structures (TC) used for
performance evaluation and process monitoring.
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Figure 4.9: Design of the optical ring resonator test structures. Layout of the four racetrack-shaped resonators
with different bending radii (100 µm and 200 µm) and straight section lengths, used to evaluate propagation
losses and process uniformity. A directional coupler structure is also included to measure the coupling coeffi-
cient between the waveguide and the resonator.
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fabricated waveguides. In TFLN waveguides, propagation losses are particularly sensitive

to sidewall roughness introduced during etching, which can lead to increased scattering.

In our case, propagation losses were evaluated using dedicated optical test structures

based on ring resonators, placed in the dedicated dies as indicated in Table 4.2 and Figure 4.8.

By analyzing the optical transmission spectra of the resonators, it is possible to extract the

waveguide propagation losses.

In particular, the optical structures in each cell include four racetrack-shaped resonators,

each consisting of two semicircular bends connected by straight waveguide sections, as

shown in Figure 4.9. Two designs employed smaller radii of 100 µm, while the other two

used larger radii of 200 µm. For each radius value, one resonator had a longer and one a

shorter straight section, allowing analysis of the dependence of propagation loss on the total

straight-section length. In total, four resonators are placed in a cell, along with one coupling

structure composed of a directional coupler to measure the coupling coefficient.

In this section, a brief description of the theoretical model used to analyze the ring res-

onator measurements is presented. A detailed derivation of the dependence of these quan-

tities on the waveguide loss can be found, for instance, in [260]. The input optical signal

was swept over a wavelength range from 1540 nm to 1560 nm, allowing the extraction of

key propagation properties by analyzing the transmission response of the resonant struc-

ture around the central telecom wavelength range.

In a ring resonator, for specific wavelengths, constructive interference occurs when the

optical field circulating in the ring is in phase with the injected light. Under these reso-

nance conditions, the circulating light constructively interferes within the resonator, leading

to light power enhancement within the resonant waveguide of the ring. As a result, at res-

onance wavelengths, the transmitted intensity at the output port is strongly reduced. A

representative example of the measured transmission spectra is shown in Figure 4.10a and

b. The spectral response exhibits few characteristic features that can be analyzed to retrieve

the optical properties of the waveguide and the resonator. The most relevant parameters

include:

• the FSR, defined as the wavelength spacing between two adjacent resonance dips,

which is related to the optical group index;

• the FWHM of each resonance, corresponding to the linewidth of the transmission dip.

From these parameters, it is possible to estimate key quantities such as the waveguide prop-

agation loss and the group index, the latter being crucial for the design of the optical switch.

The FSR of a ring resonator is related to the group index ng and the resonator round-

trip length L. The physical condition defining the FSR is that two consecutive resonance

wavelengths correspond to constructive interference within the resonator. This implies that

the phase accumulated by light after one round trip differs by 2π between two successive

resonances:

β(λ1)L − β(λ2)L = 2π, (4.20)
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Figure 4.10: Example of measured ring resonator transmission spectra. a) Typical transmission spectrum
from a racetrack-shaped ring resonator with a radius of 100 µm, used to extract the propagation loss and group
index. The resonance dips correspond to the wavelengths fulfilling the resonance condition of the cavity. b)
Zoomed-in view of a single resonance with the fitted Lorentzian-Fano curve [261], from which the FWHM is
extracted. c) Broadband spectrum of the measured power coupling coefficient between the bus waveguide and
the resonator, showing the wavelength-dependent coupling efficiency.

where β = 2πneff/λ is the propagation constant. Expanding β(λ) around the central wave-

length λ and using the definition of the group index

ng = neff − λ
dneff

dλ
, (4.21)

one obtains

FSR = ∆λ =
λ2

ng L
. (4.22)

Rearranging yields the standard expression for the group index ng, often used to extract

from measured FSR values:

ng =
λ2

FSR · L
, (4.23)

where λ is the central (resonant) wavelength and L is the optical round-trip length of the

racetrack resonator (for a racetrack geometry, L = 2πR + 2Lstraight).

The propagation loss can be retrieved from the finesse F of the resonance, defined as

F = FSR/FWHM, and from the coupling coefficient k between the bus waveguide and the

resonator. The relationship between the measured quantities and the resonator parameters

can be expressed as the following system:

F =
2π

αL + k2
, (4.24)

where αL represents the round-trip loss in the resonator and k2 is the power coupling coef-

ficient, independently measured using the dedicated directional coupler structure (see Fig-

ure 4.10c). Thus, the losses can be retrieved as:

αL =
2π

F
− k2. (4.25)
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It is important to note that the previous formulas are strictly valid only under the as-

sumption of uniform propagation loss throughout the resonator. In our case, this assump-

tion does not hold due to the racetrack geometry of the resonators. Indeed, the propaga-

tion loss in the bending regions is expected to be higher because the optical mode propa-

gates asymmetrically, with a larger portion of power overlapping the waveguide boundaries

where scattering losses occur. Therefore, the total round-trip attenuation αL should be ex-

pressed as the sum of two contributions, corresponding to the straight and bending sections

of the racetrack:

αL = αsLs + αbLb, (4.26)

where αs and αb are the propagation loss coefficients for the straight and bending sections,

respectively, and Ls and Lb are their corresponding lengths.

The same consideration applies to the extraction of the group index, since the mode dis-

tribution is asymmetric in the bending sections. Therefore, the effective group index should

be weighted according to the relative lengths of the straight and curved sections:

ngsLs + ngbLb =
λ2

FSR
, (4.27)

where ngs and ngb are the group indices of the straight and bending sections, respectively.

By using the four different racetrack designs with varying straight-section lengths, which

are known from the design layout, it is possible to independently extract the propagation

loss and the group index in the straight waveguide section, while the bending contribution

can be estimated or treated as a fixed offset. In Figure 4.11, the computed performance pa-

rameters of both propagation loss αs and group index ngs are reported as a function of wave-

length after the LN etching step and both prior and after to the deposition of the cladding.

As can be seen by comparing the data in Figure 4.11a and b, the propagation losses are

higher in the early measurements due to the larger refractive index contrast at the uncov-

ered LN-air interface. After cladding deposition, the propagation losses decrease on average

from 0.26 dB/cm to 0.23 dB/cm, and the measured group index slightly reduces on average

from approximately 2.3 to 2.25.

Half-Wave Voltage (Vπ). The wafer layout includes dedicated test cells (TC, according to

Figure 4.8 and Table 4.2 ) containing MZMs that replicate the same electrode geometry used

in the final integrated device, enabling direct assessment of the EO modulation performance

across the wafer after the electrode deposition step. Light is coupled through grating cou-

plers, while the RF electrodes are contacted with electrical probes. Two MZM variants were

implemented: one with terminated TWE (as in the optical switch) and one with an open,

non-terminated electrode. For both modulators, the half-wave voltage Vπ was measured at

a relatively low frequency (1 MHz) by applying an RF drive with amplitude on the order of

Vπ and simultaneously recording the time traces of the applied RF voltage and the photodi-

ode output (Figure 4.12a). By fitting the transfer curve with the standard sinusoidal MZM

model, the estimated Vπ was extracted (Figure 4.12b).
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Figure 4.11: Extracted optical parameters from ring resonator measurements. Propagation loss a) and group
index b) as functions of wavelength, obtained from wafer-level measurements of the racetrack resonators be-
fore and after cladding deposition.

The measured Vπ values, mapped across the different wafer field positions, are reported

in Figure 4.12c, together with the electrode load resistance for the terminated variant. Con-

sidering that the 16 field positions are distributed in a grid across the wafer and that the

designed device is in close proximity to the test structures, analysing the spatial distribution

of the measuredVπ values provides a direct assessment of the EO modulation performance

across the wafer for the target designed chip.

The measurements were performed after the gold-electrode deposition, providing a di-

rect assessment of the EO modulation efficiency prior to dicing and packaging. From the

results, it can be observed that the measured Vπ in the open configuration is lower than in

the terminated case of about 0.2 V. This can be attributed to the voltage drop across the gold

electrode: the small signal-electrode width WS introduces a resistive effect that causes part

of the applied voltage to drop along the electrode as the RF current flows through it. In

contrast, in the open configuration the applied voltage is constant along the entire electrode

length, resulting in a lower effective Vπ . The measured Vπ values in both configurations are

higher than the simulated ones. This discrepancy can be attributed to non-ideal realization

of the electrode geometry, in particular to a larger than designed electrode gap, and by over-

etching of the LN in the waveguide definition. Both factors reduce the EO overlap factor Γ,

thereby increasing the Vπ .

Multi-Mode Interferometers The 2×2 MMIs were characterized to determine their power-

splitting ratio, which ideally should be 50:50 between the two output ports, independently

of the input port. Any imbalance in the splitting ratio limits the performance of the cas-

caded interferometric stages, particularly under destructive-interference conditions. This

characterization is important in our device, since the circuit integrates two cascaded inter-

ferometers; thus, the MMI balance directly influences the achievable interference visibility.

The MMIs were evaluated by connecting multiple stages in cascade, up to a maximum

of eight segments. Transmission spectra were measured for both the “through” and “cross”

ports, corresponding to all-through and through-cross connections, respectively. By fitting
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Figure 4.12: Wafer-level Vπ characterization. a) Example of optical and electrical time-domain traces acquired
from one test structure, showing the applied RF voltage and the corresponding photodiode response at 1 MHz.
b) The associated MZM transfer curve of (a), showing the photodiode output as a function of the applied RF
voltage, with a sinusoidal fit used to extract Vπ . c) Spatial distribution of the measured Vπ values across the
wafer for the MZM test structures.

the total insertion loss as a function of the number of cascaded segments, the average per-

MMI loss was extracted for each configuration, as illustrated in Figure 4.13a. Ideally, each

2×2 MMI contributes approximately 3 dB of loss (50% power splitting per output branch).

Figure 4.13b summarizes the statistical results obtained across the multiple test struc-

tures on the wafer. The performances have been evaluated within a broad spectral region

(1500-1600 nm). The measured imbalance between the two output ports is on the order of

1%. Some excess loss has been found in the region between 1500 and 1525 nm. However,

the design was optimized to guarantee the desired coupling in the C+L band (1530-1625

nm). Overall, these results confirm that the MMI fabrication process achieves low excess

loss and near-ideal power splitting performance, enabling high-contrast interference in the

final integrated device. After wafer-level testing, the wafer was diced, yielding 16 chips,

each containing the three optical circuit configurations.

4.5 Chip-level processing

The following section describes the evaluation steps and procedure used to identify the op-

tical chips with the best performance among the 16 available that have been fabricated, so

that only a limited number of them are selected for the packaging process. Among the three

circuit configurations that each chip integrates, the 3rd configuration, featuring 50 ps delay,

85



Chapter 4. Thin-Film Lithium Niobate Receiver for Quantum Communication

Figure 4.13: Characterization of the 2×2 multi-mode interferometers (MMIs). a) Example of measured trans-
mission as a function of the number of cascaded MMI segments for both “through” and “cross” ports, used to
extract the insertion loss per MMI stage. b) Statistical summary of MMI performance across the wafer, show-
ing insertion loss and splitting-ratio uniformity. The results confirm low excess loss and near-50:50 splitting
balance, suitable for high-visibility interferometric operation in the final device.

was not investigated. Its shorter time-bin separation imposes more stringent requirements

on the data analysis, as detection system operates close to its resolution limit (55 ps jitter).

For this reason, the experimental effort was focused on the 100 ps delay (1st and 2nd) for the

demonstration of quantum applications presented in the following chapters. Nevertheless,

the 50 ps design remains interesting for possible future development improvements.

4.5.1 Characterization

For each chip both configurations were evaluated using a dedicated chip-level test setup.

The chip was mounted on a vacuum-assisted holder enabling fast replacement, and optical

access was provided through a fiber-array unit identical to the one used in the packaged

device, aligned using a 6-axis stage. Electrical signals were applied via a high-frequency RF

probe connected to a voltage source.

Optical switch To evaluate the performance of the optical switch, EO modulation was ap-

plied to the electrodes. A sinusoidal signal at 100 kHz with amplitude exceeding the switch-

ing voltage was used to extract the Vπ , following the same procedure used in the wafer-level

characterization (see Figure 4.12a and b). In the same measurement, the ER of the modula-

tor was obtained by recording the optical power swing over one modulation period. Both

quantities were monitored at the 2% tap-port located in the short arm of the unbalanced

MZI, avoiding interference contributions from the second interferometer stage. The results

of the ER are reported in Figure 4.14a. The measured values show a large variability, ranging

from about 10 dB to more than 30 dB. Additional analysis carried out after the chip-selection

process indicates that this spread is probably caused by mode mixing inside the integrated

waveguides, in particular residual coupling between the TE and TM modes, probably ex-

cited by the circular bends. The limited ER is attributed to the presence of the TM mode,
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Figure 4.14: Characterization of the optical switch. a) Measured ER and (b) half-wave voltage (Vπ) at 100 kHz
and at λ = 1550 nm.

Figure 4.15: Effect of a polarisation filter on ER. Measured extinction-ratio difference between MZMs realized
in the same wafer of the developed quantum receiver, with and without an integrated polarization filter. This
suggests that additional future improvements may be achievable by integrating a polarization filter.

which produces a different and shifted interference pattern when the device is biased at

minimum transmission.

A comparison between other interference structure on the same wafer, featuring identical

waveguide and component geometry, shows significantly improved and more consistent

ER values, as reported in Figure 4.15. This device included a polarization splitter-rotator

(PSR) used a polarization filter, placed before the output coupler, effectively suppressing the

residual TM component and improving the ER by approximately 15 dB. This suggests that

integrating a polarization filter [262], together with the use of Euler bends to minimize mode

conversion [263], would substantially improve the performance of future designs.

The measured Vπ , reported in Figure 4.14b were performed on the chip and configuration

that exhibited a relatively high ER. The values are comparable to those obtained at the wafer

level, showing an increase of approximately 0.5 V with respect to the expected 3 V from

simulations. This deviation is likely caused by fabrication tolerances, such as a larger-than-

designed metal electrode gap or over-etching of LN slab. All tests were performed at a

wavelength of λ = 1550 nm.
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Figure 4.16: Characterization of the unbalanced MZI. a) Measured ER and (b) half-wave voltage (Vπ) at
λ = 1550 nm. The slightly lower ER compared to the optical switch is attributed to differential propagation
losses between the interferometer arms.

Unbalanced Mach-Zehnder interferometer The unbalanced MZI was characterized by

applying a DC voltage to the TPS for the 2nd configuration, and to both the metal electrodes

and the TPS for the 1st version, in order to determine the ER of the interferometer and the Vπ

of the EO modulator. The measurements were performed by monitoring the optical power

at the two output ports of the MZI, while the optical switch was biased at quadrature to

operate as a 50:50 beam splitter. The results, reported in Figure 4.16, show the measured Vπ

and ER for all tested chips at a wavelength of 1550 nm.

As in the case of the optical switch, the ER variability is likely affected by residual TM-

mode excitation. Moreover, the average ER is slightly lower than that of the optical switch.

This reduction is attributed to unbalanced propagation losses between the two interferome-

ter arms, estimated to be on the order of ∼ 0.2 dB for a path-length difference of 1.3 cm. For

this reason, the 2% tap port is not only used to monitor the interferometer operating point,

but also compensates for the excess loss in the shorter arm (approximately ∼ 0.09 dB for a

2% tap). In addition, small inaccuracies in setting the bias point of the optical switch to the

exact 50:50 condition can further degrade the measured ER.

Regarding the Vπ , the measured values are higher than those of the optical switch, as the

total electrode length is 0.66 cm and the configuration is not push-pull. Consequently, the

Vπ should increase by approximately a factor of 1.5 × 2 compared to the push-pull configu-

ration.

Optical insertion losses were not characterized at the chip level, since manual alignment

of the fiber array to the edge couplers did not provide the repeatability required for loss

measurements. Instead, the optical loss performance was evaluated only after final device

packaging, where precise alignment procedure is involved.

To select the chips for packaging, a performance threshold was applied based on the

measured modulation efficiency and interferometric extinction. Specifically, only devices

exhibiting Vπ < 5 V and an ER > 20 dB were considered, ensuring high-quality and efficient

switching operation. According to these criteria, the chips selected for packaging were:

• 1st config.: IDs 6, 12, and 15

• 2nd config.: IDs 4 and 9.
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These devices were subsequently packaged and used for further device-level characteriza-

tion, as described in the next section.

4.5.2 Packaging

The fabricated and selected chips were packaged in a metal housing, as shown in Fig-

ures 4.17a and b, with overall dimensions of 9.6× 26 mm. The package provides mechanical

stability, efficient thermal dissipation, and environmental protection. Due to the physical

and electrical constraints of the package—which was not custom-designed for the present

optical circuit—an adaptive layout strategy was adopted for packaging. In particular, the

package provides 6 DC external pins and a single RF connector, allowing wire-bonded ac-

cess to only one high-speed MZM at a time.

In contrast, the designed chip integrates three different configurations, which would ide-

ally require three independent RF connectors and fourteen DC pins to fully access all elec-

trical interfaces, as shown in the chip layout in Figure 4.2. As a result, only one of the

three configurations can be electrically accessed through the package connectors, while the

remaining two cannot be interfaced. In addition, not all optical interfaces are externally ac-

cessible. Each configuration includes four edge couplers spaced by 250 µm, matching the

pitch of the fiber array unit (FAU). However, due to the limited die width, the spacing be-

tween edge couplers of adjacent configurations is reduced to 100 µm, as shown in Figure 4.2.

This prevents simultaneous optical access to all configurations.

In the following, the packaging procedure for the 1st and 2nd configurations is described,

as no chip from the 3rd configuration was selected. Two packaged chips out of a total of

five are shown in Figures 4.17a and c for the 1st configuration, and in Figures 4.17b and d

for the 2nd configuration. Each chip was mounted inside the metal housing using a ther-

mally conductive adhesive, ensuring both mechanical stability and efficient heat transfer

to the package. To improve RF performance, the chip was positioned such that one of the

lateral ground electrodes of the MZM is placed close to the metal sidewall of the package.

This configuration enables short and periodic wire bonds between the 1 cm-long ground

electrode and the package, thereby improving RF performance. In addition, this placement

is required to properly align the on-chip RF pads with the package RF transmission line,

enabling short and low-inductance wire bonds that are essential for preserving high-speed

modulation performance. The high-speed driving signal for the optical switch is supplied

through the G3PO RF connector, visible in Figure 4.17e. To enable the same grounding strat-

egy adopted for the 1st config., the chip corresponding to the 2nd config. was additionally

diced prior to assembly. This allowed the MZM electrodes to be positioned closer to the

package sidewall, as illustrated in Figure 4.17c. The 6 low-frequency package pins placed

laterally are wire-bonded to the on-chip electrical pads according to the specific configura-

tion being accessed. For the 1st configuration, the pin assignment from left to right, as shown

in Figure 4.17a, is:

1: Unbalanced MZI ground for both TPS and EO modulator

2: Unbalanced MZI positive TPS
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3: Unbalanced MZI positive EO modulator

4: Optical switch positive TPS 1

5: Optical switch positive TPS 2

6: Optical switch ground TPS 1 and 2

For the 2-nd configuration, the pin assignment is:

1: Not connected

2: Unbalanced MZI ground for TPS

3: Unbalanced MZI positive TPS

4: Optical switch ground TPS 1 and 2

5: Optical switch positive TPS 1

6: Optical switch positive TPS 2

Notice that for the 1st config., the EO modulator of the unbalanced MZI is externally in-

terfaced through the DC package pins. As discussed later in the chapter where the EO band-

width characterization is presented, this electrical configuration limits the achievable perfor-

mances, mainly due to the long wire bonds and the absence of a dedicated high-frequency

connector and impedance-matched RF path.

The FAU is aligned to the optical edge couplers of the chip, which is inserted through the

optical access window of the housing. The FAU fibers were subsequently spliced [264] to

standard single-mode fibers (Corning SMF-28 [41] and PANDA PM1550) in order to avoid

modal mismatch with the optical fibers used in the experimental setup. The FAU was

aligned to maximize coupling efficiency and permanently fixed using an index-matching

adhesive, thereby reducing insertion loss and suppressing back-reflections.

4.6 Module characterization

Once the devices were packaged, a series of preliminary performance evaluations were car-

ried out to evaluate the final module performances. In particular, the EO bandwidth and

the effective driving voltage required to achieve a Vπ modulation at 5 GHz was character-

ized for the optical switch using the method described in the following sections. It is also

reported the EO bandwidth of the second stage unbalanced MZI, and finally are presented

the insertion loss of the module with few considerations.

4.6.1 Electro-optic bandwidth of the optical switch

To measure the EO bandwidth of the realized optical switch, a direct characterization could

not be performed using the standard approach typically applied to MZM, since the optical

circuit consists of two cascaded interferometers. In conventional EO bandwidth measure-

ments, the MZM is biased at quadrature, and a small-signal RF modulation is applied. The
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5 ݉݉

Figure 4.17: Packaging of the integrated quantum receiver. a) Top-view image of the fabricated integrated
photonic circuit for the 1st config. and (c) schematic of the glued chip inside the packaging. b) Top-view image

of the 2nd config., where the optical chip has been diced according to the schematic in (d) to allow short wire
bonding to the 1 cm-long ground electrode and package. c) Final packaged device. FAU: fiber array unit.

variation of the optical output power as a function of the modulation frequency provides

the EO response, as the quadrature point corresponds to the most linear region of the si-

nusoidal transfer function, particularly under small-signal excitation. This measurement

is typically performed using a vector network analyzer (VNA). The VNA applies a small

modulation signal while sweeping across a defined frequency range for device character-

ization. By monitoring the modulated optical output with a calibrated photodetector, the

corresponding response at the same harmonic frequency is retrieved, allowing extraction of

the EO bandwidth. In our case, this procedure was in principle possible, and an attempt

was made by exploiting the 2 % tap output of the monitoring port. However, the available

optical power was insufficient for the VNA photodiode to resolve the modulation response.

The low optical level resulted in a noisy signal, limiting the feasibility of this method.

To overcome this, the EO bandwidth was evaluated indirectly by exploiting the cascaded

configuration of the two interferometers, where the optical output power is higher, as it is

limited only by the insertion loss of the module rather than a low-power monitoring port.

I adopted the following approach: the first MZI was biased at its minimum transmission

point, as verified by monitoring the optical power at the 2 % tap port, while the comple-

mentary output of the interferometer operates at its maximum transmission. Under these

conditions, and as described in the following analytical derivation, the amplitude of the

first-harmonic modulation at the final output is detectable and independent of the phase of

the second stage. Notice that in this case since the input light is provided by a continuous-

wave laser, the unbalance of the second stage can be neglected because the coherence length

of the source is much longer than the MZI path difference. Thus, it effectively behaves as a

balanced interferometer.

The analytical description of this method is provided in reference to the integrated optical
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circuit schematic shown in Figure 4.18a that represent the two cascaded interferometer. Let

Ein be the input optical field and ϕm(t) the small signal phase modulation applied by the EO

modulator. The output fields at the two ports of the first MZM for a push-pull configuration

are given by:

E′(t) =
Ein

2

(

ei
ϕm(t)

2 + e−i
ϕm(t)

2

)

,

E′′(t) =
Ein

2

(

ei
ϕm(t)

2 − e−i
ϕm(t)

2

)

,

(4.28)

where the applied modulation phase is defined as

ϕm(t) = 2δ sin(ωRFt)

=
πVRF

Vπ
sin(ωRFt)

(4.29)

where δ represents the modulation index (assumed small, δ ≪ 1), ωRF is the exciting RF

angular frequency and VRF is the exciting RF signal amplitude. By exploiting the Jacobi-

Anger expansion [39],

eiδ sin(ωRFt) =
+∞

∑
n=−∞

Jn(δ) einωRFt,

the optical field can be expressed as a sum of harmonic components, whose amplitudes are

given by the nth-order Bessel functions of the first kind, Jn(δ). Substituting this relation into

Eq. (4.28), the two output fields can be rewritten as:

E′(t) = Ein

[

J0(δ) + 2
+∞

∑
n=1

J2n(δ) cos(2n ωRFt)

]

,

E′′(t) = iEin

[

2
+∞

∑
n=0

J2n+1(δ) sin((2n + 1)ωRFt)

]

.

(4.30)

Then, the output electric field at the second interferometer can then be computed by sum-

ming the two contributions E′(t) and E′′(t), and including the phase shift of the unbalanced

MZI, θB:

E′
out(t) =

1√
2

(

E′(t)eiθB + iE′′(t)
)

=
Ein√

2

[

J0(δ)e
iθB + 2eiθB

+∞

∑
n=1

J2n(δ) cos(2n ωRFt)− 2
+∞

∑
n=0

J2n+1(δ) sin((2n + 1)ωRFt)

]

≈ Ein√
2

[

J0(δ)e
iθB + 2eiθB J2(δ) cos(2ωRFt)− 2J1(δ) sin(ωRFt)

]

,

(4.31)

where in the last step only the first terms of the Bessel expansion have been retained, as

higher-order harmonics are negligible for small modulation indices (δ ≪ 1). Finally, the
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detected optical power is given by:

P′
out(t) ∝ |E′

out(t)|2

=
E2

in

2

[

J0(δ)
2 + 4J1(δ)

2 sin2(ωRFt) + 4J2(δ)
2 cos2(2ωRFt)

− 4J0(δ)J1(δ) sin(ωRFt) + 4J0(δ)J2(δ) cos(2ωRFt)

− 8J1(δ)J2(δ) sin(ωRFt) cos(2ωRFt)

]

.

(4.32)

An analogous expression holds for the complementary port P′′
out(t).

It can be observed from Eq. (4.32) that the detected optical power contains both a DC

component (J0(δ)
2) and several oscillating terms at different harmonics of the modulation

frequency, all with intensity amplitude independent from θB. For small-signal modula-

tion (δ ≪ 1), the Bessel function coefficients satisfy J0(δ) > J1(δ) > J2(δ). Consequently,

the dominant oscillating term in the output power is the first harmonic, proportional to

J0(δ)J1(δ) sin(ωRFt). This term represents the primary contribution to the EO modulation

response and is therefore used to determine the effective EO bandwidth of the device, which

can be attributed to a frequency-dependent half-wave voltage, Vπ = Vπ( f ), according to

Eq. (4.29).

As shown in Figure 4.18b, the bandwidth measurement was performed not for all the 5

packaged chips but for the three modules that were actually used for photon switching in

the quantum experimental demonstrations. Specifically, those are the devices (and config.)

with chip IDs 6 (1st), (1st), and 15 (1st) that exhibited 3 dB EO modulation bandwidths of

approximately 30 GHz. The figure also reports the simulated EO bandwidth, computed as

described in Eq. (4.15), which closely matches the experimental results. The main difference

between the simulated and measured results appears as a slight enhancement of the mod-

ulation response below approximately 5 GHz, which can be attributed to an increase in the

impedance of the transmission line with frequency, leading to a reduction in the effective

Vπ .

4.6.2 Driving voltage at 5 GHz

An important parameter to characterize is the actual driving voltage required for the mod-

ule to achieve proper photon switching operation. This value does not directly correspond

to the measured Vπ of the previous characterizations, since, in the experimental setup used

for the demonstrations described in the next chapters, few factors may alter the effective

voltage applied to the device. Indeed, the hardware setup consists of an RF signal generator

providing a sinusoidal signal at 5 GHz with tunable output power. The RF signal is transmit-

ted through a one-meter coaxial cable, which introduces frequency-dependent attenuation,

followed by an adapter and a G3PO connector that delivers the signal to the module. Each

of these components contributes to insertion losses before the signal reaches the modulator

electrodes. Indeed the following characterization procedure allows precise determination of

93



Chapter 4. Thin-Film Lithium Niobate Receiver for Quantum Communication

2%
′ܧ
′′ܧ

௜௡ܧ ′௢௨௧′௢ܲ௨௧ܧ
′′௢௨௧′′௢ܲ௨௧ܧ

߶௠2
−߶௠2

஻ߠ

Figure 4.18: Optical switch EO bandwidth. a) Schematic of the device highlighting the parameters used in
the analytical model for evaluating the EO bandwidth of the optical switch, including the effect of the second
interferometric stage. b) Measured EO bandwidth of three different packaged devices, compared with the
theoretical estimation obtained from simulated parameters. All three devices exhibit an EO bandwidth of
approximately 30 GHz, in agreement with the simulation (Eq. (4.16)).
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the RF driving power required from the instrumentation to effectively deliver a peak-to-peak

Vπ modulation to the optical switch.

Considering the transfer function of a MZM, the optical power at the output of the

switch, monitored through the 2 % tap port, when driven with a sinusoidal signal at ωRF =

2π · 5 GHz can be written as:

Pout(t) =
1

2
[1 + cos(ϕTPS + δ sin(ωRFt))] , (4.33)

where the total phase term includes the contribution from the TPS, ϕTPS, and the EO mod-

ulation amplitude, δ. The output power is monitored using a low-bandwidth power meter,

whose response time is much slower than the modulation frequency (5 GHz), the measured

signal corresponds to the time-averaged optical power over one modulation period T:

Pout(t) =
1

T

∫ T

0
Pout(t) dt

=
1

2
+

cos(ϕTPS)

T

∫ T

0
cos(δ sin(ωRFt)) dt − sin(ϕTPS)

T

∫ T

0
sin(δ sin(ωRFt)) dt.

(4.34)

The last term is null due to odd sinusoidal symmetry, while the second term corresponds to

the definition of the zero-order Bessel function of the first kind, J0(δ), using its integral rep-

resentation, also known as the Hansen-Bessel formula. Therefore, the time-averaged optical

power is:

Pout(t) =
1

2
[1 + cos(ϕTPS) J0(δ)] . (4.35)

The characterization exploits the fact that, by sweeping the parameter δ for different values

of ϕTPS, the resulting curves intersect when J0(δ) = 0, corresponding to a normalized output

power of 0.5. Since the first zero of the Bessel function J0(δ) occurs at δ = 2.4048, this

condition allows for the precise determination of the effective Vπ at 5 GHz, as:

2.4048 ≈ δ =
πVRF

Vπ
, (4.36)

where VRF is retrieved from the the power delivered by the RF signal generator. The curves

representing the sweep of the RF driving power of the sinusoidal signal for different values

of ϕTPS are shown in Figure 4.19. These measurements correspond to the two modules used

as receivers for the two users in the QKD demonstration. They respectively exhibit inter-

section points at 20 and 19.3 dBm, which correspond to the RF powers required to achieve

the Vπ modulation of 18.1 and 17.4 dBm. This calibrated voltage value was then used to

implement the correct optical switching operation in the quantum experiments.

4.6.3 Electro-optic bandwidth of the unbalanced MZI

Here I report the EO bandwidth of the unbalanced MZI for the two packaged chips out of the

three that implement the 1st configuration. These are the devices for which fast modulation

of the unbalanced MZI is exploited in the QKD experiment with active basis selection, as

presented in Section 6.2.

95



Chapter 4. Thin-Film Lithium Niobate Receiver for Quantum Communication

0.0

0.2

0.4

0.6

0.8

1.0

Op
tic

al
 p

ow
er

 [a
.u

.]

Chip ID 12 (1st config.)

bias 1
bias 2
bias 3
bias 4

10 12 14 16 18 20
RF power [dBm]

0.0

0.2

0.4

0.6

0.8

1.0

Op
tic

al
 p

ow
er

 [a
.u

.]

Chip ID 15 (1st config.)

bias 1
bias 2
bias 3
bias 4

Figure 4.19: Calibration of the effective Vπ at 5 GHz. Measured normalized optical power as a function of the
applied RF driving power for different values of the thermo-optic phase ϕTPS. The intersection points of the
curves correspond to the first zero of the Bessel function J0(δ), enabling extraction of the effective Vπ at 5 GHz,
including all losses from the RF setup components. Results are reported for the two receiver modules used
in the QKD demonstration. The measurement uncertainty is attributed to the imprecision in the delivered RF
power, estimated at ±0.1 dBm.

Unlike the optical switch, the EO bandwidth of the unbalanced MZI can be directly mea-

sured. As this modulator corresponds to the second stage of the cascaded interferometers,

the measurement is performed by biasing the first MZM at quadrature, which acts as a 50:50

beam splitter, and by applying small-signal modulation to the electrode of the unbalanced

MZI. By monitoring the variation of the optical output power as a function of the RF driving

frequency, the EO bandwidth is extracted. The two measured bandwidths are reported in

Figure 4.20. Both devices exhibit a similar behaviour: a slow roll-off up to about 100 MHz,

followed by a slight increase around 500 MHz, and finally a cutoff around 1 GHz.

Compared with the optical switch, the EO bandwidth of the unbalanced MZI is signifi-

cantly lower. This limitation mainly arises from two factors: (i) the unbalanced MZI is driven

through the same routing technology used for the TPS, in particular via the lateral metal pins

visible in Figure 4.17a and b, since the single high-speed RF connector is dedicated to the op-

tical switch and benefits from optimized wire bonding. (ii) By design, the electrodes of the

unbalanced MZI do not include a matched termination, resulting in a capacitive load and

an effectively open long-cable connection that prevents optimal delivery of high-frequency

signals.

To partially mitigate the second limitation and thus improve the EO bandwidth to ap-

proximately 1 GHz, a 50 Ω RF resistor was connected to the two package pins to provide

a proper termination for the unbalanced MZI electrodes. By adopting this termination, the

effective length of the unterminated electrode section was reduced to only a few centime-

ters, corresponding to the package pins, wire bonds, and on-chip routing. This significantly
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Figure 4.20: EO bandwidth of the unbalanced MZI stage for the two devices used in the QKD protocol imple-
mentation.

mitigates standing-wave effects at higher frequencies compared to the case of a much longer

open-circuit connection, which would otherwise include the RF cable between the signal

generator and the device, with a length on the order of tens of centimeters.

Future improvements may therefore include adopting the same features implemented for

the optical switch, such as proper RF termination and an optimized high-speed connector.

4.6.4 Insertion loss

In Table 4.3 are reported the measured insertion losses of the packaged devices. The mea-

surement is performed by injecting light into the input optical fiber of the FAU and recording

the optical power at the two output fibers connected to the two outputs of the unbalanced

MZI. In this way, the propagation losses correspond to the total loss of the whole system, that

is, the cascade of the two interferometric stages. The average loss is 6.35 dB, with a standard

deviation of 1.1 dB. The total optical loss has different contributions. The first contributions

are the intrinsic propagation loss of the waveguides and the additional losses of the compo-

nents such as the MMI, the TPS, and the edge-coupler structure. The expected performance

regarding the device insertion loss is represented by the lower losses measured on chip ID 4.

The higher and more variable losses observed in the other devices are attributed to addi-

tional contributions. In particular, these extra losses may arise from out-of-chip factors. The

FAU may exhibit a slight displacement of the fibers, since it features a positioning precision

of ±0.5 µm, which can prevent perfect alignment with the on-chip waveguides. Moreover,

the alignment procedure, comprising the placement of the index-matching glue and the final

UV curing, may not have been perfectly ideal, leading to increased loss.

Summary

Finally, throughout this section the achieved results can be compared with the main per-

formance requirements outlined in Table 4.1. In particular, high-visibility interference (ER

> 20 dB) is obtained for the unbalanced interferometer, enabled by the limited propagation
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Chip ID Output 1 [dB] ±0.1 Output 2 [dB] ±0.1
4 4.5 4.8
6 7.4 7.7
9 7.8 6.8

12 5.8 6.5
15 6.1 6.1

Table 4.3: Insertion loss for each packaged chip.

loss of approximately 0.2 dB/cm. This is combined with the EO modulation capability of

the MZM, which operates at the target frequency of 5 GHz with a driving voltage below

5 V. These represent the primary design constraints. In addition, another important perfor-

mance metric is the overall insertion loss. Although it does not constitute a strict limitation

for device operation, minimizing insertion loss is highly desirable to maximize the achiev-

able rate. This parameter depends not only on the integrated circuit itself, but also on the

entire optical system involved in the target quantum application, ultimately impacting the

achievable secret key rate.
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Entanglement certification

The next two chapters explain how the device’s functionalities are exploited to implement

various quantum applications, thanks to its ability to operate as a reconfigurable time-bin

state projector.

The first part of the chapter describes the practical aspects of the experimental setup and

the characterization of the photon-pair source used for the measurements. It also introduces

an analytical model developed to estimate the expected performance of the applications

while accounting for experimental non-idealities. The second part reports the violation of

the Bell inequality, providing clear evidence of the generation and manipulation of time-bin

entangled states. Finally, the chapter concludes with the demonstration of another quantum

application: QST.

5.1 Experimental setup

This section describes the experimental setup used for all the quantum applications dis-

cussed in this chapter and the next: entanglement certification, QST and QKD. Some minor

adjustments have been made in order to implement QKD, which will be noted in the dedi-

cated Chapter 6. The experimental setup, whose complete schematic is shown in Figure 5.1,

consists of three main parts: the optical source used to generate entangled photon pairs

and the two receiver stations, referred to as users Alice and Bob, that analyze the correlated

photons.

Entangled photon source Time-bin entangled photon pairs are generated by pumping an

integrated silicon waveguide with periodic optical pulses produced by an actively mode-

locked laser (PriTel 1550nm Ultrafast Optical Clocks) operating at a repetition rate of 1 GHz.

The emitted pulses exhibit approximately Gaussian spectral and temporal profile that are

nearly Fourier-transform limited, with a time–bandwidth product of about 0.5. They have a

spectral bandwidth of approximately 0.42 nm FWHM, corresponding to a temporal duration

of about 9.2 ps, and are tuned to International Telecommunication Union (ITU) channel 33

(1550.92 nm).

The 1 GHz laser repetition rate can, in principle, be increased up to its maximum value of

5 GHz, which would result in a five-times enhancement of the quantum key generation rate.

This upper limit is imposed by the 100 ps time-bin separation set by the temporal delay of
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Figure 5.1: Experimental setup. Schematic of the experimental configuration used for the generation and
analysis of time-bin entangled photon pairs. A mode-locked laser source operating at 1 GHz repetition rate
provides optical pulses that are coupled into the TFLN device, properly controlled to generate twin pump
pulses. These pulses are amplified and injected into the silicon photon-pair source, where SFWM occurs.
The generated signal and idler photons are demultiplexed by wavelength-selective filters and directed to the
two receiver stations (Alice and Bob), each composed of a TFLN device and SNSPDs. PC: polarization con-
troller; TPS: thermal phase shifter; TE: transverse-electric polarizer filter; ASE: amplified spontaneous emis-
sion; EDFA: erbium-doped fiber amplifier; SFWM: spontaneous four-wave mixing; VOA: variable optical at-
tenuator; SNSPD: superconducting nanowire single-photon detector; DEMUX: optical demultiplexer.

the TFLN unbalanced interferometer (1st config.). However, as discussed in Sections 6.4 and

4.6.3, the rate is limited to 1 GHz repetition rate as the QKD demonstrations presented in this

work were constrained by the maximum count rate of the detectors and by the bandwidth

of the electrical connector driving the EO modulator of the unbalanced MZI.

The laser output passes through an optical isolator (Thorlabs IO-G-1550-APC) to sup-

press any potential back-reflections, and its polarization is adjusted using a fiber polariza-

tion controller to match the TE mode supported by the TFLN chip. Thus the optical pulses

are injected into one of the fabricated TFLN modules (Chip ID 04), where the MZM is biased

to operate as a balanced 50:50 beam splitter by adjusting the TPS. In this configuration, the

device functions as an unbalanced interferometer, producing two pump pulses separated

by 100 ps. By changing the MZM bias point, it is possible to control the relative amplitudes

of the two pump pulses, while the phase of the unbalanced MZI determines their relative

phase. With this setting the same device can act not only as a quantum receiver but also as a

reconfigurable pump-pulse shaper, capable of producing arbitrary time-bin entangled states

when combined with a nonlinear optical source. Moreover, using identical integrated optical

circuit designs in both the source and receiver stages ensures that the temporal separation

between the two pump pulses precisely matches the path imbalance of the receiver inter-

ferometers (within fabrication tolerances), enabling perfect temporal overlap of the time-bin

wavefunctions.

After exiting the TFLN device, the twin pump pulses are amplified using an erbium-

doped fiber amplifier (EDFA, Keopsys PEFA-SP-C), which allows precise control of the pump

power. amplified spontaneous emission (ASE) noise from both the laser and the amplifier

is suppressed using a cascade of DWDM optical filters (Opneti fiber based) each provid-

ing 100 GHz (0.8 nm) bandwidth centered at the pump wavelength, thereby preserving the

spectral and temporal characteristics of the pump pulses. This filtering is essential because

even weak residual ASE noise can overlap with the signal and idler channels, introducing
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Figure 5.2: Source transmission spectra. Transmission spectra of the integrated silicon waveguide accessed
through input and output grating couplers. The waveguide is pumped with optical pulses at ITU channel 33
(1550.92 nm) to generate entangled photon pairs via SFWM at ITU channels 28 and 38. The choice of these
wavelengths minimizes the optical loss.

significant noise power.

The filtered twin pulses are then coupled into the integrated silicon waveguide, where

correlated photon pairs are generated via SFWM, as described in Section 2.3.2. The pump

wavelength is set to ITU channel 33 (1550.92 nm), which coincides approximately with max-

imum transmission of the grating couplers (see Figure 5.2) ensuring balanced extraction

losses for the signal and idler photons.

Receiver stations and detection At the output of the photon-pair source, the generated sig-

nal and idler photons are spectrally separated using two bandpass DWDM filters, similar to

those used for pump ASE suppression, centered at ITU channels 28 and 38 (1554.94 nm and

1546.92 nm, respectively), each with a 100 GHz (0.8 nm) bandwidth, as shown in Figure 5.2.

These channels are symmetrically spaced with respect to the pump wavelength, as required

by energy conservation in the SFWM process, ensuring proper collection of the signal and

idler photons. The filters also suppress residual pump light and serve as demultiplexers,

routing the photon pairs through optical fibers to the two receiver modules corresponding

to the users Alice (Chip ID 12) and Bob (Chip ID 15). Due to the nearly rectangular spec-

tral transmission profile of these filters (DWDM Opneti fiber based), the signal and idler

photons can be approximated as spectrally rectangular, which corresponds in the tempo-

ral domain to a sinc-shaped waveform. Such a profile exhibits a time–bandwidth product

of approximately 1. Since the filter bandwidth (0.8 nm) is approximately twice the spectral

bandwidth of the pump pulses (0.42 nm), the coherence time of the generated photons is

not significantly altered by the filtering stage and remains nearly unchanged compared to

the pump pulses. More generally, if wider optical filter bandwidths are used, the coherence

time of the generated photons becomes shorter than the pump pulse duration; however,

they are still generated within the temporal envelope of the pump pulses. In the limit of a

filter bandwidth much larger than that of the pump and a single pump pulse, this situation
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tends toward the regime associated and exploited in time–energy entanglement correlations

(see Section 3.5.1).

Polarization controllers are placed before each TFLN receiver chip to ensure TE-mode

propagation within the integrated waveguides, thereby minimizing optical losses and max-

imizing EO modulation efficiency. Additional polarization controllers are located after the

chips to optimize coupling for detection efficiency of the SNSPDs (Photon Spot). The em-

ployed SNSPDs feature a timing jitter of approximately 55 ps, which defines the temporal

resolution for discriminating between early and late time-bin states separated by 100 ps in

the computational basis. The SNSPDs support a maximum count rate of about 1.5 MHz,

which ultimately limits the achievable key generation rate in the QKD configuration dis-

cussed in the next chapter. This limitation arises from the intrinsic dead time of the detec-

tors and from latching effects, which are typical of SNSPDs at high count rates and prevent

continuous operation under sustained high photon flux.

Each TFLN receiver module is connected to an external DC power supply (Rohde &

Schwarz HMP4040) that controls the TPSs integrated in both the balanced MZM and the

unbalanced MZI. The two packaged quantum receivers are placed on a Peltier cell, which is

connected to a module controller (Vescent Slice-QT). This controller allows for precise con-

trol of the temperature of the optical chip. An RF signal generator (AnaPico APMS20G)

drives the MZM with a sinusoidal signal at 5 GHz, enabling the optical switching. As de-

tailed in Section 4.6, the applied drive voltage takes into account the insertion losses of the RF

components, and therefore differs from the intrinsic Vπ value of the modulator. The same RF

source also provides the synchronization signal to the pulsed laser, ensuring phase-locked

operation between the pulse generation and optical switching stages.

The electrical output signals from the SNSPDs are fed into a high-resolution (2 ps jitter)

time-tagging module (Swabian Instruments Time Tagger X) that records single-photon de-

tection events with picosecond precision.

This configuration enables both the verification of Bell-inequality violation and the com-

plete QST of the generated photon pairs, thus allowing the characterization of the entangled

state, as discussed in the following sections. In the configuration shown in Figure 5.1, the

total optical losses from the photon-pair source to the SNSPD inputs amount to 12.2 ± 0.2dB

for Alice and 10.1 ± 0.2dB for Bob.

5.2 Source characterization

The generation of time-bin entangled photon pairs was performed using the silicon waveg-

uide source. It is a 16 mm-long silicon rib waveguide fabricated on a 300 nm-thick SOI plat-

form developed at CEA-Leti. Access to the chip is provided via grating couplers. The total

insertion loss, including input/output coupling and propagation at the pump wavelength

of 1550.92 nm, was measured to be 4.8 ± 0.1dB, as shown in the transmission spectra in Fig-

ure 5.2.

Figure 5.3a shows the characterization of photon-pair generation through SFWM, per-

formed under the same operating conditions used for the experimental demonstrations.

Thus the source was pumped by twin optical pulses separated by 100 ps, at a repetition
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rate of 1 GHz. The generated signal and idler photons, emitted at ITU channels 28 and 38

respectively are detected to measure the coincidence rate as a function of the pump pulse

energy. The pulse energy coupled into the waveguide was estimated from the input power,

taking into account the measured coupling losses and the laser repetition rate. As expected

for SFWM, the detected coincidence rate exhibits a quadratic dependence on the pump pulse

energy. By fitting the measured pair-generation probability per pulse (G) as a function of en-

ergy E to the model

G(E) = γEα, (5.1)

it is obtained a fitted exponent α = 1.96, in excellent agreement with the expected quadratic

dependence. The proportionality constant γ includes the overall process efficiency. Dur-

ing the characterization, the maximum coupled pump power was limited to below 15 dBm,

corresponding to a photon-pair generation probability per pulse of more than 20%. This

restriction was imposed to prevent thermal damage to the grating couplers.

The CAR, already defined in Section 2.3.2, quantifies the quality of the photon-pair source

by comparing the rate of correlated photon-pair detections to that of spurious coincidences.

It is defined as:

CAR =
CE

CA
, (5.2)

where CE represents the number of effective (entangled) coincidence counts and CA denotes

the accidental coincidences within the same temporal detection window. In our measure-

ments, accidental coincidences mainly originate from two mechanisms: (i) at high pump

powers, the probabilistic nature of the SFWM process leads to a non-negligible probability

of generating multiple photon pairs within a single pump pulse. When two or more pairs

are emitted simultaneously, photons from different pairs may be detected within the same

time window, producing accidental coincidences; (ii) at lower pump powers, the accidental

rate is dominated by detector dark counts and background noise, independent of the pump

power.

Before analyzing the pumping configuration with two closely spaced pulses, that repre-

sents the condition used in the experiments, the single-pulse pumping case is first described

to highlight the differences. Let p denote the single-pair generation probability per pump

pulse, and consequently p2 the probability of generating two photon pairs. Considering that

each photon detection event also depends on the overall detection efficiencies of the two

channels, ηA and ηB, which account for coupling, transmission, and detector efficiencies, the

CAR scales as:

CAR =
pηAηB

p2ηAηB
=

1

p
. (5.3)

In our case, since the source is pumped with two closely spaced pulses separated by 100 ps

instead of a single pulse, the coincidence histogram of the detected entangled photon pairs

as a function of the detection time difference (shown in Figure 5.3b) exhibits three peaks

separated by the same 100 ps interval. This structure arises from accidental coincidences

superimposed on the true coincidence events. To better highlight the accidental coincidence

pattern, Figure 5.3c reports the coincidence histogram measured at one repetition period

corresponding to uncorrelated detections, where only the accidental counts are visible. This

103



Chapter 5. Entanglement certification

occurs because both pump pulses contribute to the total coincidence and accidental counts,

and the overall CAR can be expressed as:

CAR =
p1ηAηB + p2ηAηB

p2
1ηAηB + p2

2ηAηB + 2p1 p2ηAηB
. (5.4)

Here, p1 and p2 represent the probabilities of generating a photon pair from the first and sec-

ond pump pulse, respectively, while the corresponding accidental coincidences scale with

p2
1 and p2

2. The numerator represents the total rate of true coincidences originating from

both pulses, whereas the three terms in the denominator account for accidental coincidences:

the first two terms correspond to multi-pair events within the same time bin, and the third

term (2p1 p2ηAηB) describes cross coincidences between photons generated by different time

bins. Neglecting higher-order (p3) contributions and assuming balanced pumping condi-

tions (p1 = p2 = p/2), the expression simplifies to:

CAR =
1

2p
. (5.5)

In the experiment, the effective coincidences CE were determined as

CE = CC − CA, (5.6)

where CC is the total coincidence count within the central detection window (Figure 5.3b),

and CA represents accidental coincidences obtained from time-shifted detections by integer

multiples of the twin-pulse separation period (Figure 5.3c). Identical temporal integration

windows were used for both quantities to ensure consistent normalization. If the side peaks

can be fully temporally resolved, the cross coincidences could be excluded and the CAR

would recover the single-pulse scaling of 1/p. However, in our setup, the detector timing

jitter of approximately 55 ps is comparable to the 100 ps pulse separation, leading to par-

tial overlap between peaks. This overlap redistributes counts between true and accidental

coincidences, effectively reducing the measured CAR by a factor of two compared to the

ideal case. the experimental results of the CAR follows the upper bound model relation

CAR ≈ 1/(2p), as shown in Figure 5.3a, for relatively high pumping power. While the up-

per bound is not reached at lower pumping powers because other sources of noise, such as

dark counts, limit the CAR.

5.3 Modeling experimental imperfections and system limita-

tions

Since a few practical limitations that could intrinsically reduce the visibility of the correlated

Bell curve experiment were identified during the device design phase, I developed an an-

alytical model to quantify their impact. This model considers two main non-idealities: (i)

the unbalanced propagation loss induced by the unbalanced MZI interferometer and (ii) the

modulation signal applied to the MZM for photon switching.
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Figure 5.3: Characterization of the silicon photon-pair source. a) Measured photon-pair generation proba-
bility per pulse (red) and CAR (blue) as functions of the on-chip pump-pulse energy. The dashed blue line
represents the model prediction for the CAR when considering multi-photon pair generation and no detector
dark counts, while the dashed red line shows the exponential fit of the generation rate, yielding a coefficient
of 1.96. b) Measured coincidence histogram as a function of the photon arrival-time difference for one repre-
sentative operating point, showing that the central peak is predominantly formed by correlated (entangled)
photon-pair events, with a minimal accidental background. c) Zoom-in of the accidental coincidence peak at
one repetition period away from the central peak in (b), highlighting the three partially ovelapping sub-peaks
resulting from the twin-pulse excitation and the finite detector timing resolution.

The first limitation arises from the intrinsic asymmetry of the second-stage interferome-

ter, which consists of two arms with different propagation lengths (1.31 cm, corresponding

to a 100 ps delay in the LN waveguide). This asymmetry leads to unbalanced propagation

losses, on the order of 0.2.5 dB, depending on the actual waveguide propagation loss. Such

imbalance reduces the ability to achieve perfect destructive interference, thereby limiting the

maximum attainable extinction ratio of the unbalanced interferometer.

The second limitation arises from the driving modulation of the MZM. Ideally, the modu-

lator should be driven by a square-wave voltage with a 200 ps period, so that successive time

bins separated by 100 ps experience a π phase shift between them, as illustrated schemat-

ically in Figure 5.4b. A perfect square-wave drive would yield sharp temporal transitions,

ensuring that photons are deterministically routed into the desired interferometer path. In

practice, however, generating such a signal would require an infinitely large electronic band-

width, which is technically unfeasible. To relax the requirements on the driving electronics,

the MZM was instead driven by a sinusoidal signal with the same peak-to-peak voltage and

fundamental frequency. While this approach simplifies the driving electronics, it introduces

a small non-ideality that slightly degrades the switching performance.

To account for these two effects, a simplified analytical model was developed to describe

the optical circuit through the evolution of photon creation operators acting on the vacuum

state. The biphoton input state can be expressed as:

|Φ⟩ = 1

2

∫ ∫ +∞

−∞

[

µ(tA − τ, tB − τ) eiϕ + µ(tA, tB)
]

a†(tA) b†(tB) dtA dtB |00⟩ , (5.7)

where µ(tA, tB) is the single time-bin biphoton temporal wavefunction, τ is the temporal de-

lay introduced by the unbalanced interferometer, a† and b† are the photon creation operators

for the signal (Alice) and idler (Bob) modes, ϕ is the relative phase between the early and late
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Chapter 5. Entanglement certification

time-bin, and |00⟩ represents the vacuum state of both modes. The quantities are expressed

as functions of the two temporal reference frames corresponding to Alice and Bob’s times,

tA and tB.

According to the optical circuit schematic, that is shown in Figure 5.4a, both Alice’s and

Bob’s operators evolve through a cascade of three MMIs acting as beam splitters. For Alice’s

interferometer, the field transformations can be expressed as:
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â†(tA) =
1√
2

[

m̂†
1(tA) eiϕm/2 + i m̂†

2(tA) e−iϕm/2
]

,

m̂†
1(tA) =

1√
2

[

l̂†(tA) + i ŝ†(tA)
]

,

m̂†
2(tA) =

1√
2

[

i l̂†(tA) + ŝ†(tA)
]

,

l̂†(tA) =

√
TL√
2

eiθA

[

d̂′†A(tA − τ) + i d̂′′†A (tA − τ)
]

,

ŝ†(tA) =

√
TS√
2

[

i d̂′†A(tA) + d̂′′†A (tA)
]

,

(5.8)

where the operators m̂†
1 and m̂†

2 account for photons in the two arms of the optical switch, ŝ†

and l̂† account for photons in the shorter and longer paths in the second stage interferome-

ters, and d̂′†A represents a photon detection event for Alice. Also, ϕm accounts for the phase

modulation of the switching stage, the coefficients TL and TS represent the transmission

(and thus the propagation losses) of the long and short arms, respectively, and θA denotes

the phase acquired in the longer path. Notice that the longer arm introduces a temporal

delay τ in the corresponding photon detection events d̂′†A(tA − τ).

Combining all the above relations and, for simplicity, considering only one detector (d̂′A),

the overall interferometric transformation yields:

â†(tA) =
i√
2

[

√

TL d̂′†A(tA − τ) eiϕA sin

(

ϕm

2

)

+ i
√

TS d̂′†A(tA) cos

(

ϕm

2

)]

, (5.9)

and an analogous expression holds for Bob’s creation operator, b̂†(tB).

Finally, by substituting Eq. (5.9) into Eq. (5.7), the resulting formalism enables the model-

ing of experimental imperfections of differential losses between the interferometer arms and

non-ideal modulation waveforms, represented respectively by the transmission coefficients

TL, TS, and the modulation function ϕm(t) = π
2

[

1 + sin
(

2πt
2τ

)]

. Using this model, numeri-

cal simulations were performed by varying the transmission coefficients and the FWHM of

the Lorentzian photon wavefunction µ(tA, tB). The corresponding Bell-curve visibility was

then estimated, as illustrated in Figure 5.4c. As shown, the use of a sinusoidal modulation

leads to a slight reduction in interference visibility, which becomes more significant as the

photon wave packet broadens. This occurs because a wider temporal profile increases the

probability that early and late photons are incorrectly routed between the short and long

interferometer paths. In our experimental conditions, where the optical pulse width is ap-

proximately 10 ps, and considering the characterized propagation loss of about 0.2 dB, the
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Figure 5.4: Modelling of system non-idealities. a) Schematic of the optical circuit showing the evolution of
the photon creation operators used to model the effects of non-ideal photon switching and temporal pulse
broadening. b) Comparison between sinusoidal and ideal square-wave driving signals applied to the MZM
optical switch. c) Simulated nonlocal quantum interference visibility of the coincidence counts as a function of
unbalanced loss between interferometer arms and time-bin wavefunction FWHM with sinusoidal switching
applied.

expected maximum achievable visibility is ∼ 98%.

Although the analysis here focuses on the two dominant imperfections identified in our

implementation, this model can be extended to include additional effects, such as different

pulse shapes, arbitrary modulation waveforms, unbalanced beam splitter ratios, or imper-

fect synchronization between source and receivers, by incorporating the appropriate param-

eters into the model.

The impact of unbalanced losses could be mitigated in alternative designs by reducing

the interferometer path-length difference, thereby minimizing the differential loss. However,

this introduces a trade-off: a smaller time-bin separation requires faster optical switching for

synchronization, as well as shorter photon pulses, which demand a broader optical band-

width. Another possible strategy is to introduce controlled attenuation in the shorter arm

to balance the interferometer [265]; although this approach preserves visibility, it increases

overall insertion loss.

It is worth emphasizing that TFLN is an excellent platform for this application, offer-

ing low propagation loss and high EO bandwidth. These technological advantages enable

precise photon switching and suggest that future improvements in fabrication could fur-

ther reduce losses, thereby enhancing interference visibility. Finally, future implementations

could exploit a pseudo-square driving waveform composed of multiple harmonics of the

fundamental modulation frequency, effectively approximating a square wave while taking

advantage of the device’s 30 GHz EO bandwidth.
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5.4 Temporal characterization

As a first experimental validation, I characterized the temporal correlations of the generated

time-bin entangled photon pairs under different operating conditions of the analyzer inter-

ferometers by measuring their JTI [266], which provides a direct visualization of the unitary

evolution imparted by the quantum receivers to the biphoton state under the selected oper-

ational modes. As introduced in Section 3.5, the JTI represents the two-photon coincidence

probability density as a function of the arrival times of the signal (ts) and idler (ti) pho-

tons with respect to the laser pulse emission. It is proportional to the squared modulus of

the biphoton wavefunction in the temporal domain. Experimentally, the JTI is obtained as a

two-dimensional coincidence histogram of the signal and idler detection times, accumulated

over a sufficiently long integration period to ensure adequate statistical accuracy.

The two spatially separated receiver modules were used to analyze the system behav-

ior in both the passive (mode 1, Figure 4.1a.i) and active (mode 2, Figure 4.1a.ii) switching

configurations. This preliminary characterization allows us to assess the quality of the opti-

cal switching and to verify the correct routing and temporal overlap of the photons before

performing the Bell inequality measurements.

A quantitative comparison between measured JTIs and simulated was carried out by

including nonidealities such as the finite photon temporal width and the detector timing

jitter (55 ± 2 ps per SNSPD). The combined timing uncertainty broadens the coincidence

distribution by approximately
√

552 + 552 ≈ 77.8 ± 0.4 ps. In Figure 5.5a, the simulated JTIs

are shown in the top row, while the corresponding experimental measurements are reported

in the bottom row.

Firstly, I characterized the biphoton state generated at the output of the silicon photon-

pair source, before being injected into the quantum receiver. The JTI of this state exhibits

two peaks along the diagonal, corresponding to the early and late time-bin components of

the entangled pair, as shown in the left column of Figure 5.5a.

When both analyzer interferometers operate in the mode 1, each time-bin component un-

dergoes a unitary evolution that effectively replicates the two-lobe input pattern along both

time axes, resulting in the characteristic seven-lobe interference structure. Among these,

only the central lobe corresponds to temporally indistinguishable events that exhibit quan-

tum interference, while the lateral lobes arise from distinguishable arrival-time combina-

tions. The experimentally measured JTI (Figure 5.5a central column) reproduces the simu-

lated pattern with high fidelity, confirming that the devices correctly implement the intended

interferometric transformation.

In contrast, as shown in Figure 5.5a in the right column, when the devices operate in

the mode 2, the RF modulation deterministically routes the two time-bin components such

that they completely overlap in the central time slot along the diagonal of the JTI (ts =

ti). As a result, all photon pairs interfere coherently, producing a single peak. The small

residual side features in the experimental data are attributed to the finite extinction ratio

of the MZM, minor bias drifts, and slight deviations of the applied RF amplitude from the

ideal π-voltage. It should be noted that these features are shown on a color scale spanning

four orders of magnitude, meaning their relative intensity is significantly lower than that
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Figure 5.5: Joint Temporal Intensity (JTI) characterization. a) Simulated (top row) and corresponding exper-
imental JTIs (bottom row) of the input entangled state at the device output, shown for both the passive and
active switching configurations. b) Temporal coincidence histograms obtained by integrating the JTIs along
the diagonal direction (ts + ti = const.), highlighting the characteristic three-peak structure in the passive con-
figuration (light blue) and the single enhanced peak observed under active switching (dark blue).

of the main interference peak. The histograms for the active and passive configurations are

normalized to the maximum achievable number of coincidence counts, which corresponds

to the active configuration exhibiting maximum interference that is the case shown in the

right column in Figure 5.5a.

To analyze the temporal coincidence profiles, the measured two-dimensional JTI maps

for the mode 1 and mode 2 configurations were integrated along the diagonal direction (ts +

ti = const.). This operation yields the coincidence rate as a function of the detection-time dif-

ference, ∆t = ts − ti. In the passive configuration (light blue), the three peaks in Figure 5.5b

correspond to the early, central, and late coincidences, arising respectively from the interfer-

ometer user path |SALB⟩, |SASB⟩ or |LALB⟩, and |LASB⟩ independently from the early and

late input time-bins (see Section 3.5.1). Due to the finite timing resolution of the SNSPDs

(55 ps), the three peaks partially overlap, making it difficult to apply effective post-selection

when the time-bin separation is comparable to the detector resolution. Conversely, oper-

ating the device in active switching regime provides a single-peak coincidence histogram

(dark blue), where all the incoming photons participate to quantum interference, therefore

allowing a PSL-free violation of Bell’s inequality.

5.5 Bell inequality violation

Once the temporal characterization and the functionality of the TFLN-based quantum re-

ceiver were validated, the next step was the certification of entanglement through the viola-

tion of Bell’s inequality without temporal PSL. This demonstration exploits the switching ca-

pability of the developed integrated receiver and evaluates its overall performance through

the measured quantum interference visibility.

Similar demonstrations of Bell inequality violation with time-bin entangled photons have

been reported in the literature across different technological platforms. The work in [233]
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reports a visibility of 89.2 ± 0.7% using an integrated photonic circuit based on SiN and im-

plementing the Hug configuration [232], which effectively eliminates temporal PSL. How-

ever, this approach presents limitations for practical QKD implementations, as discussed in

Section 3.5.3. The work in [234], which first experimentally demonstrated PSL-free Bell in-

equality violation with time-bin entangled photons by means of active switching, reports a

visibility of 89 ± 3%. In that case, fibre-based interferometers with long delays (∼3 ns) were

used, limiting scalability and integrability. More recently, in 2024 and 2025, respectively,

the works [265] and [201] demonstrated integrated TFLN-based interferometers for time-bin

entanglement analysis, achieving visibilities of 78.1 ± 2.0% and 99.0 ± 0.7%, although both

relying on temporal post-selection. In addition, in both cases the two analyzing interfer-

ometers (Alice and Bob) were implemented on the same chip, limiting their applicability to

practical quantum communication scenarios.

In comparison with reported experimental demonstrations and the current state of re-

search, no previous work has simultaneously combined an integrated implementation, closely

spaced time-bin encoding, and temporal post-selection-free operation simultaneously. These

features define the specific scope and novelty of the present work, which differs in key as-

pects from existing implementations and therefore makes direct comparison not straight-

forward. Nevertheless, a clear performance benchmark is provided by the requirement to

violate Bell’s inequality, which imposes a minimum visibility of 1/
√

2. While this thresh-

old represents the minimum requirement for entanglement certification, higher interference

visibilities are desirable, as they directly translate into lower QBER values and therefore im-

proved performance in QKD applications.

As a first measurement, the unbalanced interferometer phases were scanned simultane-

ously, i.e., under the condition θA = θB, while recording the coincidences on a single pair of

detectors for both the passive and active switching configurations. In this way, the interfer-

ence behavior in the two operational mode could be directly compared, in accordance with

the theoretical predictions in Eqs. (4.6) and (4.7).

Rmode1 ∝
1

4
± 1

16
cos(θA + θB),

Rmode2 ∝
1

4
± 1

4
cos(θA + θB).

(5.10)

The experimentally measured interference fringes are shown in Figure 5.6a. Each data point

corresponds to a coincidence histogram integrated over 20 s. The active configuration, mode

2 (blue dots) clearly exhibits a higher visibility, measured at 88.9 ± 0.7%, compared to the

passive configuration, mode 1 (green dots), which reaches 23 ± 0.6%. These values are fully

consistent with the theoretical predictions, which set the maximum achievable visibilities at

100% and 25%, respectively. Figure 5.6b and c show the corresponding coincidence statistics

as a function of the detection-time difference ∆t = tA − tB and of the applied phase θA + θB

(where θA = θB). The three distinct coincidence peaks characteristic of passive time-bin

analysis are clearly visible. On the other hand, in the active switching configuration, only

a single interference peak is produced and fully controlled through the quantum receiver

phase, enabling a theoretical visibility of 100% without the need for temporal post-selection.
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Finally, Figure 5.6d shows the single-photon detection rates at the output channels. As ex-

pected for time-bin entangled photons, no first-order interference is observed in the singles,

since each photon is individually incoherent over the interferometer delay (10 ps coherence

time versus 100 ps path imbalance). This verifies that the observed interference arises purely

from two-photon correlations, a distinctive signature of entangled states.

After confirming the correct operation and PSL-free behavior, a full Franson-type Bell

test was performed using all four detectors, with both Alice and Bob devices operating in

the active configuration (mode 2). The interferometer phases were varied independently: θA

was scanned while keeping θB fixed, and vice versa. The TSP were driven with powers

ranging from 0 mW to 60 mW, in 1 mW steps, corresponding to phase shifts exceeding 2π

radians. Each measurement point was integrated for 10 s. The measured coincidence rates

for all detector combinations are reported in Figure 5.6e and f, together with sinusoidal fits

used to retrieve the visibility of the interference patterns.

From the fitted curves, an average two-photon interference visibility of (93.5± 0.6)% was

extracted across all detector combinations, without subtracting accidental coincidences. This

value is partially limited by the finite CAR of the source. Under our operating conditions, the

silicon source was driven at a pair-generation probability per pulse of approximately 0.3%,

corresponding to a CAR of about 100 according to the characterization shown in Figure 5.3a.

Given the definition of CAR, the maximum achievable visibility in the presence of accidental

events is

Vmax =
CAR

CAR + 2
≈ 98%. (5.11)

In addition to this CAR-limited visibility, a further ∼ 2% reduction is expected according

with the modelled imperfections discussed earlier (including propagation loss and sinu-

soidal switching). The remaining few percent discrepancy can be attributed to non-ideal

experimental settings, such as slight deviations in the switching voltages, thermal drifts in

the biasing conditions, and small imbalance in the prepared time-bin state.

Overall, all measured visibilities exceed the classical limit of 1/
√

2 required for violat-

ing Bell’s inequality by more than 38 standard deviations. This approach allows the use

of closely spaced time-bins, effectively relaxing the requirement on detector temporal res-

olution, which now depends on the overall repetition rate of the state rather than on the

time-bin separation.

The high and consistent visibilities obtained for all detector pairs, together with the π-

phase shift observed between the two independent user receivers, demonstrate the reliabil-

ity, phase stability, and symmetry of the integrated devices. These results constitute direct

evidence of time-bin entanglement and quantum nonlocality using fully independent inte-

grated receivers. Although the present setup does not fulfill space-like separation condi-

tions, the demonstrated approach is inherently PSL-free.

5.6 Quantum state tomography

Beyond entanglement certification, an important quantum application is QST, a procedure

that enables the unique reconstruction of an unknown quantum state through measurements
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a) e)

f)

b)

c)

d)

Figure 5.6: Bell inequality violation. a) Experimental interference fringes for the passive (green dots) and
active (blue dots) switching configurations under simultaneous phase scanning (θA = θB). b–c) Corresponding
coincidence histograms as a function of the detection-time difference ∆t and the interferometer phase. d)
Single-photon detection rates showing no first-order interference. e–f) Full four-detector Franson-type Bell
test in active mode: coincidence rates (points) and sinusoidal fits (lines) for all detector combinations. The
coincidence counts are normalized to enable direct comparison, as unbalanced losses between detectors result
in different sinusoidal amplitudes. V denotes the visibility. The statistical uncertainties are smaller than the
plotted markers.

performed on an ensemble of identically prepared copies. A complete QST was performed

on the biphoton state generated by the integrated silicon source, by properly measuring

the signal and idler photons through the arbitrary reconfigurability of the two quantum re-

ceivers, which operate as fully programmable time-bin projectors. This measurement serves

a dual purpose. First, it evaluates the quality of the generated time-bin entangled state,

showing that the device can operate as a programmable pump-pulse shaper, enabling the

tailoring of time-bin pulse pairs with controllable relative amplitude and phase. When com-

bined with a nonlinear optical source, this capability allows the generation of arbitrary time-

bin entangled states. Second, it demonstrates the ability of the device to function as a fully

reconfigurable analyzer for projecting onto arbitrary time-bin states.

The QST is performed by successively performing a series of projective measurements

across three mutually unbiased bases for each qubit. This is achieved through the applica-

tion of specific phase conditions to both integrated quantum receivers. Acquiring measure-

ment outcomes for every condition over a sufficiently large ensemble of identically prepared

states ensures adequate statistical precision, enabling the corresponding density matrix to

be reconstructed. This provides complete information about the generated quantum state.

In our case, the quantum system consists of n = 2 photons, each encoded in a d = 2-

dimensional Hilbert space, thus the composite system therefore spans a space of dimension

dn = 4. The minimum number of projective measurements required for a complete QST is

d2n = 16 [267].

In this work, this process is facilitated by the fact that each integrated quantum receiver

can simultaneously measure the two orthogonal states of a selected basis within a single
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5.6. Quantum state tomography

Alice Bob

Mode Phase θA Basis Mode Phase θB Basis

mode 3 – Z : {|0⟩ , |1⟩} mode 3 – Z : {|0⟩ , |1⟩}
mode 3 – Z : {|0⟩ , |1⟩} mode 2 0 X : {|+⟩ , |−⟩}
mode 3 – Z : {|0⟩ , |1⟩} mode 2 π/2 Y : {|R⟩ , |L⟩}
mode 2 0 X : {|+⟩ , |−⟩} mode 3 – Z : {|0⟩ , |1⟩}
mode 2 0 X : {|+⟩ , |−⟩} mode 2 0 X : {|+⟩ , |−⟩}
mode 2 0 X : {|+⟩ , |−⟩} mode 2 π/2 Y : {|R⟩ , |L⟩}
mode 2 π/2 Y : {|R⟩ , |L⟩} mode 3 – Z : {|0⟩ , |1⟩}
mode 2 π/2 Y : {|R⟩ , |L⟩} mode 2 0 X : {|+⟩ , |−⟩}
mode 2 π/2 Y : {|R⟩ , |L⟩} mode 2 π/2 Y : {|R⟩ , |L⟩}

Table 5.1: Summary of the nine measurement configurations used for quantum state tomography. Each con-
figuration corresponds to a pair of measurement settings for Alice and Bob, including the operation mode (ref.
to Figure 4.1b), interferometer phase, and chosen measurement basis.

configuration. To improve the accuracy of the reconstruction and mitigate statistical fluc-

tuations, I performed an overcomplete set of 36 projective measurements. In particular,

three measurement configurations were used for each device. Projections onto the equa-

torial bases X = {|+⟩ , |−⟩} and Y = {|R⟩ , |L⟩} were performed by operating the MZM to

overlap the two time bins into a single temporal slot (mode 2), and by adjusting the phase

of the unbalanced MZI according to Eq. (4.7), with θA,B = 0 and π/2, respectively. For

the computational basis Z = {|0⟩ , |1⟩}, the projection was implemented by operating the

optical switch in the reverse configuration (mode 3), which increases the temporal separa-

tion between the two output time bins from 100 ps to 200 ps. This configuration enables

direct discrimination between the two time-bin states without interference, by associating

each detection event with its corresponding arrival time. By permuting the three measure-

ment configurations between Alice and Bob, corresponding to the Z, X, and Y bases, a total

of 3 × 3 = 9 measurement combinations were realized. Each configuration yields the four

possible joint detection outcomes between the two parties, resulting in a complete set of 36

projective measurements required for full two-qubit QST. The corresponding measurement

conditions are summarized in Table 5.1.

Figure 5.7a shows the measured JTI distributions for four representative projective mea-

surements, out of a total of nine, recorded for one of the four possible detector pairs (A0–B0).

In the three projective measurements |++⟩⟨++|, |+R⟩⟨+R|, and |RR⟩⟨RR|, a strong sup-

pression of coincidence counts is observed in the outer time bins (i.e., when photons are de-

tected in the early or late arrival-time windows at Alice or Bob), resulting in a well-localized

overlap in the central time bin where interference occurs. According to Eq. (4.7), the first and

third projectors correspond respectively to the maximum and minimum of the two-photon

interference fringe, while the second corresponds to the quadrature point.

In the fourth JTI plot, the projections onto the |00⟩ and |11⟩ computational-basis states

appear as two well-separated coincidence regions, marked by dashed lines. Although this

measurement generally requires higher temporal resolution to resolve the two outcomes, the

temporal separation between the peaks is doubled (200 ps), effectively relaxing the detector

timing-resolution requirement by a factor of two.
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For completeness, Figure 5.7c reports the normalized coincidence statistics for all pro-

jective measurements. The agreement with the ideal target distribution is generally good.

The main deviations appear in the measurements performed in the Z basis, where the ex-

perimental values for the |1⟩ (|0⟩) are slightly lower (higher) than the expected ones. This

behavior suggests that the operating conditions in mode 3, used to spatially separate the pho-

tons for computational-basis projections, were not perfectly optimized, resulting in a small

bias between the two time-bin amplitudes.

From the full set of experimental data, the biphoton density matrix ρ was reconstructed

using a maximum-likelihood estimation algorithm [268], as shown in Figure 5.7b. The qual-

ity of the reconstructed state is quantified by two standard figures of merit: the purity P and

the fidelity F ,

P = Tr(ρ2), F =

[

Tr

(

√√
σ ρ

√
σ

)]2

,

where σ is the density matrix of the target state. High values of both parameters indicate

well-preserved coherence and low decoherence during state preparation and measurement.

The reconstructed density matrix exhibits a purity of 93% and a fidelity of 95% with respect

to the Bell state |Φ+⟩.
A closer inspection of the real and imaginary parts reveals small deviations from the

ideal form: the probability amplitude of the |00⟩ component is slightly higher than that of

|11⟩, and the imaginary part shows a small residual phase offset relative to the ideal |Φ+⟩
state. The former effect can be attributed to the previously discussed imprecision in the mode

3 reverse-switching operation, or also to imperfect tailoring of the pump pulses, which may

lead to an unbalanced amplitude ratio between the two time-bins. The latter deviation may

arises from phase instabilities occurring at both the state-generation and detection stages. In

particular, slow drifts and uncertainties in the applied phase at the bias point of the TPS of

the first-stage MZM and of the second-stage MZI can introduce small residual phase errors

during the acquisition. Together, these factors account for the minor imperfections observed

in the reconstructed density matrix and slightly limit the achievable purity and fidelity.

Nevertheless, the reported figures of merit confirm that a high-quality entangled state

was generated, fully suitable for the implementation of the entanglement-based BBM92

QKD protocol presented in the next chapter. Indeed, the security of the protocol imple-

mented with two-dimensional quantum states requires that the QBER remains below to

the 11% threshold [269]. From the measured average visibility of the quantum interference

fringes, V = 93.5%, the corresponding QBER can be estimated as QBER = (1 − V)/2 ≈
3.25% [168]. This value is well below the security threshold, confirming the suitability of the

generated entangled states for QKD applications.
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Figure 5.7: Tomography of the entangled time-bin state. a) JTI of the entangled time-bin state for a repre-
sentative subset of the projective measurement configurations used for QST. b) Experimentally reconstructed
density matrix of the generated quantum state, obtained via maximum-likelihood estimation. c) Normalized
coincidence statistics for all projective measurements, compared with the ideal target distributions. The sta-
tistical uncertainties are smaller than the plotted features (the largest relative error is 0.16% among the all 36
projective measures).
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Chapter 6

Quantum key distribution with

time-bin encoding

In this chapter, I present the experimental demonstration of the entanglement-based BBM92

QKD protocol [171], implemented using the integrated time-bin receiver developed in this

work. This experiment constitutes the first demonstration of a post-selection-free time-bin

QKD system based on fast optical switching in an integrated photonic platform. The imple-

mentation is enabled by the TFLN receiver described in Chapter 4, previously validated for

high-visibility time-bin interference and QST (Chapter 5).

The BBM92 protocol is operated in two configurations, made possible by the reconfigura-

bility of the device: passive basis selection and active basis selection, which differ in the method

used to choose the two mutually unbiased measurement bases. In this chapter, these two

approaches are described, highlighting the trade-off between experimental constraints and

achievable secure-key performance. The chapter also examines the protocol performance

under varying channel loss and discusses possible improvements, including source opti-

mization and an increase of the system clock rate.

6.1 Passive basis selection

The implementation of the entanglement-based BBM92 QKD protocol relies on the same

optical setup used for the entanglement-certification and QST experiments (Figure 5.1), with

only minimal modifications applied to the two receiver stations. The overall architecture is

preserved: a single entangled photon-pair source is shared between the two users, and the

two photons are demultiplexed and distributed to Alice and Bob.

For the passive basis selection QKD configuration, the modifications introduced at the

receiver stations are illustrated in the simplified schematic of Figure 6.1. After wavelength

demultiplexing, the incoming signal and idler photons pass through a passive 50:50 fiber

beam splitter, which probabilistically directs each photon along one of two paths. One out-

put is sent directly to a SNSPD, allowing time-of-arrival detection in the Z basis. The other

output is injected into the integrated TFLN quantum receiver. Its two output ports are con-

nected to two SNSPDs, which implement the interferometric projection in the X basis. In

this basis, the two states are distinguished according to the output port. Each user therefore
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Figure 6.1: Experimental setup for QKD with passive basis selection. Simplified schematic of the experimen-
tal implementation of the passive basis selection QKD configuration. Compared to the detailed setup shown
in Figure 5.1, a fiber-based 50:50 beam splitter is placed before the TFLN device to passively perform the basis
choice: half of the photons are sent directly to an SNSPD and measured in the computational (Z) basis, while
the remaining half are routed to the integrated TFLN receiver for measurement in the interferometric (X) basis.
The variable optical attenuator (VOA) is used in the measurements reported in Section 6.3 to simulate a long
fiber channel.

employs three SNSPDs, for a total of six detectors across Alice and Bob. Fiber polarization

controllers are placed before each SNSPD to maximize detection efficiency.

The TFLN receiver operates in the switching regime (mode 2), where the early and late

time-bin components are deterministically overlapped at the device output (Figure 4.1b.ii).

This configuration implements the PVMs defined in Eq. (4.2):

P̂±(θA,B) =
1
2

(

|0⟩ ± eiθ |1⟩
)(

⟨0| ± e−iθ ⟨1|
)

,

where the ± signs correspond to the two output ports of the device. The internal phase of the

unbalanced MZI is set to θA,B = 0, resulting in projective measurements in the X basis, thus

projecting onto the states |+⟩ ⟨+| and |−⟩ ⟨−|, without requiring temporal post-selection.

In this configuration, coincidence detection events are maximized between specific detector

pairs (e.g., A0–B0 and A1–B1) and minimized for the crossed detection pairs (e.g., A0–B1

and A1–B0) when the input state is the maximally entangled Bell state |Φ+⟩ = |00⟩+|11⟩√
2

.

Photons routed directly to the SNSPDs bypass the interferometric stage, and their arrival

time determines whether an early (|0⟩) or late (|1⟩) photon is detected, corresponding to

projective measurements in the Z basis.

Overall, this configuration implements the BBM92 protocol using two mutually unbiased

bases, Z and X. The basis choice is intrinsically random and is determined by the passive

beam splitter, which is why this scheme is referred to as passive basis selection QKD. The ran-

domness of the measurement outcomes is ensured by the shared entangled state, as demon-

strated in the previous chapter. These two forms of randomness are essential requirements

for the correct implementation of the QKD protocol.

6.1.1 Secret key statistical analysis

To evaluate the performance of the QKD protocol, I focus on the analysis of the SKR, which

represents the main figure of merit for QKD implementations. In this section, I present the

statistical assumptions and analysis used to extract a reliable SKR, incorporating all steps
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required in a realistic implementation: sifting, parameter estimation, error correction, and

privacy amplification.

Firstly, I define the statistical quantities used in the security analysis. When distributing

entangled photon pairs, I denote by C|ab⟩ the number of detected coincidence events between

the two users when Alice and Bob project their measurements into eigenstates |a⟩ and |b⟩ of

basis B, where B ∈ {Z, X} and a, b ∈ {0, 1} or {+,−} respectively. These coincidence counts

are reduced from the generation rate of the nonlinear source due to outcoupling losses, de-

multiplexing losses, and the receiver-side detection losses. I denote by pB the probability

that both users measure in basis B. The total coincidence detection rates in each basis are

then given by

RX =
C|++⟩ + C|+−⟩ + C|−+⟩ + C|−−⟩

τ
, (6.1)

RZ =
C|00⟩ + C|01⟩ + C|10⟩ + C|11⟩

τ
, (6.2)

where τ is the acquisition time required to accumulate a block of raw key.

In the passive-basis configuration, an asymmetry appears between the X and Z basis

detection rates where RZ > RX . This arises because X basis detections pass through the

integrated TFLN receiver, and experience approximately 6 dB of additional optical loss com-

pared to the direct-detection Z-basis path. Experimentally, the measured optical losses were

13.3 dB (15.3 dB) and 5.9 dB (6.3 dB) for the signal (idler) photons in the X and Z basis paths,

respectively. This results in maximum coincidence rates of RX = 959 Hz in the X basis and

RZ = 62 kHz in the Z basis. Despite this asymmetry, secure QKD operation remains feasi-

ble by adopting an efficient information-reconciliation scheme [270]. Indeed, an asymmetric

basis choice increases the sifting factor, which is defined as

q = pX + pZ,

which in our case approaches 1 because pZ ≫ pX , maximizing the number of usable de-

tection events. I therefore assign the Z basis as the key basis, used to generate the sifted key

and the X basis as the check basis used for parameter estimation. This choice remains fully

secure, provided that a sufficient number of measurements are collected in the less probable

X basis to enable reliable parameter estimation and the detection of potential eavesdropping

attempts [270].

The QBERs can be computed in each basis as:

QX =
C|+−⟩ + C|−+⟩

C|++⟩ + C|−−⟩ + C|+−⟩ + C|−+⟩
, (6.3)

QZ =
C|01⟩ + C|10⟩

C|00⟩ + C|11⟩ + C|01⟩ + C|10⟩
. (6.4)

Here, QX quantifies the phase-error rate associated to X basis, while QZ corresponds to the

bit-flip error rate affecting the Z-basis key.
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In the asymptotic regime characterized by infinitely many measured events, the secure

key rate extracted from the Z basis is [131]

SZ = RZ [1 − H(QX)− f H(QZ)] , (6.5)

where H(p) = −plog2(p)− (1− p)log2(1− p) is the binary Shannon entropy, which quanti-

fies the fraction of key used for privacy amplification, and f = 1.06 is the error-correction in-

efficiency factor, accounting for the additional bits used during the classical error-correction

step.

In realistic implementations, only a finite number of signals are detected. The informa-

tion obtained in the parameter estimation step therefore reflects the statistical properties of

the QBER data set only with limited precision, since the estimation is performed on a fi-

nite sample. As a consequence, the observed QBER may differ from the true underlying

error rate due to statistical fluctuations, and these fluctuations must be properly bounded.

Typically, the deviation between the true QBER and its estimated value is upper-bounded

by an uncertainty term that depends on the size of the parameter estimation sample. To

bound these deviations, and thus obtain a secure lower bound on the SKR, I employ two

different statistical bounds: (i) the Serfling inequality [271], applied to QKD by Tomamichel

et al. [272], here referred to as the Serfling bound and (ii) a more recent method based on

Chernoff inequalities [273], introduced by Mannalath et al. [274], here referred to as the Cher-

noff bound. These approaches enable the calculation of finite-key SKRs under more realistic

constraints.

In the finite block-size regime, the SKR can be computed as [131, 272]

SZ = RZ

[

1 − H(Q′
X)− f H(QZ)

]

− log

(

2

ϵcorϵ2
sec

)

, (6.6)

where ϵcor and ϵsec denote the correctness and secrecy parameters, representing the allowed

probabilities of failure of the error-correction and privacy-amplification steps. Throughout

this analysis, I assume ϵcor = 10−10 and ϵsec = 10−10, reasonable values according to Ref.

[272, 274–277]. The term Q′
X is the upper-bounded phase-error rate, accounting for statistical

fluctuations originating from the finite parameter estimation sample. Note that the source-

independent nature of EBQKD implies that inefficiencies in the entangled-photon source do

not affect the security analysis [277].

Using the Serfling bound, the fluctuation-adjusted QBER is

Q′
X = QX +

√

(nZ + 1) log(1/ϵsec)

2nX(nX + nZ)
, (6.7)

where nB denotes the total number of coincidences measured in basis B:

nX = C|++⟩ + C|−−⟩ + C|+−⟩ + C|−+⟩,

nZ = C|00⟩ + C|11⟩ + C|01⟩ + C|10⟩.
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Using instead the Chernoff bound, the adjusted QBER is given by

Q′
X =

(nZ + nX) Γ+
nX ,ϵPE

(mX/nX)− mX

nZ
, (6.8)

where ϵPE is the parameter estimation failure probability, and

Γ+
n,ϵ(p) =







γ+
n,ϵ(p), if p ∈

[

0,
1−2κn,ϵ
1+κn,ϵ

]

,

1 + ϵ, otherwise,
(6.9)

with κn,ϵ = 2
9n ln(1/ϵ) and

γ+
n,ϵ(x) =

1

1 + 4κn,ϵ

[

3κn,ϵ + (1 − 2κn,ϵ)x + 3
√

κn,ϵ (κn,ϵ + x − x2)

]

.

6.1.2 Experimental results

To verify the quality and reliability of the protocol, a long-duration measurement exceeding

12 hours was performed by continuously operating the QKD setup without interruption.

Under these conditions, the SKR was evaluated in both the asymptotic regime and the finite-

size regime, the latter computed using the two statistical bounds for a block size of 106. All

three SKR traces, together with the measured QBERs in the X and Z bases as a function of

time, are reported in Figure 6.2a. Throughout the acquisition, the SKR exceeded 18.8 kbit/s,

reaching a maximum value of 25.4 kbit/s in the finite-size regime using the Chernoff bound.

The asymptotic-limit value is approximately 14% higher, whereas the finite-size SKR ob-

tained using the Serfling bound is about 13.5% lower. Notably, the present work reports the

first realizations of time-bin QKD closing the PSL, achieved at the same time with long-term

operational stability, and with the highest SKR (exceeding 25 kbit/s) demonstrated so far in

time-bin entanglement based systems, as summarized in Tab. 6.1.

User implementation DoF SKR per channel Link length Clock rate Bin separation

Silica-based[278] Time 0.14 bit/s 100 km 0.333 GHz 1 ns

Fiber-based[180] Time
42 bit/s
29 bit/s

47 km
60.5 km

220 MHz 3 ns

Fiber-based[181] Time 5.1 bit/s 0 km 18 MHz 3.6 ns

PIC[124] Time
2.04 kbit/s
37 bit/s

0 km
60 km

250 MHz 64 ps

Free space[182] Time 5.1 kbit/s 0 km 80 MHz 1 ns

Fiber-based[279] Pol. 223 bit/s 201 km CW —

Fiber-based[280] Time + Pol. 700 bit/s* 0 km 50 MHz 5 ns

Fiber-based[281] Time-energy 7 kbit/s 50 km CW 1.6 ns

TFLN (this work) Time 25.4 kbit/s 0 km 1 GHz 100 ps

Table 6.1: Comparison among EBQKD demonstrations using different degrees of freedom (DoF). All imple-
mentations employ fiber-based channels, with channel losses scaling approximately as ∼ 0.2 dB/km atten-
uation in standard single-mode fiber for the reported distances. PIC: Photonic Integrated Circuit, *: Values
extracted from published plots.
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a)

b)

c)

d)

e)

Figure 6.2: Passive basis selection QKD. Time evolution of the main parameters of the BB92 QKD protocol
over a continuous 12-hour acquisition. a) SKR in the asymptotic and finite-key regimes, evaluated using Ser-
fling and Chernoff bounds. b) Coincidence rate in the computational (Z) basis. c) Coincidence rate in the
interferometric (X) basis, reduced due to the additional losses of the TFLN receiver. Time trace of the single-
photon counts in the (d) Z basis and (e) X basis.
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The QBER in the Z basis remains relatively stable over time, with an average value of

4.3%. This error is primarily caused by the limited temporal resolution of the SNSPDs.

The time-bin separation of 100 ps is comparable to the detector timing jitter (approximately

55 ps FWHM), causing the early and late detection distributions to partially overlap. These

ambiguous events lead to errors in the Z basis and they are mitigated by the optimized

discarding-window strategy presented in Section 6.1.3. The QBER measured in the X ba-

sis strongly depends on the interferometric performance of the device projections. Under

the source conditions used in the experiment, the pump-pulse energy of ∼ 2.25 pJ yields a

photon-pair generation probability of p = 1% per pulse, with a measured CAR of 52 (Fig-

ure 5.3a). Additional noise contributions, such as accidental coincidences or dark counts,

are negligible under these operating conditions. From the measured CAR, the expected in-

terference visibility, using Eq. 5.11, is approximately 96.1%, corresponding to an ideal QBER

of (1 − V)/2 ≈ 1.92% [168]. Experimentally, an average QBER of 3.76% was recorded. This

value is consistent if it is also considered the non-ideal sinusoidal switching and uncertain-

ties in the applied DC bias and RF drive amplitude, as discussed in Section 5.3.

Overall, the long-term statistical fluctuations of the SKR are directly associated with vari-

ations in the QBER of the X basis, which, as predicted by the key-rate formulas (6.5) and (6.6).

These suggest the presence of slow phase drifts either in the source interferometer used to

tailor the pump-pulse pair and/or in the interferometer used in the receiver’s setup. Impor-

tantly, the SKR reduction is not caused by fluctuations in the entangled-photon generation

rate, as confirmed by the stability of the coincidence-count rates in the computational basis

(Figure 6.2b) and in the interferometric basis (Figure 6.2c), as well as by the stability of the

corresponding single-photon count rates (Figure 6.2.d and e).

From the coincidence traces, two additional features can be observed. First, as previously

explained, there is an imbalance between the Z- and X-basis count rates due to the extra in-

sertion loss of the integrated quantum receiver. Second, an imbalance appears between the

coincidence counts C++ and C−− as shown in Figure 6.2c. This asymmetry probably arises

from unequal losses in the two output ports of the device even if such large imbalance has

not been measured form the linear device characterization (Section 4.6). Moreover, this im-

balance is independent of the operating bias conditions of the two cascaded interferometers

in the quantum receiver. Since the single-photon state injected into the device has a tem-

poral coherence shorter than the imbalance of the MZI, any routing between the short and

long arms performed by the optical switch (even if incorrectly directed with respect to the

intended path) should still lead to an equal splitting at the final MMI. Therefore, the exact

origin of this effect remains unclear.

To better illustrate the practical impact of the two statistical bounds (beyond the 12-hour

temporal trace obtained at a fixed block size of 106) I evaluate the finite-size SKR as a func-

tion of the sifted-key block length for both the Serfling and Chernoff methods. The resulting

curves, shown in Figure 6.3, highlight the performance improvement enabled by the Cher-

noff bound, particularly in the low-count regime typical of EBQKD, where coincidence rates

are inherently limited by the nondeterministic nature of photon-pair generation. As the

block size increases, the difference between the two bounds progressively decreases.

Finally, the SKR could be further increased by operating the protocol at a higher clock
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Figure 6.3: SKR dependence on Block size. Comparison between the Chernoff and Serfling bounds for the
finite-regime computation of the SKR as a function of the block size.

repetition rate. For the design employed in the realized TFLN devices, the upper limit is set

by the 100 ps interferometer unbalance, which corresponds to a maximum repetition rate of

5 GHz in order to distinguish successive time-bin states. As will be discussed in Section 6.4,

the source generation conditions could also be optimized to increase the pair-generation

probability. However, both approaches were not tested in this demonstration, since they

would also lead to an increase in the singles detector rates and the available detection sys-

tem imposed a practical limit of approximately 1.5 MHz single-count rate, consistent with

the tested operating point of 1.1 MHz as shown in Figure 6.2.d. The limit is imposed by

hardware constraints related to the SNSND dead time, which cause the latching effect at

high count rates.

6.1.3 Optimization of time-bin discrimination in the Z basis

As illustrated in the schematic diagram of Figure 6.1, the measurement in the Z basis is

performed by directly detecting the arrival time of the entangled photons, which determines

whether a photon was detected in the early (|0⟩) or late (|1⟩) time-bin. In our setup, however,

the limited temporal resolution of the SNSPDs characterized by a timing jitter of 55 ± 2ps

leads to a non-negligible overlap between the detection distributions associated with the

two time-bins. This effect is visible in the histogram of coincidence events as a function of

the detection arrival time for one user, shown in Figure 6.4a.

To quantify the impact of the limited temporal resolution and to mitigate the resulting

ambiguity in time-bin discrimination, I adopted a discarding window, indicated by the red

shaded region in the figure. This window is centered between the early and late peaks and

its width can be tuned. Detection events falling within this region are excluded from the

analysis, thereby reducing the QBER by eliminating ambiguous detections that might oth-

erwise be incorrectly assigned to the wrong time-bin. However, this strategy also decreases

the total number of valid detection events, as shown in Figure 6.4b.
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Figure 6.4: Optimization of detection analysis in the Z basis. a) Histogram of time-detection events in the Z
basis for one QKD user. The detection time is measured relative to the laser pulse emission. b) Coincidence
rate and QBER between Alice and Bob as a function of the discarding-window width. c) SKR as a function of
the discarding-window width in the passive basis configuration. The optimal value is 40 ps for both statistical
bounds for a block size of 106.
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Figure 6.5: Experimental setup for QKD with active basis selection. Simplified schematic of the experimental
implementation of the active basis selection QKD configuration. Compared to the detailed setup shown in
Figure 5.1, the EO modulator integrated in the unbalanced MZI is driven by the pseudo-random bit sequence
(PRBS) generator to randomly select the measurement among the X or Y basis.

The resulting trade-off between reduced QBER and decreased detection rate is reflected

in the SKR, illustrated in Figure 6.4c. For the data presented in the previous sections, an

optimized discarding-window width of 40 ps was used. This value maximizes the SKR for

both the Chernoff and Serfling bounds, yielding a resulting QBER of approximately 4.4%

while reducing the total coincidence rate from a maximum of about 60 kHz for a zero-width

window to approximately 50 kHz with the optimized discarding window of 40 ps.

6.2 Active basis selection

The BBM92 QKD protocol was also implemented using an alternative receiver configuration,

whose simplified schematic is shown in Figure 6.5. Compared to the previous setup based

on passive basis selection, this configuration removes the beam splitter placed before the

two quantum receivers and directs all incoming photons toward the TFLN device. Within

the device, projective measurements on two mutually unbiased bases are actively selected by

controlling the applied phase of the unbalanced MZI, enabling deterministic basis selection
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for each incoming photon. Specifically, the projective measurements are performed in the

X and Y bases, both of which exhibit quantum interference for all detection events without

temporal post-selection, owing to the time-bin switching (mode 2) operated by the first-stage

MZM. In particular, each user’s receiver implements the PVM defined in Eq. (4.2), corre-

sponding to either P̂+(θ) or P̂−(θ), depending on the output port of the device. The phase

θ determines the measurement basis and is physically implemented by the unbalanced MZI

as the sum of two contributions:

θ = θTPS + θRF, (6.10)

where θTPS is a static phase set by the TPS, and θRF is the dynamic phase modulation applied

by the EO modulator.

The basis choice for each user is applied at the repetition rate of the pulsed pump laser

(1 GHz) to ensure a random and independent selection for every entangled photon pair. In

our setup, the EO modulator within the unbalanced MZI is driven by an arbitrary wave-

form generator (AWG) (SHF 19120B) programmed to output a pseudo-random bit sequence

(PRBS). Alice and Bob use PRBS sequences of lengths 27 − 1 = 127 and 29 − 1 = 511, respec-

tively, both operating at a 1 GHz bit rate. This configuration ensures that the basis choice

pattern repeats every 127 × 511 = 64,897 periods. In practical applications to further im-

prove the security of the protocol, the used PRBS have to be replaced by a QRNG [282]. Such

functionality could also be realized through hybrid integration of photonic and electronic cir-

cuits [283], ensuring certified randomness of the basis choice. The modulation signals have

a peak-to-peak voltage of Vpp = Vπ/2 ≈ 4 V, according to the Vπ value obtained from the

device characterization (see Figure 4.16b). To enable switching between the desired X and

Y measurement bases, the TPS is statically set to apply a phase offset θTPS = π/4. In this

condition, the total phase θ alternates between 0 and π/2 at each clock cycle, corresponding

respectively to projections onto the X and Y bases.

P̂±(θ) =







1
2

(

|0⟩ ± |1⟩
)(

⟨0| ± ⟨1|
)

= 1
2 |±⟩ ⟨±| if θ = 0

1
2

(

|0⟩ ± i |1⟩
)(

⟨0| ± i ⟨1|
)

= 1
2 |R/L⟩ ⟨R/L| if θ = π/2

(6.11)

Thus, the receiver actively toggles the measurement basis every laser pulse, ensuring deter-

ministic and balanced sampling of the two bases. An eye diagram showing the modulation

of continuous-wave light through the unbalanced MZI, driven by the PRBS sequence used

for the QKD, is shown in Figure 6.6, highlighting the effectiveness to toggling between, in

this case maximum and minimum transmission point of the MZI.

6.2.1 Secret key statistical analysis

Following the analysis presented for the passive-basis configuration, an analogous statistical

model is applied to the active-basis configuration, with a few differences. In this configura-

tion, measurements are performed in the X and Y bases. Both projective measurements are

carried out using the same integrated receiver, which therefore experiences identical optical

losses, while the selection of the projection basis is controlled by the PRBS modulation driv-

ing the EO modulator. Considering that the PRBS modulation corresponds to a balanced
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Figure 6.6: Eye diagram. Eye diagram obtained by modulating CW laser light through the EO modulator
integrated in the unbalanced MZI of the TFLN device, driven with a PRBS at 1 GHz clock rate and a peak-to-
peak voltage of Vπ .

square-wave pattern applying a logical “0” and “1” each for 50% of the time, the probability

of selecting the two bases is equal (pX = pY = 0.25), in contrast to the unbalanced basis

choice of the passive configuration (pX ≪ pZ). As a consequence, the sifting factor is no

longer close to unity; instead, it reduces to q = pX + pY = 0.5. The coincidence detection

rates for the two mutually unbiased bases similarly to the passive basis selection model are

defined as:

RX =
C|++⟩ + C|+−⟩ + C|−+⟩ + C|−−⟩

τ
,

RY =
C|RR⟩ + C|RL⟩ + C|LR⟩ + C|LL⟩

τ
,

The corresponding QBERs are given by:

QX =
C|+−⟩ + C|−+⟩

C|++⟩ + C|−−⟩ + C|+−⟩ + C|−+⟩
,

QY =
C|RL⟩ + C|LR⟩

C|RR⟩ + C|LL⟩ + C|RL⟩ + C|LR⟩
.

Since both measurement probabilities are equal (pX = pY = 0.25), it is not straightforward to

define one of the two bases as the key or check basis. I therefore adopt a balanced data allo-

cation strategy: 90% of the detected coincidences in each basis are used to generate the secret

key, while the remaining 10% are reserved for parameter estimation in the complementary

basis (B ̸= B′). The overall SKR is expressed as:

S = SX + SY, (6.12)

where, in the asymptotic regime, the contribution of each basis is given by [131]:

SY = RY [1 − H(QX)− f H(QY)] , (6.13)

SX = RX [1 − H(QY)− f H(QX)] , (6.14)
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with the parameters defined as for the passive case.

In the finite block-size regime, the contribution of each basis to the SKR is redefined

as [131, 272]:

SY = RY

[

1 − H(Q′
X)− f H(QY)

]

− log
2

ϵcorϵ2
sec

, (6.15)

SX = RX

[

1 − H(Q′
Y)− f H(QX)

]

− log
2

ϵcorϵ2
sec

, (6.16)

The QBER upper bounds when using the Serfling inequality are given by:

Q′
X = QX +

√

(nY + 1) log(1/ϵsec)

2nX(nX + nY)
, (6.17)

Q′
Y = QY +

√

(nX + 1) log(1/ϵsec)

2nY(nY + nX)
, (6.18)

where nB represents the total number of coincidence events in basis B, defined as:

nX = C|++⟩ + C|−−⟩ + C|+−⟩ + C|−+⟩,

nY = C|RR⟩ + C|LL⟩ + C|RL⟩ + C|LR⟩.

Analogously, when using the Chernoff inequality, the adjusted QBERs are defined as:

Q′
X =

(nY + nX)Γ
+
nX ,ϵPE

(mX/nX)− mX

nY
, (6.19)

Q′
Y =

(nY + nX)Γ
+
nY ,ϵPE

(mY/nY)− mY

nX
, (6.20)

where ϵPE is the failure probability associated with the parameter estimation step, and Γ+
n,ϵ(p)

is defined as in Section 6.1.1.

6.2.2 Experimental results

As in the passive configuration, a long-duration measurement exceeding 12 hours was car-

ried out continuously, without interruption and without any active stabilization other than

maintaining the device package at a constant temperature. The time traces of the SKR in the

asymptotic regime and for both the Serfling and Chernoff bounds with a key block size of

4× 104 are shown in Figure 6.7a. Using the Chernoff bound, a maximum SKR of 1.024 kbit/s

was obtained, with an average value of 0.805 kbit/s over the full measurement interval.

The corresponding time traces of the QBER in the X and Y bases are shown in Figure 6.7b.

The average QBER over the entire measurement time is 4.2% in the Y basis, while it is higher

in the X basis, around 6% with fluctuations between 4.5% and 8%. These variations directly

account for the long-term fluctuations observed in the SKR. The slight increase in the Y-basis

QBER compared to the passive configuration (where the X-basis QBER was 3.76%) can be

attributed to non-ideal AWG modulation, since in this configuration the projection basis is

switched every nanosecond. The larger increase observed in the X basis is probably also
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caused by a combination of non-ideal initial settings of the applied phase θA,B and slow

phase drifts occurring during the long experimental run, which gradually degrade the inter-

ferometric projection quality. As in the passive case, these QBER fluctuations are not caused

by variations in the source-generation rate, as verified by the stability of the coincidence

counts in Figure 6.7c and the stable single-photon count rates shown in Figure 6.7d.

Compared with the passive configuration, the SKR is lower in this setup because both

measurement bases are implemented through the integrated receiver and therefore experi-

ence the full optical loss of the device. The measured losses amount to 12.15 dB for Alice and

10.1 dB for Bob, evaluated from the entangled-photon-pair source to the SNSPD inputs.

Overall, although the SKR is reduced due to the additional insertion loss and the slightly

higher QBER associated with fast phase modulation, the active-basis configuration provides

two key advantages. First, as in the passive case, it fully removes the temporal PSL. Second,

it eliminates the need to resolve the early/late time-bin separation, since no measurements

are performed in the Z basis. Indeed, in this configuration only the temporal separation

between successive time-bins must be resolved. This greatly relaxes the detection require-

ments and enables the SKR to be increased simply by raising the pump-laser repetition rate

and reducing the time-bin separation.

Given the available electrical bandwidth (Figure 4.20) and the temporal response shown

by the eye diagram in Figure 6.6 of the unbalanced MZI EO modulator, the protocol could

already be operated at slightly higher repetition rates than the current 1 GHz. For example,

given that the switching period remains a multiple of 200 ps to guarantee correct routing

inside the device, repetition rates of 1/800 ps or 1/600 ps are feasible. The limited EO band-

width of the unbalanced MZI is primarily due to the packaging and RF routing of the de-

vice. With improved RF connections, similar to those used for the optical switch and using

the same chip layout, the protocol could operate at repetition rates up to 5 GHz. This upper

limit is set by the 100 ps interferometer imbalance, as in the passive configuration. However,

while the passive configuration could in principle also operate at 5 GHz, it would addition-

ally require resolving the 100 ps temporal separation between early and late time bins for

measurements in the computational (Z) basis.

6.3 QKD performance under variable channel losses

For both the passive and active basis selection, the previously presented SKR data were

acquired using a relatively short fiber link within a laboratory setup size. This configuration

was intended to demonstrate the stability and operation of the system. Here, I present a

more realistic scenario in which the QKD protocol is performed by first varying the optical

channel losses through a variable optical attenuator (VOA), which simulates the equivalent

loss of a long fiber link, and subsequently by adopting an spooled-fiber connection link up

to 25 km for the passive basis selection.
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a)

b)

c)

d)

Figure 6.7: Active basis selection QKD. Time evolution of the main parameters of the BB92 QKD protocol.
a) SKR in the asymptotic and finite-key regimes, evaluated using Serfling and Chernoff bounds. b) QBER
in the X and Y bases. c) Coincidence rate in the X and Y interferometric bases, measured without temporal
post-selection thanks to the receiver’s ability to temporally overlap the time-bin states. d) Time trace of the
single-photon counts in the X and Y bases.
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6.3.1 Variable optical attenuator

Measurements simulating a variable-length fiber link were performed by adjusting the at-

tenuation in Bob’s fiber channel using a VOA, as shown in the setup schematic in Figure 6.1.

Figure 6.8a reports the measured (dots) and theoretical (dashed lines) SKR values in both

the asymptotic regime and for a finite block size of 9 × 104, for both statistical bounds, as a

function of the channel loss and the corresponding equivalent fiber length (using a conver-

sion factor of 0.2 dB/km, typical for standard telecom optical fiber [284]). The corresponding

QBER values for the two measurement bases are also shown. The attenuation sweep starts

from 2 dB, which is the insertion loss of the VOA at its minimum attenuation setting. The

reduction of the SKR is mainly caused by two factors, independent of the chosen regime or

statistical bound:

• The coincidence rate decreases exponentially with channel attenuation. This produces

the linear trend observed in the logarithmic SKR plot.

• As the coincidence rate decreases, the contribution of constant noise sources (such as

detector dark counts) becomes increasingly relevant. This degradation of the SNR is

particularly critical in the X basis, where the lower coincidence rate results in reduced

interference visibility and, consequently, an increased QBER and lower SKR. In con-

trast, the QBER in the Z basis remains almost unaffected by dark counts throughout

the attenuation sweep, owing to its much higher SNR (RZ ≫ RX).

Overall, in the finite-size regime and adopting the Chernoff bound, which provides less

conservative statistical estimation than the Serfling bound, QKD operation remains feasible

for equivalent fiber lengths exceeding 100 km, whereas the Serfling bound allows secure key

estimation only up to approximately 80 km, as shown in Figure 6.8a.

For the active basis selection case, no experimental demonstration was performed at

variable channel attenuation losses. However, exploiting the agreement observed between

the theoretical and measured results for the passive-basis configuration, I estimate the SKR

as a function of channel loss also for the active basis configuration. In this case, I account

for the SKR reduction arising from both the decrease of the measured coincidence rates (RX

and RY) and the increase of the QBER. For the rate reduction, I assume the expected expo-

nential decay of RX and RY as a function of channel loss. For the QBER increase, I extract

the constant noise contribution from the QBER measured in the passive basis configuration

and include this noise term in both interferometric bases (X and Y) for the active basis case.

Figure 6.8b reports the estimated SKR as a function of channel loss for both the asymp-

totic regime and for a finite block size of 4 × 104. Under these conditions, the use of the

Chernoff bound yields a 33.2 % increase in the secret-key generation rate compared to the

Serfling-bound estimation. At the measured coincidence rate, one block of key is generated

approximately every 25 s. For applications requiring faster key refresh, an average of about

450 bit/s of secret key can be achieved using a shorter block length of 104, for which the

SKR obtained with the Chernoff bound is 122.3 % higher than that obtained using the Ser-

fling bound. At higher channel losses, the QBER is mainly limited by detector dark counts.

In this configuration, compared to the passive one, the onset of QBER degradation in the
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a) b)

,

Figure 6.8: QKD performance under variable channel attenuation. Measured (dots) and theoretical (dashed
lines) SKR values in the asymptotic regime and for a finite block size of 9 × 104, plotted as a function of the
channel attenuation for the (a) passive-basis and (b) active-basis selection configurations. The corresponding
QBER values are also reported. In the interferometric X and Y bases, the QBER increases more rapidly with
attenuation due to the higher sensitivity to noise and the reduced coincidence rate.

interferometric bases occurs at slightly longer equivalent fiber lengths. This improvement

arises because, in the active configuration, the removal of the 50:50 beam splitter increases

the coincidence rate at the receiver, avoiding the additional 3 dB loss present in the passive

setup.

6.3.2 Spooled fiber

A more realistic proof-of-principle experiment was performed using fiber spools of different

lengths, ranging from 2.5 km to 25 km. This experimental test was useful for understanding

the system behavior under conditions similar to a metropolitan-area field deployment. The

QKD implementation was tested by varying the fiber-channel length using spools of SMF28

optical fiber [41]. The fiber spool was inserted in place of the VOA, thereby affecting only

Bob’s channel.

For this experiment, I report the detection-event histograms as a function of arrival time

for both users, for each tested fiber length. In Figure 6.9, it can be observed that starting

from 8 km and above, Bob’s temporal distribution of detection events becomes significantly

broadened, while Alice’s histogram remains unchanged, since her channel length is fixed

and serves as a reference. This broadening prevents the correct discrimination of the 100 ps-

separated time-bins in the Z basis, leading to greater overlap between the early and late

peaks and therefore to an increased QBER, as also reflected in the measured Z-basis er-

ror indicated in the Figure panels. For measurements in the interferometric X basis, pulse

broadening also affects the correct switching operation inside the integrated receiver.

The broadening originates from chromatic dispersion accumulated during propagation

in the optical fiber. In standard single-mode fiber, pulses with an initial FWHM of 9.2 ps and

a spectral bandwidth of 0.42 nm experience dispersion of approximately 20 ps nm−1 km−1,

resulting in temporal spreading of the time-bin wavepacket. For example, for the longest

tested link of 25 km, the induced dispersion is approximately 20× 25× 0.42 ≈ 210 ps. To mit-

igate the effects of chromatic dispersion and enable practical deployment of the QKD system
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Figure 6.9: Dispersion effects in optical fiber. Normalized detection counts in the Z basis for the two QKD
users, measured for different fiber-link lengths on Bob’s channel. The time reference on the x-axis is defined
relative to the pump-pulse emission. As the fiber length increases, chromatic dispersion broadens Bob’s pulses,
reducing the temporal distinguishability of the time-bin states and thereby compromising the effectiveness of
the QKD protocol.

over long fiber links, a dispersion-compensation strategy is required. In standard telecom-

munication systems, dispersion is commonly compensated using dispersion-compensating

fibers or chirped fiber Bragg gratings [285].

6.4 Source optimization

In this section, I discuss the optimization of the entangled photon pair generation conditions

in the integrated silicon waveguide based on SFWM that will allow further increase of the

SKR.

As described in Section 5.2, due to the probabilistic nature of the nonlinear optical source,

the photon-pair generation rate can be enhanced by increasing the pump power. However,

this enhancement comes at the cost of reduced quality in the generated entangled state, as

quantified by the CAR. A higher pair-generation probability leads to a larger contribution

of multi-pair emission events, which increase the accidental coincidence rate and degrade

the CAR. In the context of QKD applications, a lower CAR results in a higher QBER, leading

to a reduction in the SKR. Consequently, a trade-off exists between the source generation

rate and the resulting SKR. In literature theoretical models have been presented [286] which

allow for the optimization of the generation probability based on the relevant experimental

parameters. Moreover, this trade-off optimization also depends on the link length. Although

increasing the generation probability can enhance the SKR at short distances despite a higher

QBER, at larger channel attenuations the situation changes. Since the protocol becomes inse-

cure when the QBER exceeds the 11% threshold, this limit may be reached earlier for higher

generation probabilities due to the reduced CAR. Consequently, operating at a lower gen-

eration probability, resulting in a lower SKR at short distances but a higher CAR and lower

QBER, can enable secure key distribution over longer links [287].

In the following paragraph I focus on the experimental characterization to highlight this
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Figure 6.10: Source optimization for QKD operation. Normalized secret key rate (SKR) as a function of the in-
ternal pair-generation probability for the active-basis configuration. The optimal operating point corresponds
to an internal generation probability of approximately 0.7%, in contrast to the value of 0.2% at which the ex-
perimental results for the active-basis selection were recorded.

trade-off for the active configuration under minimal channel loss. To identify the optimal op-

erating point that maximizes the SKR, Figure 6.10 reports the experimentally measured SKR

for the active basis selection scheme as a function of the internal pair-generation probability,

which was obtained by varying the pump power and the source characterization presented

in Section 6.4. From the measured experimental results, it is observed that the optimal value

occurs for an internal generation probability of approximately 0.7 %. In the active basis QKD

configuration, the 12 h stability demonstration was performed at a more conservative mean

photon-pair generation probability of approximately 0.2 %. While the optimal operating

point identified in Figure 6.10 could further maximize the key rate, the lower generation

probability was prioritized for the long-duration implementation to ensure system stability

and maintain a high CAR throughout the measurements.

For the passive QKD configuration, a similar optimization characterization could in prin-

ciple be performed. However, in our experiment, the maximum usable pump power was

limited by saturation of the SNSPD detection system, restricting the maximum count rate to

approximately 1.5 MHz in the Z basis.

Finally, Table 6.2 summarizes the main experimental parameters and performance met-

rics for both passive and active basis selection schemes, also comparing the 12 h long demon-

strations with the maximum achieved SKR operation point. This comparison provides a

view of the generation probability, CAR, QBER, and SKR discussed throughout this section.
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Parameters
Passive basis selection

(12h-long)
Active basis selection

(12h-long)
Active basis selection

(max SKR)

Energy per pulse 2.25 pJ 0.9 pJ 1.7 pJ

Pair gen. per pulse 1 % 0.2 % 0.7 %

CAR 52 140 80

Coinc. rate
RZ = 57.7 kHz;

RX = 852 Hz
RX + RY = 3.9 kHz RX + RY = 10.5 kHz

QBER Z : 4.3 %; X : 3.76 % X : 6.1 %; Y : 4.2 % X : 7.7 %; Y : 7.8 %

SKR 22.4 kHz 805 Hz 1817 Hz

Table 6.2: Comparison of the main experimental parameters and performance metrics for passive and active
basis selection QKD configurations. Results are reported for both the 12 h long-term demonstrations and the
maximum achieved SKR operating point in the active configuration. All reported rates correspond to average
values over the full measurement duration.
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Conclusions and perspectives

In this work, a fully packaged integrated photonic circuit capable of supporting multiple

quantum information applications has been designed, fabricated, and experimentally demon-

strated. The primary goal of the developed device is to overcome the temporal PSL [19],

which arises in Franson-like unbalanced interferometers and limits both the security and

efficiency of QKD protocols based on time-bin entangled states [235]. I addressed this is-

sue by implementing the active switching solution [121], on a TFLN device developed in

collaboration with Advanced Fiber Resources Milan. To the best of my knowledge, this

work reports the first realization of such a system on an integrated photonic platform, since

a similar implementation was demonstrated only in fiber based systems for entanglement

certification [234].

During the initial phase of the project, I identified the required key functionalities and

verified their potential realization on integrated photonic circuits based on the TFLN tech-

nological platform. This was followed by a development phase, including the design, nu-

merical simulation, and optimization of the essential building blocks, finalized in the fabri-

cation and packaging of a device tailored for quantum communication protocols. Finally, I

had the opportunity to demonstrate and benchmark multiple quantum protocols during the

experimental phase.

The proposed PSL-free architecture can operate as a reconfigurable time-bin state pro-

jector. Thanks to the broadband TFLN EO modulators, the quantum receiver enables fast

switching in the gigahertz range of time-bin encoded states. This capability allows the use of

closely spaced time-bins, thus supporting high clock rates and increased secret key through-

put. Furthermore, due to the combination of integrated TPSs, it enables projective measure-

ments at tunable timescales, from sub-nanosecond switching to stable operation over several

hours.

I have demonstrated the versatility of the developed quantum receiver across different

tasks: certification of genuine time-bin entanglement (exceeding 38 standard deviations)

without the need for temporal post-selection, QST of time-bin encoded states, and a prepa-

ration stage by modulating the pump pulses, demonstrating its ability to generate high-

fidelity (95%) and high-purity (93%) arbitrary time-bin entangled states when combined, as

in this case, with a nonclassical light source. I also demonstrated that the device can ef-

fectively implement the BBM92 entanglement-based QKD protocol in both passive and active

basis selection configurations, highlighting its versatility and reconfigurability. To the best of
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my knowledge, these represent the first realizations of time-bin QKD without temporal post-

selection. The passive-basis configuration, in terms of SKR, yields the highest reported result

(exceeding 25 kbit/s) for time-bin entanglement-based systems, even when compared with

post-selection-based approaches. In the active-basis configuration, the minimum timing res-

olution required from the detection system is significantly relaxed. Here, it is sufficient to

resolve the time-bin repetition rate, rather than the separation between bins as required in

the passive setup for measurement in the Z-computational basis. This is made possible by

the device’s ability to temporally overlap the two time-bins through switching while ap-

plying gigahertz-rate modulation in the Franson-like interferometer. Such fast and precise

control of the phase modulation enables high-visibility quantum interference, as confirmed

by the low measured QBER values. Both QKD demonstrations were performed over more

than 12 hours of continuous operation without interruption and without the need for active

feedback stabilization, relying only on temperature control of the packaged devices. This

work also reports the first experimental implementation of the BBM92 protocol employing

the recently developed Chernoff bound [274] for finite-key SKR estimation. The results con-

firm its advantage over the previously adopted Serfling bound [272], particularly for small

block lengths, which are typical of EBQKD systems.

The presented results demonstrate that the TFLN platform, originally developed for

high-speed telecommunication applications [63, 110, 288], can be effectively adapted for

quantum technologies using industrial-grade fabrication processes. The compact, integrated

quantum receiver developed in this work combines multiple high-quality optical compo-

nents such as edge couplers, beam splitters, EO modulators, TPSs, and low-loss waveguides.

The experimental results confirm the reproducibility and reliability of the technology, with

consistent performance across multiple fabricated devices.

The present integrated optical circuit can also be extended to other quantum applications.

For instance, recently developed integrated interferometers for multidimensional time-bin

states (up to 8 levels) [124] could be combined with our active-switching approach to over-

come the PSL. Such an extension would require multi-port interferometers with path de-

lays corresponding to the multiples of the time-bin spacing, as well as multi-port switching

implemented through cascaded high-speed modulators. The realized device can also be

directly employed for the implementation of entanglement swapping [289]. Furthermore,

it could be combined with the processing of other photonic degrees of freedom, such as

frequency [290], by exploiting high-speed EO modulators, and polarization by integrated

PSR [291].

The following proposed improvements to the developed device primarily aim to increase

the achievable SKR. The most straightforward enhancement would be to operate the proto-

col at higher clock rates, potentially up to 5 GHz, which represents the maximum repetition

rate set by the 100 ps delay of the unbalanced MZI for both the passive and active basis selec-

tion configurations. In the presented implementation, the active-basis operation was tested

only up to 1 GHz due to the limited EO bandwidth of the unbalanced MZI modulation stage,

which is constrained by RF connectors and routing not optimized for high-frequency opera-

tion. For the passive-basis configuration, the repetition rate was instead limited by the max-

imum detectable single-photon rate of the available SNSPD system. A second key aspect
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affecting the SKR, particularly critical in EBQKD protocols, is the presence of excess optical

losses beyond those introduced by the quantum channel link itself. A comprehensive opti-

mization of the entire setup, including the design of the integrated photonic devices, would

directly increase the detected coincidence rates and consequently enhance the overall SKR.

The measured quantum interference visibility in the current implementation is approx-

imately 93.5%, which affects the QBER in the interferometric bases X and Y, and limits the

maximum achievable QKD distance and SKR. The main limitations arise from the intrin-

sic accidental detection events generated by the source, as quantified by the CAR; from the

non-ideal sinusoidal modulation used for switching the time-bin states, and ultimately, from

the finite interference quality caused by residual coupling between the TE and TM modes

within the devices. This latter effect can be mitigated by adopting Euler bends [263] and

incorporating integrated polarization filters [291] in future designs.

In the perspective of scaling toward large and multi-user optical quantum networks, all

experimental demonstrations reported in this work were carried out using the standard ITU

100 GHz bandwidth allocation for each user channel. This choice matches the transform-

limited photon bandwidth and optimizes the spectral density of the generated entangled

pairs. Moreover, the quantum receiver platform relies on components designed for C+L

band operation, ensuring complete compatibility with DWDM systems and paving the way

for scalable quantum networking over existing telecom infrastructure [179–182].

In summary, the presented work demonstrates a versatile and high-performance inte-

grated photonic circuit based on the TFLN platform, capable of tailoring pump pulses for

the generation of time-bin states, overcoming the PSL limitation, certifying genuine time-bin

entanglement, and enabling stable, high-rate EBQKD operation. The demonstrated architec-

ture provides a solid foundation for future scalable, chip-integrated quantum communica-

tion networks.
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