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LA LUZ

Por los aires anda la Luz

que para verte, hijo, me vale.
Si no estuviese, todas las cosas
que te aman no te mirasen;

en la noche te buscarian,

todas gimiendo y sin hallarte.

Ella se cambia, ella se trueca
y nunca es cosa de saciarse.
Amar el mundo nos creemos,

pero amamos la Luz que cae.

La Bendita, cuando nacias,
tomo tu cuerpo para llevarte.
Cuando yo muera y que te deje,

jstquela, hijo, como a tu madre!

— Gabriela Mistral

“ En la busqueda de la precision, siempre cabe la posibilidad de descubrir algo

inesperado y, en ocasiones, fundamental.”

— Serge Aroche, La Luz Revelada

A Marisela Herrera
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Resumen

La interferencia Hong-Ou-Mandel (HOM) es un efecto cuantico fundamental de
dos fotones, central en el procesamiento de informacién cuantica foténica, con
aplicaciones que abarcan desde la computacién cuéntica hasta las comunicaciones
seguras. Esta tesis extiende la interferencia HOM més alla de su formulacion
estandar de dos modos hacia dispositivos fotonicos multi-puerto, que constituyen

una plataforma escalable para fenémenos de interferencia cuantica complejos.

Se revisan los fundamentos tedricos de la interferencia HOM y se analiza su
generalizacion a arquitecturas interferométricas multi-puerto, donde emergen
efectos de interferencia de mayor dimensionalidad. Se estudia el papel de la
indistinguibilidad de los fotones y el impacto de las imperfecciones experimentales

en la visibilidad de la interferencia.

Una contribucién experimental central es la demostracion de la caracterizacion del
desfase temporal entre nicleos (inter-core skew) con precision de sub-picosegundos
en fibras multicore mediante interferencia HOM. Este resultado establece la
interferencia HOM como una herramienta metrologica de alta resoluciéon para
cuantificar retardos temporales, con relevancia directa en la optimizacion de

sistemas fotonicos multi-puerto y redes cuanticas basadas en fibra.

Finalmente, se abordan aplicaciones en comunicaciones cuanticas, mediante una
breve revision de la distribuciéon de claves cuénticas independiente de dispositivos
(DIQKD), incluyendo avances experimentales, implementaciones basadas en
fuentes SPDC y sus limitaciones actuales. También se destacan las conexiones con
MDI-QKD, subrayando el papel de la interferencia de dos fotones en protocolos

de comunicacién cuéntica segura.

Esta tesis establece un vinculo entre la interferencia cuantica fundamental, las
plataformas fotonicas escalables y las comunicaciones cuanticas, posicionando la
interferencia HOM en sistemas multi-puerto como un recurso clave para futuras

tecnologias cuanticas.
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Abstract

Hong-Ou-Mandel (HOM) interference is a fundamental two-photon quantum effect
at the core of photonic quantum information processing, with applications ranging
from quantum computing to secure communication. This thesis extends HOM
interference beyond its standard two-mode formulation to multiport photonic

devices, providing a scalable platform for complex quantum interference.

We revisit the theoretical foundations of HOM interference and analyze its
generalization to multiport interferometric architectures, where higher-dimensional
interference effects arise. The role of photon indistinguishability and the impact

of experimental imperfections on interference visibility are examined.

A central experimental contribution is the demonstration of sub-picosecond inter-
core skew characterization in multicore fibers using HOM interference. This work
establishes HOM interference as a high-resolution metrological tool for quantifying
temporal delays, with direct relevance for the optimization of multiport and

fiber-based quantum systems.

Finally, we discuss applications in quantum communication, with a brief review of
Device-Independent Quantum Key Distribution (DIQKD), including experimental
progress, SPDC-based implementations, and current limitations. Connections

to Measurement-Device-Independent QKD (MDI-QKD) are also highlighted,

emphasizing the role of two-photon interference in secure quantum protocols.

This thesis connects fundamental quantum interference, scalable photonic
platforms, and quantum communication, positioning multiport HOM interference

as a key resource for future quantum technologies.
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Chapter 1. Introduction 1

Chapter 1
Introduction

The phenomenon of quantum interference of light constitutes one of the
foundational pillars of modern optics and underlies a wide range of technological
applications in quantum information, quantum computation, and quantum
metrology [, 2, 3]. In the classical description, light is treated as an
electromagnetic wave. When two waves overlap, their electric fields superpose,
leading to constructive or destructive interference in the observed intensity. This
superposition gives rise to characteristic fringe patterns with alternating bright
and dark regions, as exemplified by the canonical double-slit experiment originally

demonstrated by Young [1].

Within the framework of quantum mechanics, light is described as a quantized
electromagnetic field, whose elementary excitations are photons. In interference
experiments, the relevant description is given in terms of probability amplitudes
associated with different, indistinguishable propagation paths. When multiple
paths are available, the quantum state of the light field coherently encompasses all
such alternatives simultaneously. Interference arises from the superposition of these
probability amplitudes, which may add or cancel in close analogy with classical
wave interference [5]. Individual detection events occur discretely; however,
after many repetitions of the experiment, a statistical distribution emerges that
reproduces the expected interference pattern. Although the resulting patterns may
closely resemble those observed in the classical regime, their physical interpretation

is fundamentally distinct.

In the classical view, interference is an objective physical property of light, arising



from the superposition of real, measurable electric and magnetic fields propagating
through space, and it is independent of the act of observation. In contrast, quantum
interference reflects the coherent superposition of alternative, indistinguishable
histories of the system and is intrinsically linked to the measurement process. The
availability of which-path information, even in principle, prevents the coherent
combination of probability amplitudes and consequently suppresses interference [0].
Thus, in the quantum regime, interference is not merely a property of the field itself
but a manifestation of the underlying quantum description and the information

accessible through measurement.

A particularly striking manifestation of quantum interference arises in two-
photon interference phenomena, where the interference cannot be explained in
terms of classical fields. The paradigmatic example is Hong-Ou-Mandel (HOM)
interference, in which two indistinguishable photons impinging simultaneously on
a balanced beam splitter exhibit a suppression of coincidence detections at the
output ports |7]. This effect originates from the destructive interference between
two-photon probability amplitudes corresponding to different but indistinguishable
detection pathways, and it has no classical analogue. As a result, HOM interference
has become a central tool for probing photon indistinguishability, temporal

correlations, and coherence properties of quantum states of light [, 9, 10, 11].

Beyond its fundamental significance, two-photon interference provides a powerful
resource for precision metrology in complex photonic systems. In particular,
multicore optical fibers (MCFs) exhibit inter-core group delay differences,
commonly referred to as inter-core skew (ICS), which arise from residual variations
in propagation constants and dispersion among the different cores [12, 13].
Accurate characterization of this skew is essential for a wide range of applications,
including space-division multiplexed communications, coherent signal processing,
and synchronization of parallel optical channels, where even picosecond-level
delays can significantly degrade system performance and compromise coherent
and interference-based processes |11, 15, 16]. Interferometric techniques based on
quantum interference, and in particular Hong—Ou—Mandel interference, offer a
direct and highly sensitive approach to measuring relative delays between optical
paths, enabling the precise determination of inter-core skew without requiring
absolute timing references. From this perspective, the investigation of HOM

interference in MCFs is not only relevant for understanding quantum effects in



complex media, but also establishes a novel metrological tool for characterizing

and optimizing advanced fiber platforms.

In addition to its relevance for quantum metrology, HOM interference plays a
crucial role in quantum communication protocols such as measurement-device-
independent quantum key distribution (MDI-QKD) [17, 18], and photonic quantum
information processing, where it underpins linear optical quantum computing |19
and high-dimensional protocols [20]. In recent years, increasing attention has been
devoted to the investigation of HOM interference in complex photonic platforms,
such as multimode and multicore optical fibers, which offer enhanced capacity,
scalability, and integration potential [21, 22|. In these systems, additional degrees
of freedom, such as spatial modes or distinct fiber cores, introduce new challenges
related to mode dispersion, temporal distinguishability, and coherence preservation,

while simultaneously enabling novel functionalities.

The investigation of device-independent quantum key distribution (DI-QKD)
constitutes a central motivation for the Chapter 5, which is based on an extensive
review paper that we published recently [23]. From an experimental standpoint,
the implementation of DI-QKD protocols remains highly demanding, as it requires
the simultaneous closure of detection and locality loopholes while maintaining
high-visibility quantum interference and low-loss transmission. In this context,
the Hong—Ou—Mandel effect plays a pivotal role, as it provides a sensitive probe
of photon indistinguishability, which is a fundamental resource for generating the
high-quality entanglement required in DI-QKD schemes. Moreover, multicore
fiber platforms emerge as a promising architecture to address these challenges,
enabling stable and scalable distribution of quantum states across multiple spatial
modes with intrinsic phase stability and reduced footprint. The interplay between
HOM interference and MCF-based implementations thus establishes a concrete
experimental pathway toward DI-QKD, motivating a comprehensive review of the

state of the art, key limitations, and emerging strategies in this field.

This thesis develops a unified experimental and conceptual framework connecting
multicore fiber platforms, precise temporal metrology, and quantum interference
phenomena. It begins with the fundamental principles of two-photon interference
and the Hong-Ou-Mandel effect in Chapter 2, establishing the central role
of photon indistinguishability and timing control. Chapter 3 presents the

implementation of Hong—Ou—Mandel interference in multicore fiber platforms,



detailing their architecture and the mechanisms that enable controlled two-
photon interference across distinct spatial modes. Building upon this foundation,
Chapter 4 investigates inter-core skew in multicore fibers as both a limiting
factor and a resource, developing measurement and compensation strategies that
enable high-visibility interference across spatially multiplexed channels. Finally,
in the Chapter 5 the discussion is broadened to device-independent quantum
key distribution, where the stringent requirements on interference visibility,
synchronization, and loss highlight the relevance of the techniques developed
throughout this work. Taken together, the chapters of this thesis demonstrate
how advances in fiber-based photonic platforms and precise temporal control
can support the realization of robust and scalable quantum communication

technologies.
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Chapter 2

Theoretical Foundations on

Hong-Ou-Mandel Interference

2.1 Introduction

Hong-Ou-Mandel (HOM) interference constitutes one of the most fundamental and
experimentally accessible manifestations of multi-photon quantum interference |21,

, 20]. First demonstrated in 1987 [7], the effect revealed a striking deviation
from classical optical behavior: when two indistinguishable photons enter the two
input ports of a balanced beam splitter, coincidence detections at the outputs are
suppressed [27, 2&|. This phenomenon, commonly referred to as photon bunching,
arises not from interference of classical electromagnetic fields, but from the coherent

superposition of indistinguishable two-photon probability amplitudes [29, 30].

Unlike first-order interference, which can often be interpreted within a classical
wave framework, HOM interference is intrinsically a second-order quantum
effect [31]. It probes exchange symmetry and the indistinguishability of bosonic
particles at the level of joint detection events [32]. The observable quantity, the
coincidence probability, directly reflects the overlap of the photons’ quantum
states across all degrees of freedom, including temporal, spectral, spatial, and
polarization modes [33]. In this sense, HOM interference provides an operational
measurement of photon indistinguishability and serves as a sensitive diagnostic tool

for characterizing single-photon sources and propagation-induced decoherence |31,

, 36].
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Beyond its foundational significance, HOM interference has become a central
primitive in photonic quantum information science [37, 38]. The same

symmetry-sensitive projection mechanism underlies linear-optical Bell-state

measurements [39], entanglement swapping [10]|, measurement-device-independent
quantum key distribution [!1|, and probabilistic entangling gates in linear
optical quantum computing [12]. In quantum communication architectures, two-

photon interference between independent sources |13] enables phase-insensitive
entanglement generation at remote stations, a key requirement for scalable

quantum networks [11].

The objective of this chapter is to establish a rigorous theoretical framework for
HOM interference that connects its operator-based quantum description [3], its
probabilistic interpretation in terms of detection amplitudes, and its operational
role in quantum technologies. Particular emphasis is placed on quantifying
partial distinguishability [15], deriving the visibility of the HOM dip [16], and
understanding how realistic imperfections, such as temporal delay, spectral

mismatch, and decoherence, affect interference contrast [17].

This framework is essential for the analysis of the experimental systems considered
in this thesis, where two-photon interference occurs in complex photonic
platforms, including multicore optical fibers |13, 19]. In such environments,
dispersion, mode-dependent delays, and environmental perturbations introduce
nontrivial distinguishability effects that directly impact interference visibility and
entanglement fidelity [50]. A precise theoretical treatment of HOM interference
therefore provides the foundation for interpreting experimental results and for
assessing the feasibility of quantum communication protocols in realistic fiber-

based networks.

2.2 Quantum Mechanical Formalism

HOM interference is most naturally described within the framework of quantum
optics using the formalism of second quantization |31, 5], where optical fields are
represented by mode operators acting on a Fock space [1|. Within this approach,
interference phenomena arise from the coherent transformation of multi-photon

quantum states under linear optical elements, such as beam splitters.
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2.2.1 Optical modes and field operators

We consider two optical modes, labeled a and b, corresponding to the two input
ports of a BS. These modes are described by bosonic annihilation and creation

operators, a@,a’ and IS, Z;T, which satisfy the canonical commutation relations |1, 7]
[a,afl=1,  [o]=1, [ab =[a,bl]=0. (2.2.1)

The vacuum state |0) is defined as the state annihilated by all annihilation
operators. Single- and multi-photon states are generated through the repeated

application of creation operators on the vacuum.

2.2.2 Initial two-photon input state

The canonical HOM configuration consists of one photon entering each input port

of the BS. The corresponding two-photon input state is written as |7]
Wm) = AT[;T‘()) = |1a7 1b>> (222)

where the photons are assumed to be indistinguishable in all degrees of freedom
except for the spatial mode. This assumption is essential for the observation of

ideal HOM interference |7, 51| and will be relaxed in subsequent sections.

2.2.3 Beam splitter as an unitary transformation

One photon experiences a relative delay 7 before entering the BS (see Fig. 2.2.1a),
introducing partial distinguishability [25]. For 7 = 0, the photons are
indistinguishable and coincidence detections are suppressed due to destructive
two-photon interference, as shown in Fig. 2.2.1b. As 7 increases, distinguishability
grows and the coincidence probability rises, giving rise to the characteristic HOM

dip.

A lossless beam splitter is described by a unitary transformation acting on the

mode operators [52, |]. For a balanced (50:50) BS, this transformation can be

CAlout; . 1 1 4 din (223>
Bout \/§ v 1 l;in . o

written as
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HOM Dip

|1>a |27 0> ois
1 g 0.4
Do |0,2) 803
BS 0.1
(b) Coincidence probability as a
(a) Two photons interfere at a beam function of delay 7, showing the HOM
splitter with a relative delay 7. dip.

Figure 2.2.1: HOM interference with temporal delay.

Equivalently, the transformation of the creation operators is given by

. 1 /. "
PN G (agut + zblut) , (2.2.4)
. 1 /. .
bT — ﬁ <Zalut + biut) . (225)

This unitary transformation preserves the bosonic commutation relations and

ensures photon-number conservation.

2.2.4 Output State

Applying the BS transformation to the initial two-photon input state yields the

output state
Lt it Y (ot + it
|¢out> - 5 <a0ut + Zbout) (Zaout + bout) |0> (226)
Expanding this expression and making use of the commutation relations for the
creation operators, one obtains

V2

Notably, the terms corresponding to one photon in each output port cancel

[Yout) = —= (124, 0b) + {04, 25)) - (2.2.7)

exactly |7, 25|, leading to a vanishing probability amplitude for coincidence

detections.
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2.2.5 Physical interpretation and origin of the HOM effect

The suppression of coincidence events is the defining signature of HOM interference.
This effect does not arise from classical field interference, but from destructive
interference between two-photon probability amplitudes. In particular, two
indistinguishable two-photon amplitudes [25, 51| contribute to the output state:
both photons being transmitted (TT) and both being reflected (RR). These
amplitudes interfere destructively in the coincidence channel, acquiring a relative
phase that results in their complete cancellation, and leading to complete

suppression of events with one photon in each output port.

This behavior highlights the intrinsically quantum nature of HOM interference:
although photons are detected as individual particles, the interference occurs at
the level of the two-photon quantum state, giving rise to correlations with no

classical analogue |7, 53].

2.2.6 Remarks on generality and extensions

The operator-based formalism presented here provides a compact and general
description of HOM interference and serves as a foundation for more realistic
experimental scenarios. In practice, photons possess finite temporal and spectral
wave packets, and partial distinguishability [53, 51| leads to incomplete interference.
Moreover, the formalism can be extended to include additional modes, higher

photon-number states, and non-ideal beam splitter transformations.

These aspects are addressed in the following sections, where a probabilistic
description of HOM interference is developed and the impact of its

distinguishability and decoherence is analyzed in detail.

2.3 Probabilistic Model of HOM Interference

While the operator formalism provides a compact description of Hong-Ou-Mandel
interference in terms of quantum state transformations, a complementary and
experimentally transparent understanding is obtained from a probabilistic model
based on probability amplitudes [25, 51]. In this approach, coincidence rates
are derived directly from the coherent superposition of alternative two-photon

detection pathways [55, 50]. This framework is particularly well suited for
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incorporating realistic features such as finite temporal and spectral bandwidths,

partial distinguishability, and propagation-induced delays |57, 33, 55].

2.3.1 Two-photon detection probability amplitudes

We consider two single photons entering the two input ports of a balanced BS,
each described by a normalized temporal wave packet [77, 33|. In the time domain,

the single-photon states can be written as

1)a = / dt ga(t)a'(1)[0),  [1)y = / dt ¢y (1) b(¢)|0), (2.3.1)

where ¢,(t) and ¢, (t) are the temporal mode functions, satisfying the normalization

condition

[ dtlonsoP =1 (232)

which reflects the single-photon wavepacket normalization in continuous-mode

quantum optics [58, H9].

The joint detection of one photon at each output port of the beam splitter can
occur via two indistinguishable alternatives: (i) photon a is transmitted while
photon b is reflected, or (ii) photon a is reflected while photon b is transmitted.
The total probability amplitude for coincidence detection is given by the coherent

sum of these two alternatives [54, 55, 50].

2.3.2 Coincidence probability and interference term

For a balanced BS, the coincidence probability can be written as

2) : (2.3.3)

which expresses the coincidence rate in terms of the overlap of the single-photon

Rng(rﬂ/a%@ﬁm

temporal modes [27, 33]. This expression assumes pure single-photon states and
ideal photon-number-resolving detection |57]. The second term in this expression
represents the interference contribution arising from the overlap of the two-photon
probability amplitudes [00, 61]. When the photons are perfectly indistinguishable,
®q(t) = ¢p(t), the overlap integral equals unity and the coincidence probability

vanishes. Conversely, when the photons are fully distinguishable, the overlap
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integral vanishes and the coincidence probability approaches the classical value of
1/2 [62].
2.3.3 Temporal delay and spectral representation

A relative temporal delay 7 between the two photons modifies the temporal mode

function according to

Du(t) = du(t — 7), (2.3.4)
which directly affects the temporal overlap between the photons [57, 33]. The
overlap integral then becomes

A = [t - ), (235)

and characterizes the degree of indistinguishability as a function of delay [27, 60].

The coincidence probability can be expressed as

Pen() = 5 (1= IA()P), (2.3

which gives rise to the characteristic Hong—Ou—Mandel dip [33, (3].

In the spectral domain, the overlap function may be written as
A(r) = / o () 26—, (2.3.7)

assuming identical spectral amplitudes ®,(w) = ®y(w) = ®(w), which shows that
the temporal overlap is given by the Fourier transform of the spectral intensity [33,

|. This formulation explicitly highlights the role of the spectral bandwidth in
determining the width of the HOM interference dip [27, 61].

2.3.4 Degree of indistinguishability

The quantity
7 = |A0))? (2.3.8)

is commonly referred to as the degree of indistinguishability between the two
photons [25, 27, (1]. It quantifies the extent to which the photons overlap in all
relevant degrees of freedom, including temporal, spectral, spatial, and polarization

modes |65, 20].
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In realistic experimental conditions, imperfect mode overlap, spectral mismatch,

or polarization misalignment result in 0 < Z < 1, leading to a reduced visibility of

the HOM dip |66, 35, 67]. The coincidence probability at zero delay is then given
by
1
Pcoin(o) = 5(1 - I), (239)

which directly relates the coincidence rate to the photon indistinguishability and

the visibility of the interference dip [63, 27].

2.3.5 Visibility for Two-Photon Interference

In classical interferometry, such as with a Mach-Zehnder interferometer (MZI) [65],
the visibility (or contrast) of interference fringes is conventionally defined as [,

|

Lnax — Toi
‘/c assical — = — s 2.3.10
1 ! Imax + Imin ( )

where I, and I,;, denote the maximum and minimum intensities of the
interference pattern. The denominator normalizes the modulation depth with
respect to the average intensity, ensuring that 0 < V' < 1. This definition is
appropriate for sinusoidal interference that oscillates symmetrically around a fixed

mean value.

The HOM effect, however, represents a qualitatively different phenomenon |7, 25].
Rather than producing oscillatory fringes, it manifests as a destructive suppression
of the coincidence probability relative to a fixed classical baseline. We denote this
baseline as Peoin(00), which corresponds to the coincidence probability when the
photons are fully distinguishable (e.g., by introducing a delay much longer than
the coherence time or by making their polarizations orthogonal). In this regime,

no two-photon interference occurs and the photons behave independently |21, 70].

Applying the classical visibility formula directly to an HOM dip would therefore
be inappropriate. If one were to use Proin(00) + Peoin(0) in the denominator,
the normalization would itself depend on the degree of indistinguishability, since
P.oin(0) varies with interference strength. This would obscure the operational
meaning of visibility as the fractional suppression of coincidences relative to the

classical reference level.

Instead, the HOM visibility is defined with respect to the classical baseline |25,
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Pcoin(oo) - PCOiH(())
pcoin(oo)

Viom = (2.3.11)
Here, P.,in(0) denotes the coincidence probability at zero delay, where the photons
are optimally overlapped in all degrees of freedom. This definition yields Viom = 0
for fully distinguishable photons, and Viom = 1 for perfectly indistinguishable

photons in an ideal interferometer.

Operationally, a visibility of V' = 0.8, for example, indicates that quantum
interference suppresses the coincidence probability by 80% relative to the classical
distinguishable limit [71]. This definition aligns directly with the theoretical
description of HOM interference in Eq. 2.3.9.

For two single-photon states described by density operators p, = »_,; pgj)h)( 7l
and pp =), pg)h)( j|, the coincidence probability reads |72, 73]

Pcoin = (1 - Tr[/)a/)b]) . (2312)

DN | —

In the fully distinguishable limit, the internal states are orthogonal and Tr[p,pp] =
0, yielding P.y,(00) = % At zero delay, the coincidence probability becomes
Peoin(0) = %(1 — Tr[paps]). Substituting these expressions into the definition of

the HOM visibility of Eq. 2.3.11 immediately gives [25, 71|
V' = Tr[paps)- (2.3.13)

The quantity Tr[p,p] is the Hilbert—Schmidt inner product of two density
operators. Since density operators are positive semidefinite and have unit trace,
this overlap satisfies

0 < Trlpaps) < 1. (2.3.14)

The lower bound follows from positivity, while the upper bound is reached if and
only if p, = p, and both states are pure. Consequently, the HOM visibility is
naturally bounded between 0 and 1 and provides a direct operational measure of

photon indistinguishability.

In experiments, one typically measures coincidence count rates C(7), which are
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proportional to the coincidence probability |75, 70]:
C(1) = R Peoin(7), (2.3.15)

where R is the effective pair generation and detection rate. Since visibility is a
ratio, this proportionality cancels, and the same expression in Eq. (2.3.11) applies

equally to measured count rates.

In practice, measured coincidences often include accidental background
contributions Cy, that do not participate in the interference. After background

subtraction, the net visibility becomes |72, 77|

Pcoin(oo) - Pcoin(o)

Vne = 5
’ Pcoin(oo) - Pbg

(2.3.16)

where B,y = Cpg/R.

Throughout this work, unless otherwise stated, “visibility” refers to the definition
in Eq. (2.3.11), corresponding to the raw suppression factor relative to the

distinguishable baseline.

2.3.6 Gaussian wave-packet model

To obtain an explicit analytical expression for the HOM interference pattern, it is
convenient to model the photons as Gaussian wave packets [5]. In the spectral

domain, the single-photon amplitude is written as

B(w) = — = exp [—M} | (2.3.17)

(2mo2)1/4 402

where wy is the central angular frequency and o, characterizes the spectral

bandwidth.

The corresponding temporal mode function is obtained via Fourier transform |5,

| and reads
1

t2
o(t) = (2ro2)i/t P (—47?) ) (2.3.18)
with o, = 1/(20,,).

Introducing a relative temporal delay 7 between the two photons, the overlap
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function becomes [33, 78]

A(r) = /dtgb(t)gb*(t — 1) = exp (- T2 ) . (2.3.19)

807
The coincidence probability as a function of delay is therefore given by

Poin(T) = % [1 — exp (—%)] : (2.3.20)

which corresponds to a Gaussian-shaped HOM dip whose width is determined by

the photon coherence time |25, 79, 66, 20].

2.3.7 Fisher Information and Sensitivity of the HOM

Interferometer

While the visibility of the HOM dip quantifies the degree of two-photon interference,
it does not fully characterize the sensitivity of the interferometer to small variations
of physical parameters. In many practical scenarios, such as temporal delay
estimation or dispersion characterization, the relevant figure of merit is not the
depth of the dip, but how rapidly the coincidence probability changes with the
parameter of interest. This sensitivity is rigorously quantified by the Fisher

information, a central concept in estimation theory and quantum metrology [¢1,
, 83].

We consider the estimation of a parameter 7 (e.g., relative temporal delay) from
coincidence measurements. The measurement outcomes are binary: either a
coincidence event occurs or it does not. The corresponding probabilities are given
by

Pain(7), Pao com(7) = 1 — Peoin(7). (2:3.21)

For a given statistical model P(z|7), the (classical) Fisher information is defined

as |31, 82]

F(r) = Zx: P(ih) (apgg;h)) , (2.3.22)

where the sum runs over all possible measurement outcomes x. In the present
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case, this reduces to

Flr) = (apc(;jm )2 + Piom o (apc(;j(T))Q. (2.3.23)

Using the Gaussian model derived in Eq. 2.3.20, the derivative with respect to 7 is

aPcoin 2
_ Lexp(f_) | (2.3.24)

or 4o} 402

Substituting into the definition of F(7) yields

F(r) =

1 aPcoin(T))Q. (2.3.25)

Pcoin(T) {1 - Pcoin(T>] ( 87'

This expression reveals that the Fisher information depends on two competing
factors: the slope of the HOM dip, encoded in 0, P.in(7), and the statistical
weight of the measurement outcomes through the factor Peoin(7) [1 — Peoin(7)]-
This structure is generic in parameter estimation problems and reflects the trade-off

between signal slope and statistical noise [33].

A key feature is that the Fisher information vanishes at 7 = 0, despite the fact that
this is the point of maximum interference visibility. At zero delay, the coincidence
probability reaches a minimum and becomes locally flat, implying that small
variations in 7 produce negligible changes in the observed signal. Consequently,
the HOM interferometer is not most sensitive at the bottom of the dip. This
behavior has been widely recognized in HOM-based metrology, where maximum

sensitivity occurs away from the point of perfect indistinguishability [0, 81].

Instead, the Fisher information is maximized at finite values of 7, near the
region where the slope of the interference curve is steepest. For the Gaussian
model, this occurs on the sides of the HOM dip, at delays on the order of the
photon coherence time ;. This behavior highlights an important distinction:
maximum indistinguishability (and thus maximum visibility) does not coincide

with maximum parameter sensitivity.

The Fisher information provides a direct connection to the precision limits of
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parameter estimation through the Cramér—Rao bound,

1
AT > (2.3.26)

~ VNF(F)
where NN is the number of independent measurement trials. This bound establishes
the HOM interferometer as a metrological tool, whose ultimate precision is

governed by the Fisher information and its quantum generalization |42, 83].

In practical implementations, factors such as reduced visibility, background
counts, and detector inefficiencies modify P.,,(7) and therefore degrade the
achievable Fisher information. As a result, optimizing HOM-based measurements
for metrological applications requires not only maximizing indistinguishability, but
also engineering the spectral and temporal structure of the photons to enhance

the slope of the interference feature in the region of operation.

This analysis reinforces the interpretation of HOM interference as a parameter-
dependent measurement process and provides a quantitative framework for
assessing its performance in quantum metrology and sensing applications. Recent
works have explicitly demonstrated that HOM-based schemes can achieve high-
precision estimation and that the achievable sensitivity scales with the Fisher

information of the interference pattern [25, 81].

2.4 A key application of HOM effect: Bell-State

Measurements

The HOM effect provides the physical mechanism underlying linear-optical Bell-
state measurements (BSMs) |30, 87]. While the previous section described the
probabilistic interference of two indistinguishable photons at a beam splitter,
we now show how this interference enables projection onto maximally entangled

two-qubit states.
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2.4.1 Bell Basis

For two qubits encoded, for example, in photon polarization or dual-rail modes,

the maximally entangled Bell states are defined as [95]

9%) = = (100) & [11). (2.4.1)
o) = —(j01) £ 10)). (2.4.2)

5

2

These four states form an orthonormal basis of the two-qubit Hilbert space. A

Bell-state measurement corresponds to a projective measurement in this basis |3,
|.

In quantum networking and entanglement swapping protocols, the BSM plays
a central role: it transfers entanglement between subsystems by projecting two

incoming qubits onto one of the four Bell states [39, 90].

2.4.2 Linear-Optical Implementation

In practice, deterministic discrimination of all four Bell states using only linear
optics, photon counting, and no ancillary photons is impossible [91, 92]. This
limitation arises from the bosonic symmetry of photons and the linearity of optical

transformations.

As established in Sec. 2.2, two indistinguishable photons bunch due to bosonic
symmetry, leading to suppression of coincidence events. This behavior enables

discrimination between symmetric and antisymmetric two-photon states [25, 25].

For polarization encoding, a standard linear-optical BSM consists of a beam
splitter followed by polarization-resolving detectors at each output port |36, 93],
as shown in Fig. 2.4.1. Due to its antisymmetry under particle exchange, the Bell

state
1

V2

remains invariant (up to phase) under the BS transformation and results in

(W) = —=(|01) — [10)) (2.4.3)

one photon exiting each output port [36]. As a result, it produces coincidence
detections in distinct output ports. In contrast, the symmetric Bell states W)
and |®*) lead to photon bunching and cannot be fully distinguished from one

another using only linear optics [01]. At a fundamental level, HOM interference is
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Figure 2.4.1: Typical experimental implementation for polarization-encoded
optical Bell measurement. BS - beam splitter, WP - waveplate, PBS - polarizing
beam splitter, D - single-photon detector.

a direct consequence of bosonic exchange symmetry combined with linear mode

mixing at the beam splitter.

Consequently, a linear-optical setup without ancillary photons can unambiguously
identify at most two of the four Bell states. The maximum theoretical success

, 7]

probability for discriminating Bell states with linear optics is therefore |
max 1

This 50% bound is fundamental and directly impacts the efficiency of entanglement

swapping and event-ready protocols (see Chapter 5).

2.4.3 Physical Mechanism of Linear-Optical Bell-State

Measurements

The probabilistic two-photon interference described above constitutes the physical
mechanism underlying linear-optical Bell-state discrimination [25, 37]. A beam
splitter does not by itself “measure” entanglement; rather, it mixes optical modes
in such a way that two-photon probability amplitudes interfere. When the photons
are indistinguishable in all degrees of freedom except for the encoded qubit (e.g.,

polarization or dual-rail mode), this interference faithfully implements a projection
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onto symmetric and antisymmetric two-photon subspaces [07].

In particular, perfect indistinguishability ensures that the BS transformation
depends only on the exchange symmetry of the joint quantum state [71]. The
antisymmetric Bell state remains separable into one photon per output port, while
symmetric states exhibit photon bunching [%0]. Any residual distinguishability
introduces which-path information, weakens the interference, and consequently

reduces the reliability of Bell-state discrimination [9-].

In quantum communication architectures, the BSM serves as an entanglement
mediator |89, 95]. Two photons arriving from distant sources interfere at a
central station, and a successful coincidence event projects the remote systems
into an entangled state. Importantly, the measurement outcome is classical
information that can be communicated to remote parties, thereby enabling heralded

entanglement generation [J0] (see Chapter 5).

While the intrinsic 50% success probability limits efficiency, it does not compromise
the validity of the projected entangled state [91]. Instead, it reduces the rate at
which successful entanglement events occur. This probabilistic character becomes
a key design constraint in quantum repeaters and device-independent quantum
key distribution (more details in Sec.5.7), where entanglement generation rates

must compete with memory decoherence and transmission losses [90, 37].

In summary, the Bell-state measurement provides the operational bridge between
HOM interference at the physical level and long-distance entanglement distribution
at the protocol level. It transforms two locally prepared photon—qubit correlations
into remote entanglement and thereby enables entanglement swapping and event-

ready quantum communication schemes |39, 95].

2.5 Operational Applications

HOM interference is more than a fundamental demonstration of two-photon
quantum behavior: it constitutes an operational resource enabling a wide range of
quantum technologies [25]. At its core, HOM interference implements a symmetry-
sensitive projection arising from bosonic exchange and linear mode mixing. The
measurable quantity, the coincidence probability, directly reflects the overlap

of photonic wave functions [33]. This overlap-dependent projection mechanism
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underlies its diverse applications [37].

2.5.1 High-Dimensional Entanglement

When photons are encoded in degrees of freedom of dimension d > 2, such as
time bins, frequency bins, spatial modes, or orbital angular momentum, the HOM
interference visibility becomes sensitive to multidimensional mode overlap |2,

|. In this regime, the beam splitter acts as a projector onto symmetric and

antisymmetric subspaces of a high-dimensional Hilbert space [97].

Consequently, HOM measurements provide a practical tool for certifying and

characterizing high-dimensional entanglement |95, 99]. Because the interference

contrast depends on overlap across all encoded modes, it allows direct access
to coherence properties beyond qubit systems [9%]. In integrated and multicore
photonic platforms, spatial-mode encoding naturally enables such high-dimensional

interference [37, 100].

2.5.2 Quantum State Characterization

Because the HOM interference pattern depends on the overlap function A(7), it
provides access to the spectral and temporal structure of single-photon states |25,

|. Analysis of the dip shape, depth, and symmetry enables [(3, , 102]:
e Estimation of photon purity [03, 101];
e Reconstruction of joint spectral amplitudes [102, 75];
e Quantification of partial distinguishability [103, 104];

Y ]

HOM interferometry thus offers a resource-efficient alternative to full quantum

e Detection of decoherence effects |

state tomography, particularly for high-dimensional and multimode photonic

states [100, 105].

2.5.3 Linear Optical Quantum Information Processing

In linear optical quantum computing, HOM interference provides the effective

interaction mechanism between otherwise non-interacting photons [107, 108]|. The
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destructive interference responsible for coincidence suppression enables conditional

state transformations when combined with post-selection [107, 109].

Probabilistic entangling gates, such as CNOT and CZ operations, exploit this
projection onto symmetric or antisymmetric two-photon subspaces |1 10, |. Gate
fidelity is directly linked to photon indistinguishability, making HOM visibility a

quantitative benchmark for photonic quantum processors [103, 111].

2.5.4 Quantum Metrology

The coincidence probability depends sensitively on relative temporal delay and
spectral phase |12, |. As a result, the HOM dip provides a high-resolution
probe of optical path-length differences and dispersion [113, (7].

Small variations in delay, refractive index, or spectral phase translate into
measurable changes in coincidence rates [1 11, 115]. Unlike classical interferometry,
HOM interference does not require first-order phase stability between the sources,
making it particularly suitable for characterizing dispersive or multimode photonic

systems [25, (7].

2.5.5 Quantum Communication

HOM interference enables two-photon interference between independent sources
without phase stabilization [ 16, 95]. This property is central to measurement-
device-independent quantum key distribution (MDI-QKD) and entanglement
swapping protocols (see Chapter 5) [11, 89, 10].

In such architectures, successful interference events herald entanglement generation
or key establishment |10, 93]. The achievable rate and fidelity depend directly
on indistinguishability, making HOM visibility a practical performance metric for
long-distance quantum networks [10%, 25]. Spatial multiplexing in multicore fibers

further extends these capabilities by enabling parallel interference channels [117,
|.

Figure 2.5.1 summarizes the operational role of HOM interference in some subareas.
The beam splitter implements a symmetry-sensitive projection whose outcome
depends on photonic mode overlap [25]. This projection mechanism forms the

common physical foundation underlying applications in quantum communication,
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computing, metrology, and state characterization [37].

Quantum Metrology

. ) & Quantum Communication
(Delay. dispersion sensifivity)

(MDI-QKD, entanglement swapping)

HOM
Interference

State Characterization
( Purity. indistinguishability)

Linear Optical Computing
(Probabilistic gates)

Figure 2.5.1: Schematic overview of the operational role of HOM interference
across quantum technologies, highlighting the applications on Quantum Metrology
and Quantum Communication, the main focus of this thesis.

Summary

Across these diverse applications, HOM interference emerges as a unifying
operational principle that connects fundamental quantum mechanics to practical
quantum technologies. Its implementation in scalable photonic platforms, such
as multicore fibers, opens promising pathways toward high-dimensional quantum
information processing, precision metrology, and robust quantum communication
networks. Moreover, HOM interference constitutes a fundamental symmetry-based

primitive upon which a broad class of photonic quantum protocols are constructed.
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Chapter 3

Multicore Fiber Platform for

Scalable Quantum Interference

3.1 Stable Multiport Quantum Interference in
Fiber

Scalable quantum photonic architectures require interferometric networks capable
of coherently mixing multiple spatial modes with high stability and low loss |1 19,

|. While bulk-optics interferometers have played a central role in foundational
quantum optics experiments [121], their scalability is fundamentally limited by
mechanical instability, alignment complexity, and long-term phase drift [122].
As the dimensionality of the Hilbert space increases—for instance in path-
encoded qudit systems or multiport interference networks—these limitations
become increasingly restrictive [123]. A compact, intrinsically phase-stable, and
fiber-integrated platform is therefore essential for advancing large-scale quantum

information processing [121].

Multiport interference generalizes the conventional two-mode beam splitter to
higher-dimensional unitary transformations [125]. Such transformations are

required in a variety of quantum protocols, including high-dimensional state

manipulation [120], multi-photon interference experiments [21], entanglement
distribution across spatial modes [127], and linear-optical quantum information
processing |12, |. In particular, the Hong—-Ou—Mandel effect in multiport

devices provides a sensitive probe of photon indistinguishability and temporal
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correlations, extending the two-photon interference paradigm to higher-dimensional
mode structures |7, |. The visibility and symmetry of these interference
patterns depend critically on precise control of relative optical delays between

spatial channels [131].

Multicore optical fibers (MCFs) provide a natural hardware platform for
implementing stable multiport interferometers in a compact geometry [132].
In weakly coupled MCFs, several single-mode cores are embedded within a
common cladding, allowing spatial multiplexing of optical modes while maintaining
strong mechanical and thermal correlation among them [133]. Because all cores
share the same physical environment, differential phase drifts are significantly
reduced compared to independent fiber paths [134]. This common-cladding
architecture therefore offers enhanced passive stability, which is particularly
advantageous for two-photon interference experiments requiring sub-picosecond

temporal precision [135].

Beyond stability, the intrinsic parallelism of MCFs enables controlled spatial
mode transformations through engineered inter-core coupling regions [136]. By
designing appropriate coupling lengths and core arrangements, one can implement
symmetric multiport beam splitters directly within the fiber platform [125]. These
devices realize well-defined unitary transformations without the need for free-
space alignment or cascaded discrete components |[137]. As a result, MCF-based
multiport interferometers constitute a scalable and fiber-compatible alternative to

bulk or chip-based interferometric networks [135].

In this thesis, the multicore fiber platform serves as the experimental infrastructure
for precision temporal metrology based on multiport HOM interference. The
central objective of this chapter is to define and characterize the 4 x4 multicore
fiber beam splitter used throughout the subsequent analysis. We establish its
physical architecture, derive the corresponding unitary transformation, and model
two-photon interference within this device. Particular emphasis is placed on the
sensitivity of multiport HOM interference to differential group delays between
cores. In the following chapter, this sensitivity will be exploited to extract inter-
core skew with high precision, using the platform developed here as the underlying

experimental basis.
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3.2 Multicore Fiber Architecture

MCFs are waveguiding structures in which multiple single-mode cores are
embedded within a common cladding [22]. Each core supports an independent
spatial channel while sharing the same mechanical, thermal, and environmental
conditions. This architecture enables spatial multiplexing of optical modes with
enhanced passive stability compared to bundles of discrete fibers. In the context
of quantum interference experiments, such common-mode stability is essential for
preserving phase coherence and minimizing differential path-length fluctuations

between channels [139].

In this work, we focus on weakly-coupled MCFs |133], where the cores are sufficiently
separated such that inter-core crosstalk during propagation is strongly suppressed.
Under this condition, each core can be treated as an independent single-mode
waveguide over the relevant fiber lengths, and controlled mode mixing occurs only

in engineered coupling regions such as multicore beam splitters.

3.2.1 Weakly-Coupled Multicore Fibers

In weakly-coupled MCFs, as shown in Fig. 3.2.1, the core-to-core separation
is chosen to minimize evanescent coupling between adjacent modes along the
propagation direction [21|. Typical center-to-center core spacings exceed several
tens of micrometers, ensuring that power transfer between cores is negligible over
kilometer-scale lengths. As a result, inter-core crosstalk remains far below levels
that would degrade quantum interference visibility, allowing each core to function

as a well-isolated spatial mode.

From a waveguide perspective, each core is designed to be single-mode at the
operating wavelength, with closely matched effective refractive indices across all
cores. Residual variations in core geometry or refractive index profile arising
from fabrication tolerances lead to small differences in effective index and group
velocity. These differences manifest as differential group delay between cores,
commonly referred to as inter-core skew (see Chapter 4). Although typically
on the order of femtoseconds to picoseconds per meter, such delays are directly
relevant for two-photon interference experiments involving broadband photons,

whose coherence times can be comparably short [110].
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Figure 3.2.1: Multicore Fiber Cross-Section

The weakly-coupled regime is therefore characterized by a trade-off: while large
core separation suppresses unwanted crosstalk, it does not eliminate differential
propagation delays. Understanding and quantifying these delays is a central
objective of this thesis and motivates the use of HOM interference as a precision

temporal probe.

3.2.2 Phase Stability and Environmental Robustness

A defining advantage of MCFs over independent fiber paths is their intrinsic phase
stability. Because all cores are embedded within a single cladding, they experience
nearly identical environmental perturbations, including temperature fluctuations,
mechanical stress, and acoustic vibrations. These perturbations primarily induce
common-mode phase shifts, while differential phase fluctuations between cores

are strongly suppressed.

This property is particularly advantageous for quantum interference experiments,
where relative phase stability on timescales of minutes to hours is often required. In
contrast, interferometers constructed from separate fibers typically require active
stabilization to compensate for independent thermal expansion and mechanical
drift [111]. In MCFs, the common-cladding geometry significantly reduces the need
for such stabilization, enabling long-term measurements of two-photon interference

with high reproducibility [112].
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3.2.3 Multiplexing Interfaces and Fan-In/Fan-Out Devices

Interfacing single-mode fibers with multicore fibers requires specialized
multiplexing (MUX) and demultiplexing (DEMUX) devices, commonly referred to
as fan-in and fan-out components [113]. These devices map individual single-mode
fiber inputs onto specific cores of the MCF and perform the inverse operation at
the output, as shown in Fig. 3.2.2. For quantum applications, the performance
of these interfaces is critical, as insertion loss, mode-dependent loss, and residual

crosstalk directly impact interference visibility and count rates.

DEMUX

. 4}

H
SMF + r  SMF

—_—> —_—>

.
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modes

H

- >
N input
modes

J

Figure 3.2.2: MUX/DEMUX schematics for NxN input-output modes.

In the experiments presented in this thesis, fan-in and fan-out devices are designed
to preserve spatial mode purity and polarization alignment across all channels.
Imperfections at these interfaces can introduce imbalance between cores, leading
to asymmetric splitting ratios in downstream multiport devices and reducing the
symmetry of multi-photon interference patterns. While such effects do not prevent
HOM interference, they must be carefully characterized to ensure that deviations
from ideal behavior are correctly attributed to physical effects such as inter-core

skew rather than to interface artifacts.

Taken together, the weakly-coupled multicore fiber architecture provides a set
of well-defined spatial channels with enhanced phase stability, controlled loss
characteristics, and intrinsic differential delays. These properties make MCFs
particularly well suited for implementing stable multiport interferometers and
for performing precision temporal measurements based on two-photon quantum
interference. In the following section, we build upon this architecture to introduce
the 4x4 multicore fiber beam splitter that forms the core interferometric element

of our experimental platform.
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3.3 The 4x4 Multicore Fiber Beam Splitter

The central interferometric element of the experimental platform is a symmetric
4x4 multicore fiber beam splitter (MCF-BS) [125]. This device implements
a coherent transformation between four spatial modes supported by distinct
fiber cores. Unlike bulk multiport interferometers constructed from cascaded
beam splitters and phase shifters, the MCF-BS realizes the required unitary
transformation within a compact fiber-integrated geometry through controlled

inter-core coupling [111].

3.3.1 Physical Implementation via Evanescent Coupling

The 4x4 multicore fiber beam splitter is realized by inducing controlled evanescent
coupling between adjacent cores over a finite interaction length, as we can see in
Fig. 3.3.1. Outside this region, the cores are sufficiently separated to operate in
the weakly coupled regime, ensuring independent single-mode propagation [115].
Within the coupling section, the inter-core spacing is reduced such that the

evanescent tails of the guided modes overlap, enabling coherent power exchange.

Figure 3.3.1: Multicore beam splitter (MCF-BS) between MUX/DEMUX devices

in green, showing evanescent coupling.

The coupling dynamics are accurately described within coupled-mode theory
(CMT), as developed in guided-wave perturbation theory [116, 147, 14%8]. In a
weakly guiding fiber, the electric field may be expressed as a superposition of

guided modes,
E(z,y,2) = Y am(2) en(z,y) e, (3.3.1)

where e,,(z,y) denotes the transverse mode profile of core m, f,, is the

corresponding propagation constant, and a,,(z) is a slowly varying amplitude.
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When the cores are brought into proximity, the refractive index profile of each
core acts as a perturbation to its neighbors. Under the slowly varying envelope

approximation, CMT yields the coupled differential equations

da,, . .
% = —iBmQm — 1 ; KmnQn, (3.3.2)

where K,,, is the coupling coefficient between modes m and n. Physically, x,,, is
determined by the spatial overlap of the evanescent fields and can be expressed
as an overlap integral of the modal profiles weighted by the refractive index
perturbation. Its magnitude decreases approximately exponentially with increasing

core separation.

Equation (3.3.2) can be written compactly in matrix form as

da

B e, (33.3)

where a = (ay,as,as3,a;)’ and Heg is an effective Hermitian coupling matrix
containing the propagation constants along the diagonal and the inter-core coupling
coefficients in the off-diagonal elements. The solution after an interaction length
L is

a(L) = e~ ™Hetlq(0). (3.3.4)

Thus, the coupling region implements a unitary transformation
U = ¢ Henl (3.3.5)

which preserves optical power and quantum coherence.

For the symmetric 4x4 BS considered here, the device geometry is engineered such
that the propagation constants [3,, are nearly identical across all cores. Also, the
dominant coupling coefficients between selected core pairs are equal in magnitude,

and the interaction length L is chosen to produce balanced mode mixing.

Under these symmetry conditions, the exponential of the effective coupling matrix
approximates a balanced unitary transformation, often modeled as a Hadamard
or discrete Fourier transform matrix, yielding equal magnitude amplitudes at all

output ports [125]. Small deviations from ideal symmetry arise from fabrication
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tolerances and residual birefringence but do not alter the fundamentally unitary

and coherent nature of the transformation.

Importantly, because the coupling occurs within a monolithic fiber structure, the
relative phases accumulated in the interaction region are intrinsically stable. The
multiport therefore realizes a compact, mechanically robust interferometer whose
transformation is determined by the engineered coupling matrix rather than by

cascaded discrete optical elements.

3.3.2 Unitary Transformation

In the ideal symmetric case, the 4x4 multicore beam splitter implements the

unitary transformation [125]

1 1 1

1 -1 -1
, 3.3.6
-1 1 -1 ( )

-1 -1 1

1
Uss =35

—_ = =

which is equivalent to a normalized four-dimensional Hadamard matrix [119].
This transformation evenly redistributes the amplitude of each input mode across
all output modes while introducing relative phase shifts that determine the

interference structure.

The unitarity condition
UL Ups =1 (3.3.7)

ensures photon-number conservation and guarantees that the transformation

preserves quantum coherence [5].

A defining feature of the matrix in Eq. (3.3.6) is its symmetry: all input modes
contribute equally in magnitude to every output mode, while the relative signs
determine constructive or destructive interference in multi-photon processes. This
symmetry gives rise to a structured pattern of enhanced and suppressed coincidence

probabilities in two-photon interference experiments, as derived in the next section.

In practice, the implemented transformation deviates slightly from the ideal
symmetric unitary due to unavoidable fabrication and operational imperfections.

These include non-uniform coupling coefficients between different core pairs arising



32 3.4. Theoretical Model of Two-Photon Interference in a 4x4 Multiport

from small variations in core spacing or refractive index contrast, mode-dependent
insertion losses introduced at fan-in/fan-out interfaces and splicing points, residual
birefringence leading to polarization-dependent phase shifts within the coupling
region, and small differential propagation phases accumulated before and after
the interaction section due to path-length mismatches or group index variations.
Although these effects perturb the exact symmetry of the ideal transformation,
they remain sufficiently small to preserve the overall unitary and coherent character
of the multiport, and can be experimentally characterized and compensated during

calibration.

These deviations modify the effective unitary transformation to
Ueff - Dout UBS Dinu (338)

where D;, and D, represent diagonal phase and amplitude matrices accounting
for input and output imperfections. Although such imperfections alter the detailed
coincidence structure, the fundamental multiport interference mechanism remains

intact provided that coherence between spatial modes is preserved.

The 4x4 MCF-BS thus serves as the core interferometric element of the
experimental platform. Its symmetry properties define the interference signatures
expected for indistinguishable photons, while deviations from ideal behavior
provide insight into physical effects such as imbalance and inter-core skew. In the
following section, we derive the two-photon interference model associated with

this multiport transformation.

3.4 Theoretical Model of Two-Photon Interference
in a 4x4 Multiport

The HOM formalism developed in Chapter 2 is now extended to the case of a
symmetric 4 x4 multiport. The objective is to derive the coincidence probabilities
associated with two-photon interference and to establish the characteristic
suppression and enhancement structure that forms the experimental signature of

indistinguishability.

Throughout this section, we consider two photons injected into distinct input

modes of the multiport. Without loss of generality, we take the photons to enter
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input ports 1 and 3.

3.4.1 Two-Photon Input State and Operator

Transformation

The input state is a two-photon Fock state occupying spatial modes 1 and 3,

|\Ijin> - &Idg | > - |117027 13704> . (341)

The multiport transformation is described by the unitary matrix U introduced in

Section 3.3. The creation operators transform as
4
=> Uy b, (3.4.2)
k=1

where &} and l;,t correspond to the input and output spatial modes, respectively.

Substituting into the input state yields the output state

Wout) = (Z > (Z 3b*> 10). (3.4.3)

Expanding the product produces a coherent superposition of all two-photon
occupation terms across the four output modes. Coincidence probabilities are

obtained by projecting this state onto distinct output pairs (7, j) with ¢ # j.

3.4.2 Coincidence Probabilities for Indistinguishable
Photons

For indistinguishable photons, the two-photon amplitude associated with detecting
one photon in output port i and one in port j (i # j) is given by the coherent

sum of the two possible paths:

Ay = UnUjz + UUj;. (3.4.4)

No additional normalization factor appears because the photons occupy distinct

input modes and the output operators commute.
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The corresponding coincidence probability is

Pt = |Ay? = [UnUjs + UisUp|*. (3.4.5)

The interference term arises from the cross-product
2Re (UilUj?)Ul’EU;l) y
which may be positive or negative depending on the relative phases of the matrix

elements.

For the ideal symmetric 4x4 unitary

where H,,, = =£1 is the normalized Hadamard matrix, each element satisfies
|Uppn|?> = 1/4.

Evaluating Eq. (3.4.5) yields two distinct classes of coincidence outcomes:

¢ Enhanced pairs (constructive interference):

pind _ 3
K 16

e Suppressed pairs (destructive interference):

, 1
ind __
Pt =16
Thus, the multiport produces a non-uniform coincidence landscape: certain
detector pairs exhibit increased probability relative to the classical case, while
others are suppressed. This structured redistribution of coincidence events

constitutes the multiport generalization of the HOM effect.

3.4.3 Distinguishable Photon Case

When the photons are fully distinguishable (e.g., large temporal delay), the
interference term vanishes. The coincidence probability reduces to the incoherent

sum of independent alternatives:
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P5™ = |UnUsl* + [UnUsl”. (3.4.6)
For the symmetric unitary, each term contributes 1/16, yielding

. 1
dist __
pist — — (3.4.7)

8 )
independent of the detector pair (i, 7).

The distinguishable-photon case therefore produces a uniform coincidence
distribution across all output pairs. This flat distribution serves as the classical
baseline for visibility calculations. The HOM visibility for a given detector pair,

introduced before in Eq. 2.3.11, is now written as

dist ind
_ BT

Vi = Pt (3.4.8)
ij
For suppressed channels,
1/8—1/16 1
Vii= "5 — =75
1/8 2

while enhanced channels exhibit negative visibility of the same magnitude,

reflecting constructive interference.

The plot in Fig. 3.4.1 shows the simulated coincidence probabilities for two
indistinguishable photons passing through a 4 x 4 BS, exhibiting characteristic
bunching (dips) and anti-bunching (peaks) behavior. The Gaussian envelope in
the plot models the temporal overlap of the photon wave packets, which governs
the visibility of these interference effects and directly determines the photons’

degree of indistinguishability.

In summary, the symmetric 4x4 multiport transforms the standard HOM dip
into a structured interference pattern characterized by analytically predictable
coincidence probabilities of 3/16 and 1/16 for indistinguishable photons, compared
to a uniform 1/8 distribution in the distinguishable limit. This theoretical structure
provides the quantitative benchmark for the experimental measurements presented
in Chapter 4.
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Figure 3.4.1: Simulated multiport HOM interference for different output pairs.
Suppressed channels (destructive interference) exhibit dips, while enhanced
channels (constructive interference) exhibit peaks, reflecting the coexistence
of negative and positive interference contributions in a symmetric multiport
transformation. The curves are normalized such that the distinguishable-photon
baseline is set to Pyisy = 1, enabling direct comparison of visibilities across channels.
In the physical 4 x 4 system, these correspond to B‘?}St = 1/8, Piig»d = 1/16
(suppressed) and 3/16 (enhanced). Visibilities are set to distinct values for clarity.
In the ideal symmetric case, suppressed pairs have V = +1/2 and enhanced pairs
have V = —1/2 relative to the uniform classical baseline P4t = 1/8.

3.4.4 Fisher information for coincidence measurements

The sensitivity of HOM interference to temporal delay can be rigorously quantified
using the Fisher information framework (see Sec. 2.3.7). For a binary detection
outcome (coincidence or no-coincidence) in output channel (k,[), the Fisher

information for estimating the delay 7 is

o 1 dpkl(T) 2
Fkl(T) = Pkl(T) [1 — Pkl(T)] ( d’T ) . (349)

The coincidence probability as a function of temporal delay is

Pyu(7) = PE[1 — Vi G(7)], (3.4.10)



3.4. Theoretical Model of Two-Photon Interference in a 4x4 Multiport 37

Dip 1 (V=1.0)
= = Dip2(v=0.9)
—===Dip 3 (V=0.8)
........ Dip 4 (V=U.7)
Peak 1 (V=-1.0) |
— = Peak 2 (V=-0.85)

ar
o

05

Fisher information F(r)

0.5

Temporal delay

Figure 3.4.2: Fisher information as a function of temporal delay for the simulated
multiport HOM interference from Fig. 3.4.1.

where V}; is the effective visibility (positive for dips, negative for peaks) and

G(1) = exp(—7%/202) is the Gaussian envelope set by the photon coherence time

or.
Substituting Eq. (4.3.1) and evaluating the derivative yields

: 21,9 72 _;2/52
(PI?ZISt) Vkl;?GT/UT

F; = - - .
kl(T) [PlgllSt(l _ Vkle—T2/2072.)] [1 _ P}SllSt(l _ Vkle—TQ/chE)]

(3.4.11)

The Fisher information vanishes at 7 = 0 — despite the coincidence rate being
extremal there — because dP/dr = 0 at the dip center. It is maximized at a finite
delay corresponding to the steepest slope of the interference curve, as illustrated
in Fig. 3.4.2. Maximizing the leading factor 72¢~7"/°% gives the optimal operating
point

Topt & E0, (3.4.12)

i.e., the highest sensitivity is achieved when the relative delay equals one photon

coherence time.
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3.5 Experimental Implementation

This section describes the experimental realization of the 4x4 multiport
interference platform. The objective is to implement the theoretical model
developed in Section 3.4 under controlled and stable laboratory conditions, enabling

precise measurement of two-photon interference and inter-core temporal offsets.

The experimental platform integrates three main subsystems: (i) a pulsed photon-
pair source based on spontaneous parametric down-conversion (SPDC), (ii) a
Mach—Zehnder-type interferometer (MZI) in which a multicore fiber implements a
fixed four-mode unitary transformation, and (iii) a time-resolved single-photon
detection and coincidence analysis stage. Together, these subsystems form a
coherent architecture for investigating two-photon interference in a multiport

linear optical network.

3.5.1 Photon-Pair Source

Photon pairs are generated via Type-II spontaneous parametric down-conversion
in a periodically poled potassium titanyl phosphate (PPKTP) crystal, as shown
in Fig. 3.5.1. The nonlinear interaction is driven by a mode-locked Ti:Sapphire
ultrafast laser (Mai Tai One Box) operating at a central wavelength of 775 nm
with a repetition rate of 80 MHz and a maximum average output power of
3 W. In practice, the pump power delivered to the nonlinear crystal is on the
order of 100 mW. The beam is routed through a set of mirrors and polarization
optics, including polarizing beam splitters (PBS) and wave plates, allowing precise
attenuation and control of the transmitted power. Additional coupling losses
in free-space and fiber stages further reduce the optical power incident on the
crystal. This controlled attenuation ensures operation in the spontaneous regime
(pair-generation probability per pulse p < 1), suppressing higher-order multi-pair

emission while maintaining stable coincidence rates.

In the low-gain regime, the SPDC process produces photon pairs satisfying energy
conservation [150, 151],

Wp = Ws + wj, (3.5.1)
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Figure 3.5.1: SPDC source.

with degenerate emission at 1550 nm. The biphoton state can be written as
) 100+ [ dsd s, 1)l w2)al @] 0) (352)

where f(ws,w;) is the joint spectral amplitude determined by the pump envelope

and phase-matching function.

After generation, residual pump light is removed, and the orthogonally polarized
signal and idler photons are separated using a PBS. Spectral filtering and single-
mode fiber coupling are employed to improve spectral purity and spatial mode

overlap, which are essential for high-visibility two-photon interference.

3.5.2 Mach—Zehnder-Type Multicore Interferometer

The interferometric stage is formed by directing the signal and idler photons
into two spatially distinct arms prior to injection into the multicore fiber. This
configuration is equivalent to a Mach—Zehnder interferometer, where the MCF acts

as the recombination element implementing a four-mode unitary transformation

UeUM) 152

A variable optical delay line in one arm introduces a controllable temporal offset
T between the photons. Temporal overlap is achieved when 7 = 0, enabling HOM

interference within the MCF network.

By scanning the relative delay 7 and assuming Gaussian spectral profiles, two-

photon interference curves are obtained:

cr-cafi-vew (-] 553

where V' is the measured visibility and o is related to the photon coherence time.
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The interferometer therefore serves both as a platform for multiport quantum
interference and as a sensitive probe of spectral purity, temporal overlap, and

differential propagation effects within the multicore device.

3.5.3 Single-Photon Detection and Timing Electronics

The output modes of the multicore interferometer are monitored using
superconducting nanowire single-photon detectors (SNSPDs) optimized for
1550 nm operation [153]. SNSPDs provide high system detection efficiency,
low dark count rates, and timing jitter typically below 100 ps, enabling high

signal-to-noise ratio coincidence measurements.

Detection events are amplified and recorded using a time-tagging module with
picosecond resolution. Operating in free-running mode, the SNSPDs allow

continuous acquisition without gating synchronized to the pump laser.

Coincidences between detector pairs are identified within a temporal window At,

and the coincidence rate is computed as

Ry = -2, (3.5.4)

where NN;; is the number of coincidence events detected during integration time 7'.

Accidental coincidences arise primarily from multi-pair emission and scale
approximately as
Race < Rp*nim;, (3.5.5)

with R = 80 MHz the repetition rate. Because SNSPD dark count rates
are negligible compared to true coincidence rates, accidental contributions are

dominated by higher-order SPDC events.

3.5.4 Integrated System Operation

A schematic representation of the complete experimental system is shown in
Fig. 3.5.2. The diagram is organized from left to right, following the propagation
of the optical field. The complete experimental system operates as a unified two-
photon interferometric platform. The photon-pair source defines the spectral and

temporal properties of the quantum state; the Mach—Zehnder-type interferometer
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controls relative arrival time and spatial mode mixing; and the SNSPD-based

detection stage resolves output correlations with sub-coherence-time precision.

: : Twin Photons
\
SPDC source ’ oo SMF
v @1550nm .
'

1
Pulsed Laser . B
@775nm T TTTTTTTTTTTTT

Analysis

Figure 3.5.2: Pulsed 775 nm light from a Mai Tai One Box pumps a nonlinear
crystal to generate Type-II SPDC photon pairs at 1550 nm. After polarization
separation and relative delay control 7, photons are injected into a multicore fiber
implementing a four-mode unitary transformation. Output modes are detected by
SNSPDs, and time-tagged coincidences yield two-photon interference patterns.

By scanning the temporal delay and recording coincidence rates across different

output port combinations, the experiment provides quantitative access to:
e photon indistinguishability via HOM visibility,
e symmetry and fidelity of the implemented unitary transformation,
e sensitivity to differential propagation delays within the multicore fiber.

This architecture enables controlled investigation of multiport quantum
interference and establishes the experimental foundation for subsequent

characterization and metrological analysis.

Summary

In this chapter, we have established a comprehensive framework for implementing
stable multiport quantum interference using multicore optical fibers. Motivated by
the need for scalable and phase-stable interferometric architectures, we introduced
multicore fibers as a natural platform for coherently manipulating multiple spatial

modes within a compact and environmentally robust structure.

We first described the physical principles underlying weakly coupled multicore
fibers, emphasizing their ability to provide parallel single-mode channels with

strong common-mode stability. The presence of residual differential group delay
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between cores was identified as a key physical parameter, setting the stage for its

characterization through quantum interference techniques.

Building on this architecture, we introduced the 4 x 4 multicore fiber beam splitter
as the central interferometric element of the platform. Using coupled-mode theory,
we showed how controlled evanescent coupling within a finite interaction region
gives rise to a well-defined unitary transformation. In the symmetric regime, this
transformation approximates a balanced multiport operation, enabling uniform

amplitude redistribution across spatial modes while preserving quantum coherence.

We then developed a theoretical model for two-photon interference in the
multiport device, extending the Hong—-Ou-Mandel formalism to a four-mode
system. The analysis revealed a structured coincidence landscape characterized
by enhanced and suppressed detection probabilities, arising from the coherent
superposition of indistinguishable two-photon paths. This behavior constitutes
a direct generalization of the HOM effect and provides a sensitive probe of
both photon indistinguishability and the symmetry of the implemented unitary

transformation.

Finally, we described the experimental implementation of the platform, integrating
a pulsed SPDC photon-pair source, a Mach—Zehnder-type interferometric
configuration, and high-efficiency single-photon detection. This system enables
precise control of temporal overlap and direct measurement of multiport
interference patterns, establishing a robust experimental basis for quantitative

analysis.

Overall, the multicore fiber platform developed in this chapter provides a scalable,
stable, and fiber-integrated approach to multiport quantum interference. The
combination of intrinsic phase stability, controlled mode mixing, and sensitivity to
temporal delays makes this system particularly well suited for precision metrology

applications.

In the following chapter, we exploit these properties to perform high-precision
measurements of inter-core skew, using multiport Hong—Ou-Mandel interference

as a sensitive temporal probe.
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Chapter 4

Sub-picosecond Inter-core Skew
Characterization in Multicore Fibers

via Hong—Ou—Mandel Interference

4.1 Introduction

Multicore fibers (MCFs) have emerged as a key enabling technology for next-
generation optical communication systems and quantum photonic networks,
offering a scalable route to increased capacity through space-division multiplexing
(SDM), while simultaneously enabling the distribution of quantum states across

spatially distinct channels within a single cladding [11, 22].

In classical optical communications, MCFs support petabit-class transmission [157],
joint-core coherent detection, and radio-over-fiber applications requiring precise
timing synchronization across cores |15, |. Recent demonstrations include
submarine multicore systems [157], high-capacity long-haul links [158], and

advanced enabling components [159].

In the quantum domain, the shared cladding of MCFs provides intrinsic phase
stability, enabling high-dimensional entanglement distribution [160), |, parallel
quantum channels [162, |, and integrated multiport photonic circuits |21,

|. Additionally, correlated noise across cores has enabled sub-femtosecond

stabilization in quantum networks [164].
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A key parameter limiting performance in both classical and quantum applications is
the inter-core skew (ICS), defined as the differential group delay (DGD) between
signals propagating in different cores. ICS arises from variations in effective

refractive index, stress-induced birefringence, and environmental perturbations.

In SDM systems, ICS increases digital signal processing complexity and degrades
joint-core processing [155, 150], while in quantum systems it introduces temporal
distinguishability, reducing interference visibility. Importantly, ICS does not
accumulate deterministically; instead, it is dominated by stochastic variations [165],

making accurate measurement essential.

Conventional measurement techniques such as correlation optical time-domain
reflectometry (C-OTDR) [166, | and white-light interferometry [168, |
are limited to resolutions of 10-20 ps. These are insufficient for sub-picosecond

applications.

In this chapter, we demonstrate that two-photon Hong-Ou-Mandel interference |7]
in a fiber-integrated 4 x 4 multiport beam splitter provides ICS measurement with
a demonstrated precision of +0.11 ps and a fundamental Cramér—Rao precision
limit in the femtosecond range. We use photon pairs from spontaneous parametric
down-conversion (SPDC) through a commercial four-core fiber (Fibercore SM-
4C1500(8.0/125)/001) and a fiber-integrated MCF beam splitter [125]. The
position of each HOM dip or peak directly encodes the differential group delay
between a core pair; Gaussian fits across all twelve input combinations yield
the complete ICS profile, and the root-mean-square skew over lengths from
7.7m to 1300 m provides the first direct multi-length validation of the expected
o, x VL scaling. HOM interferometry requires no phase stabilization—the
coincidence dip depends only on the second-order temporal envelope, immune to
first-order path fluctuations [169]—making it robust for measurements through
long installed fibers where classical interferometric methods would require active
stabilization [170, 63]. It is precisely this phase-insensitivity that enabled the
multi-length scaling demonstration reported here: perturbation-sensitive classical
methods are impractical for long installed fibers, and prior ICS measurements
have not fitted the v/L dependence across a range of fiber lengths [12].
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4.2 Inter-core Skew: Physical Origin and Scaling

4.2.1 Definition and Physical Interpretation

Inter-core skew quantifies the temporal delay difference between optical signals
propagating through different cores of an MCF [12], as illustrated in Fig. 4.2.1.
ICS originates from core-to-core variations in group velocity arising from small
structural or refractive index differences between cores, stress-induced birefringence,

and environmental perturbations such as bending or temperature fluctuations [171].
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Figure 4.2.1: Illustration of ICS accumulation in a MCF. Identical pulses propagate
(here from left to right) through different cores of the MCF. Because both pulses have
the same frequency spectrum, any accumulated differential delay arises solely from
core-dependent group velocity variations.

A signal propagating through core k of an MCF of length L accumulates an
absolute group delay

L
m(L) = =2, (4.2.1)

where ng, is the group refractive index of core k, and c is the speed of light in

vacuum. The ICS between cores j and k is the difference of these absolute delays,

Tp(L) = (L) ~ (L) = Z(ngy ). (122

Note that 7j; = —7;; throughout this chapter we report the magnitude |7;;|.

4.2.2 Stochastic Accumulation and Random-Walk Model

A purely deterministic refractive-index mismatch would produce an ICS scaling

linearly with L. Experiments consistently show that this simple scaling is
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not observed [165]. Rather, ICS is dominated by stochastic, spatially-varying
imperfections that produce local positive and negative contributions to the
differential delay. Lee et al. [105] found that splicing rotations designed to
cancel ICS were unsuccessful, providing direct evidence of the random character

of ICS accumulation.

This behavior can be modeled by treating each absolute delay as a one-dimensional
zero-mean random walk along the fiber. The pairwise difference 7, = 7; — 7, is

then itself a zero-mean random walk whose RMS grows as
o-(L) = rVL, (4.2.3)

with & the intrinsic ICS coefficient of the fiber (units: ps/v/km). This square-root
scaling is formally analogous to the random-walk model of polarization mode
dispersion (PMD) in single-mode fibers [172, 173, 171], and is consistent with ICS
measurements reported in homogeneous MCFs [12], though a direct multi-length

fit to the scaling law had not previously been demonstrated.

4.2.3 Measurement Strategy

To go from pairwise delays to the RMS ICS, we use the fact that a four-core
fiber there are (;1) = 6 unordered core pairs. For each pair (j, k) we perform
measurements with both input orderings, yielding two delay-stage positions d;y,
and dy; (12 ordered measurements in total). Taking the half-difference (Eq. 4.2.7)
cancels the common arm imbalance ¢ (see below) and gives the 6 unsigned ICS

magnitudes |7;;|, one per unordered pair. Their RMS,

1
o-(L) = /6 Z | 7], (4.2.4)
{4k}

characterizes the spread of delays across the core ensemble at length L. The
measured RMS also includes a fixed, length-independent contribution from single-
mode fiber pigtails and fan-in/fan-out connectors at the interferometer inputs.
We therefore fit

o-(L) = kWL +e¢, (4.2.5)

where ¢ is a length-independent offset and k provides an intrinsic, setup-

independent measure of fiber-induced ICS.
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To extract the ICS estimate, we must cancel out the offsets due to arm-length
differences. Let the two SMF interferometer input arms have fixed delays d;
and dy; arising from different SMF pigtail lengths, and define the arm imbalance
0 = i1 — d1. Let the delay stage position be d (in arm I). For input pair (j, k),
the HOM dip appears at delay position dj; satisfying

or + djg + 75 = o + T, (4.2.6)

giving d;; = 0+7;,. Swapping inputs gives dy; = d — 7. Taking the half-difference

eliminates §:
dj, — d;
—

This is the ICS extracted for each of the 6 unordered core pairs using both input

(4.2.7)

Tik =

orderings. The sum d;; + di; = 20 provides a consistency check on the arm

imbalance.

4.3 Multiport HOM interference in a 4 x 4 beam
splitter

4.3.1 Coincidence probability and Visibility

In the HOM experiment we use a 4 x 4 multiport beam splitter, which implements
a unitary transformation well-described by a normalized 4 x 4 real Hadamard
matrix |1 25]. The input photon creation operators dL transform to output operators
ISZT =>, Ulkd,t, where the Uy, = £1/2, as seen in Chapter 3.

For two photons in input modes ¢ and j with relative delay 7, the coincidence

probability between output ports k& and [ is
Pu(r) = Pg™[1 = Vu G(7)], (4.3.1)

where V4, is the effective channel visibility and G(7) = exp(—7%/202) is the
Gaussian envelope set by the photon coherence time o,.. The sign of Vj, is
determined by the relative signs of the Hadamard matrix elements for ports k
and [: channels for which Uy;U;; and Uj;Uy; share the same sign give destructive

interference (bunching dip, Vi, > 0); opposite signs give constructive interference
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(anti-bunching peak, V}; < 0). For a Fock-state input the ideal visibility magnitude
is |Viu| = 1 for both types.

4.3.2 Extraction of ICS from HOM Dips

In the presence of ICS, a differential group delay 7;; between the two input
cores shifts the HOM feature center by exactly 7, along the delay axis without
altering its shape or width. ICS therefore extracted from the position of the dip
or peak, making the method somewhat insensitive to loss imbalance, spectral
distinguishability, or multi-photon noise, which affect visibility but not center
position. Performing HOM measurements for all 12 input core-pair combinations

yields the complete differential delay profile of the fiber.

4.4 Precision limits

In this experiment 7, is unknown and can be much larger than the dip width o,
so the measurement is performed by scanning the delay stage and locating the dip
center by Gaussian fitting. The precision limit of center estimation for a Gaussian
profile is set by the Cramér—-Rao bound (CRB) [171]. As seen in Sec. 2.3.7, for

binary coincidence trials, the Fisher information is

o 1 del(T) 2
Fkl<7—> = Pkl<7'> [1 — Pkl(T)] ( dT ) . (441)

Since the delay 7j; is located by accumulating data over different delay positions,
the total Fisher information is obtained through the integral Zp = ffooo Fr(u) du,
which holds since the scan range R > o, and the step size is much smaller than
o, [L71, 175]. Substituting the Gaussian dip model Eq. (4.3.1), the scan CRB for

locating the dip center with N total coincidence counts is |1 7]

o,

V Neff JF7

where Neg = N o, /R is the effective count density within one dip width and

ATCRB = (442)

Jr = 0. Zr is a dimensionless shape factor. Narrower dips (broader photon
spectrum) improve precision by reducing o, and Jr o< V2, so higher visibility
monotonically improves precision. For the SPDC measurements reported here, the

scan range is R = 1.8 ps and coincidence counts per scan range from N =~ 1.5 x 10°
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to 3.5x10°, giving effective count densities N/R ~ 8 x10% to 2x10° ps~!. Summing
over all six output pairs with V = 0.92 and o, ~ 0.25 ps, the per-channel Cramér—
Rao bound ranges from 0.93 to 1.94fs. The conservative precision estimate
of £0.11 ps reported below is thus about two orders of magnitude above the
fundamental quantum limit, which could be approached with more precise delay
control. We note that the demonstrated £0.11 ps precision is more than adequate
for the random-walk scaling measurement reported in Section 4.6; the Fisher
information analysis motivates future experiments targeting the femtosecond

regime.

4.5 Experimental implementation

4.5.1 Photon-pair source and interferometer

The experimental setup is shown in Fig. 4.5.1. Photon pairs were generated via
type-II SPDC in a periodically poled KTiOPO, (PPKTP) crystal pumped by
a mode-locked laser at 775 nm with repetition rate f., = 80 MHz and ~ 70 mW
average power. Degenerate photon pairs centered at 1550 nm were separated by
a polarizing beam splitter (PBS) and spectrally filtered by a 30 nm interference
filter (IF) before coupling into single-mode fibers (SMFs).

The photons were routed through a modified Mach-Zehnder interferometer (TPI)
with a variable free-space delay line providing up to 15 mm path difference (= 50 ps).
Both photons were injected into the MCF of length L via the MUX and then sent to
interfere in the MCF-BS. To study ICS as a function of length, the measurement
was repeated for six separate fiber segments (L = 7.7,12.7,49.7,72.7,114.7,
and 187.7m); each segment is an independently handled cut of Fibercore SM-
4C1500(8.0/125) /001 four-core fiber [176] with a square core arrangement, 50 pm
nominal core spacing, 125 um cladding diameter, and mode field diameter of
7.4-8.5 ym at 1550 nm (single-mode operating window 1520-1650 nm). Inter-core
crosstalk during propagation is negligible, so that mode mixing occurs only in the

engineered beam-splitter coupling region.

The multiport beam splitter is a 4 x 4 MCF-BS implementing the unitary
Hadamard transformation via evanescent coupling between the four cores over a

finite interaction length, as described and characterized in Refs. [125, |. Input
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a) SPDC photon-pair source
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Figure 4.5.1: a) Experimental

setup for HOM interference using SPDC source.

The photons are coupled into SMFs, separated by a variable delay 7, and injected
into the four-core MCF via a FAN-IN. Coincidence counts are registered by

SNSPDs and an FPGA. b) Experi

laser source. Additional optical
details.

imental setup for HOM interference using a weak
delay lines were added. See text for additional
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and output cores are interfaced via fiber-optic MUX and DEMUX fan-in/fan-out

devices, as shown in Fig. 4.5.1.

The four output modes were detected by superconducting nanowire single-photon
detectors (SNSPDs). Coincidence events were registered by an FPGA counting
system. For the pulsed SPDC source, accidental coincidences accumulate at the
rate Racc = (R4 - Rp)/ frep, Wwhere R4 and Rp are the single-channel detection
rates. Accidentals have been subtracted from all SPDC data.

The ~ 100 ps delay range sets a practical upper bound on observable ICS: core
pairs whose differential delays exceed this limit will not show an HOM feature
within the scan. This explains the progressive reduction in visible dip/peak
combinations at longer fiber lengths (Section 4.6). The delay line was extended to
> 10cm (> 670 ps) to enable measurements at the longer installed fiber lengths

at the cost of increased losses; results are reported in Section 4.6.

4.5.2 Bimodal pulsed laser source for long installed fibers

For the field-installed 1300 m fiber segment, ICS is still measured via HOM
two-photon interference, but using a pulsed laser source in place of SPDC.
This substitution is necessary because the SPDC source becomes impractical
at this length due to channel losses, which are large and dominated not by fiber
propagation but by MCF-to-MCF connectors and splices. The bulk of the 10.70 dB
of channel loss arises from butt-coupled MCF connectors (individual insertion
loss 0.3-3.1dB, requiring manual rotational alignment of the square core pattern
before each connection), fusion splices, and the DEMUX fan-out. For SPDC, both
photons must survive their respective arms independently, so a per-arm loss of
~ 11dB reduces coincidence rates by a factor of ~ 160, making measurements

impractical.

The setup is shown schematically in Fig. 4.5.1(b). A single ~300 ps telecom laser
pulse is split at the SMF coupler into two arms; both arms traverse the MCF
under test (one per core), accumulate the inter-core delay 7, and recombine at
a second SMF coupler acting as the HOM beam splitter. The two outputs are
detected by InGaAs SPADs triggered by the function generator driving the laser
at frep = 1 MHz.

The laser has a multi-mode longitudinal mode structure visible as a sinusoidal



52 4.5. Experimental implementation

beating of the fast single count oscillations along the delay axis. The beat period
is Theat ~ 10ps, corresponding to a mode spacing ov ~ 100 GHz (~ 0.8 nm at
1550 nm).

Two-photon decomposition and the 50% visibility ceiling. The physics
of this measurement is most clearly understood by considering the two-photon
component of the coherent pulse, which dominates the coincidence signal. When
a two-photon pulse is split at the input 50 : 50 coupler, two outcomes are equally
likely: (i) one photon takes each arm (probability %), leading to standard HOM
interference at the output coupler; (ii) both photons take the same arm (probability
1), forming a [2,0) or |0,2) state that produces NOON-state interference at the
output coupler with fringe period A\/2 ~ 775nm in path length. The coincidence
probability is a combination of both contributions: Peyinc(T) = %PHOM(T) +
%PNOON(T). The NOON fringes oscillate at period A/2 ~ 775nm, sensitive to sub-
wavelength optical path fluctuations. Ambient thermal and mechanical drifts
during the ~ 30s integration at each delay point cause path-length excursions
of several micrometers, sweeping through multiple fringe cycles and averaging
the NOON contribution to its mean: (Pyoon) = % The HOM envelope width
o,c ~ 120 um is four orders of magnitude larger than A/2, so the same drift is
entirely negligible for the HOM term. The measured coincidence rate therefore

becomes

1

Ru(r) = R[5+ 5 (0= Guouln)| = B [1= 3 Guow(r)] . (45.)

1
2

where Growm(7) is the HOM envelope (Gaussian modulated by the bimodal beats).
The maximum visibility is therefore Vj,.x = 50%, and is unchanged by the bimodal

spectrum. The bimodal beats enter through Growm(7):

T 72
G T) = COSQ( ) exp| — , 4.5.2
Hom(7) T 202 (4.5.2)

where opyse = 127 ps for a transform-limited ~ 300 ps pulse. The ICS between

a core pair shifts the entire pattern by 7;;,. In practice, a coarse delay scan is
first performed to identify the beat period at which fringe visibility is maximum,
locating 7j; to within ~ Tiea. A fine-step scan is then performed over a single

beat period centered on this maximum, and a fit to the cos? envelope of Eq. (4.5.2)
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extracts the fringe-center position, giving 7;, with an effective precision o ~

Theat /2T = 1.6 ps, far below the ~300 ps pulse width.

The laser power is adjusted so that link attenuation reduces the mean photon
number to peg =~ 0.5 photons/pulse per arm at the detectors, the regime where
the two-photon decomposition above applies. This corresponds to Ry ~ Rp ~
50 000 cps per detector and Ruine =~ 2600 cps, regardless of which link is under test.
We note that here the same connector losses that render SPDC impractical thus

serve as a natural attenuator. Dark-count accidentals (<0.01 cps) were negligible.

We therefore present two complementary measurement regimes: (A) short
laboratory fibers (7.7-187.7m) using SPDC photon pairs and (B) long field-
deployed fibers (1300 m) using the pulsed laser.

4.6 Results and discussion

4.6.1 Multiport HOM interference, visibilities, and dip-

center extraction

As an example of the extracted data using HOM interference of SPDC photon
pairs, Fig. 4.6.1(a) shows coincidence rates for a L = 12.7m MCF segment and
one input core-pair combination (as,as) as a function of relative delay 7. The
coincidence curves display the characteristic multiport HOM landscape: four
output pairs (AC, AD, BC, BD) show bunching dips and two pairs (AB, CD)
show anti-bunching peaks, in quantitative agreement with the predictions for the
Hadamard transformation described in Section 4.3. The dip-center positions are

extracted by fitting each coincidence curve to a Gaussian,

y= a+bexp(—M), (4.6.1)

2
202

where d gives the dip-center delay, o, is the width, b is the amplitude, and a is
the baseline. The visibility is V' = |b|/a, and the center position d is insensitive to

visibility degradation from loss or spectral effects.

As shown in Fig. 4.6.2, the Fisher information exhibits pronounced peaks at delay

values corresponding to the steepest regions of the HOM interference curves, where
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Figure 4.6.1: HOM interference data. (a) Normalised coincidence counts for all
six output pairs as a function of relative delay for a 12.7m MCF, input combination
as,aq, using the SPDC source. Solid lines are Gaussian fits. Statistical error bars are
smaller than the data points and not visible at this scale. Coincidence curves show
bunching dips (AC, AD, BC, BD) and anti-bunching peaks (AB, CD) as predicted by the
4 x 4 Hadamard transformation. Fit parameters and visibilities are listed in Table 4.6.1.
(b) Coincidence rate as a function of relative delay for the 1300 m installed fiber, input
combination as,ay4 for a single pair of outputs, using the bimodal pulsed laser source.
The modulated envelope reflects the cos? beat structure of Eq. (4.5.2); the solid line is a
fit used to extract 7j;.
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Figure 4.6.2: (a) Fisher information (FI) as a function of the relative delay for
all output channel pairs, along with the total FI (black line). The FI peaks at the
points of maximum slope of the HOM interference features, indicating optimal
sensitivity for delay estimation. (b) Corresponding Cramér-Rao bound (CRB) as
a function of delay for each channel pair and for the total FI. The minimum of
the CRB identifies the optimal operating points for precision measurements.
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Table 4.6.1: Measured Gaussian fit parameters of HOM interference for all six
output channel pairs, for inputs 3—4 in the L = 12.7m fiber. Uncertainties are
statistical fit uncertainties og; only; the delay-stage positioning uncertainty o, is

not included here (see text).

Channel | Type Visibility d (ps) or (ps)
AB peak | 0.823 £0.018 | 0.262 £ 0.007 | 0.247 + 0.006
AC dip | 0.947 +£0.023 | 0.261 £ 0.007 | 0.247 £+ 0.007
AD dip | 0.968 £0.019 | 0.267 £ 0.006 | 0.252 £ 0.006
BC dip | 0.903 £0.017 | 0.265 £ 0.006 | 0.251 £ 0.006
BD dip | 0.900 £ 0.018 | 0.266 £+ 0.006 | 0.251 £ 0.006
CD peak | 0.998 +0.021 | 0.264 + 0.007 | 0.250 4 0.006

Mean 0.92+0.06 | 0.264 £+ 0.001 | 0.250 4 0.002

the sensitivity to temporal variations is maximized. Conversely, the Cramér-Rao
bound, being inversely proportional to the FI, reaches its minimum at these same
operating points, indicating the highest achievable precision in delay estimation.
The combined contribution of all output channels significantly enhances the
total FI, leading to a substantial reduction of the global CRB compared to
individual channels. This demonstrates the advantage of multi-channel detection
in optimizing measurement sensitivity and approaching the fundamental precision

limits.

The FI computed directly from the experimental count data scales with the total
number of detected events; therefore, it is normalized by the total counts to
allow comparison with theoretical predictions. This yields an effective Fisher
information per event of F' = 0.66 £ 0.05 ps~2, which is consistent with the
expected 1/0? scaling for a coherence time of 0.25 ps, accounting for the reduction
due to non-unit visibility. This agreement indicates that the measurement operates
close to the coherence-limited regime. Correspondingly, the Cramér-Rao bound

sets a minimum achievable uncertainty of Arcgrp =~ 1/ V'F ~ 1.2 ps per event.

To illustrate the effect of ICS on two-photon interference, we present in Fig. 4.6.3
the full set of HOM measurements obtained for all 12 input channel pairs at a fixed
fiber length of L=7.71m. While high-visibility interference is observed in all cases,
the temporal position of the HOM dip varies systematically between different
channel combinations. This shift directly reflects differential group delays induced
by ICS, which accumulate over the fiber length and lead to relative temporal

mismatches at the beamsplitter.
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Figure 4.6.3: HOM interference measurements for all 12 input channel pairs at
a fixed fiber length of L=7.71m. Each curve shows the total coincidence counts as
a function of relative temporal delay. The displacement of the dip centers across
different channel combinations reveals the effect of ICS, which introduces relative
arrival-time offsets between photons propagating through distinct cores.

The fit data is shown in Table 4.6.1. The visibilities range from 82% to near 100%,
with a mean of V = 924 6% after accidental subtraction, close to the ideal |V| =1
expected for a Fock-state input. Deviations from ideal arise from residual photon
distinguishability, fan-in/fan-out asymmetries, and imperfect beam-splitter split
ratios. The mean coherence time o, = 0.250 + 0.002 ps confirms the expected
value from the 30 nm spectral filter. Gaussian fits of all six output channels yield

consistent dip-center positions (d = 0.264 4+ 0.001 ps), as expected since the dip
position depends only on the input core pair (Table 4.6.1).

We now quantify the uncertainty on these extracted values. The £0.002 ps fit
precision oy is the purely statistical uncertainty from averaging over six output
channels. The dominant contribution to the dip-position uncertainty is the delay-
stage positioning uncertainty o., = 0.15 ps, taken as a conservative upper bound
from the manufacturer-specified delay stability of the General Photonics VDL-002
delay line. These two contributions combine as o4 = (02, + 02,)"/? 2 0.15 ps for
each dip position, as listed in Table 4.6.2. Since the ICS is extracted via the
half-difference of two independent readings (Eq. 4.2.7), the propagated uncertainty
on each Ty is o, = Jd/\/§ ~ 0.11 ps. The demonstrated precision of +0.11 ps is
thus a consequence of the delay stage rather than photon statistics, and could

be substantially improved toward the femtosecond CRB with interferometrically
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calibrated delay control.

Table 4.6.2: Extracted HOM dip positions d;; for all 12 ordered input channel
pairs of the MCF at L = 12.7m and L = 49.7m. Uncertainties reflect o4 =
(02, + 02,)"/? ~ 0.15ps, dominated by the delay-stage positioning uncertainty.

The ICS for each unordered pair is obtained as 7;; = |d;; — d;i|/2.

Input pair | d;; (ps), L =12.7m | d;; (ps), L =49.7m
1-2 13.73 £0.15 31.57+0.15
1-3 16.22 +£0.15 12.67 £0.15
14 23.88 £ 0.15 6.62 £+ 0.15
2-1 23.98 £ 0.15 7.31 £0.15
2-3 21.40 +0.15 32.67+0.15
24 29.06 +0.15 60.51 +0.15
3-1 21.624+0.15 27.42+0.15
3-2 16.49 £ 0.15 38.63 +0.15
3-4 26.53 = 0.15 17.15£0.15
4-1 14.15£0.15 31.07+0.15
4-2 8.88 +£0.15 41.51 £0.15
4-3 11.30 £ 0.15 22.64 +0.15

The extracted dip positions d;; for all 12 input combinations for fibers with
L =127m and L = 49.7m are listed in Table 4.6.2. Each pair is measured in
both input orderings; the half-difference (Eq. 4.2.7) yields the ICS 7j;, given in
Table 4.6.3, along with propagated uncertainties and RMS values. The RMS ICS
increases from 12.20 £ 0.045 ps at 12.7m to 17.47 + 0.045 ps at 49.7 m, reflecting

the cumulative accumulation of inter-core skew with propagation length.

Table 4.6.3: Inter-core skew (ICS) magnitudes 7;,; = |d;; — d;;|/2 for each
unordered core pair at L = 12.7m and L = 49.7m. Individual ICS uncertainties
Oy = ad/\/§ ~ 0.11 ps; RMS uncertainty ogms = O‘Tjk/\/é ~ 0.045 ps.

Pair i-j | |7;| (ps), L =12.7m | |7;] (ps), L = 49.7m

1-2 10.25 £ 0.11 24.26 = 0.11

1-3 5.41£0.11 14.75£0.11

1-4 9.73+0.11 24.45+£0.11

2-3 4.91+£0.11 5.974+0.11

2-4 20.18 £0.11 18.99 £0.11

3-4 15.24 £0.11 5.49 £0.11
RMS 12.20 £ 0.045 17.47 £ 0.045
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4.6.2 Random-walk scaling of ICS with fiber length

Figure 4.6.4 shows the RMS ICS o,(L) as a function of v/L for fiber lengths L =
7.7,12.7,49.7,72.7, 114.7, 187.7 m measured with SPDC (regime A, Section 4.5.2).
At longer lengths, some core-pair combinations no longer exhibit HOM features
within the original delay scan range (/100 ps): 10 of 12 input pairs were observable
at L ="727m, 7 at L = 114.7m, and only 1 on an installed L = 187.7m fiber
(not shown). This is a direct consequence of ICS exceeding the TPI delay-line
range and is consistent with the xv/L scaling. To access these longer lengths it
was necessary to extend the free-space delay line, adding approximately —6 dB
of coupling loss per photon and providing a further practical motivation for the
pulsed-laser approach, which was used to test a field-deployed L ~ 1300 m fiber
(red data point). The shortest point at L = 7.7 m corresponds to the MCF fiber
contained within the MUX fan-in and MCF-BS devices. The data follow the
Eq. (4.2.5), confirming the stochastic random-walk model. A weighted linear fit

gives
k= 1.54 £ 0.08 ps/v/m = 48.7 + 2.5 ps/Vkm, c=9.764+1.2ps.

The value s = 48.7 ps///km is > 50 larger than typical PMD coefficients for single-
mode fiber (0.1-1ps/vkm), confirming that the measured effect is genuine inter-
core differential group delay rather than a polarization-related artifact. Expressed
as a skew per unit length, k = 48.7+2.5 ps/\/m corresponds to 0.049+0.003 ns/km
at L = 1km, consistent with reported ICS values of 0.06-0.2ns/km for other
four-core and seven-core fiber designs |17, |. The length-independent intercept
c = 9.76 ps is attributed to step-function ICS offsets at each butt-coupled MCF
connector junction, where independently manufactured fiber sections present a

fixed, random differential group-index mismatch.

While v/L scaling is expected for purely stochastic accumulation, finite sample size
or correlated perturbations may lead to deviations. To account for this, we also fit
a general power-law model o, (L) = A L%, which reduces to the stochastic case for
a = 0.5 and to deterministic linear scaling for « = 1. The exponent « is estimated
via weighted least-squares regression in log-log space, with weights defined from
propagated uncertainties, o, ; = o1cs;/(ICS; In 10), and additional down-weighting

applied to length points with fewer accessible core-pair combinations.
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Figure 4.6.4: Scaling of the ICSgyg as a function of fiber length L in log-log
scale for all measured lengths L. Experimental measurements (markers with
error bars) are fitted using Eq. (4.2.5) (dot-dashed pink line) and a weighted
power-law model ICS oc L® (solid blue line). The shaded region represents the
propagated uncertainty of the fit in log space. Reference scalings L%° (dashed
red) and L' (dotted black) are shown for comparison. A bootstrap resampling
analysis (N = 5000) yields a 95% confidence interval for v = 0.35 with a 95% CI
[0.21,0.57].The point estimate « is biased below 0.5 by the physical offset ¢ in the
underlying model (see text). Data at 1300 m were obtained using the bimodal
pulsed laser source (regime B; Section 4.5.2).

This procedure yields a point estimate o = 0.32, which should be interpreted
with care: the power-law model A L% contains no intercept, so when the true
behavior includes a physical offset ¢ # 0 (as in this case), the exponent is biased
toward lower values. This explains why the constrained v/L + ¢ model provides a
visually superior fit despite having the same number of free parameters. The data
are nevertheless well described by both models, with the power-law fit yielding a
higher goodness of fit (R? ~ 0.97) compared to the v/L + ¢ model (R? ~ 0.93).

To assess robustness, we perform a non-parametric bootstrap analysis (N = 5000
resampled datasets), obtaining v = 0.35 with a 95% confidence interval [0.21,0.57]
(percentile method), which includes the theoretical value o = 0.5. Therefore, the
null hypothesis of standard v/L scaling cannot be rejected at the 95% confidence

level.
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4.6.3 Comparison with classical ICS measurement methods

Table 4.6.4 contextualizes our results within the existing literature on ICS
characterization. The key comparison is in precision: C-OTDR achieves <20 ps
resolution after Gaussian fitting of the correlation peak [166], while our HOM
method achieves +0.11 ps from dip-center fitting, a factor of ~ 180 improvement
in demonstrated precision. The fundamental CRB for the measurements reported
here (per-channel values of 0.93-1.94 fs; Section 4.4) is more than four orders of
magnitude below the demonstrated precision, indicating that substantially greater

precision is in principle achievable with an improved delay calibration.

Table 4.6.4: Comparison of ICS characterization methods. Skew column definitions
vary by method. C-OTDR and cross-correlation entries give an average or maximum
|Tjk|/L per core pair. The HOM/SPDC entry gives the random-walk coefficient &
(units ps/v/km) from fitting the RMS over all six unordered pairs. The HOM/laser
entry gives the mean |7;,|/L averaged over all six unordered pairs (see note ¢). Direct
numerical comparison across rows is therefore qualitative. Precision: demonstrated
single-measurement resolution for each method. C-OTDR: correlation OTDR. WLI:
white-light interferometry.

Method Cores L Skew Precision Ref.
C-OTDR 7 10 km 0.18 ns/km <20ps [166]
C-OTDR 7 1km 1.2ns/km <20ps [166]
C-OTDR 19 5km 0.66 ns/km <20ps [166]
C-OTDR 19 25km 1.2ns/km <20ps [166]
MPS® 19 5km +300 ps (drift) ~ns [166]
WLI 4 short —b sub-ps [168]
WLI+splice” 4 — —b sub-ps [165]
Cross-corr.© 7 53.7km <0.5ns/km sub-ps [
Temp. OTDR 19 — +60ps/40K ~ps [179]
HOM/SPDC 4 7.7-187.7m kK = 48.7+2.5ps/vkm =+0.11ps; CRB~fs here
HOM //laser® 4 1.3km 0.049 ns/km (mean) 0.70 ps here

“MPS: modulation phase shift. Only one core can be measured at a time, so consecutive
measurements are separated by thermal drift of several hundred ps, preventing reliable
differential skew characterisation.

PWLI references characterize skew at fixed lengths or demonstrate stochastic accumulation
qualitatively; neither xk nor absolute skew magnitudes were reported.

¢Cross-correlation of 10 Gb/s OOK waveforms [12]. Skew entry is the maximum observed
|7k|/L (between the most disparate core pair); the mean over cores relative to the centre core
is ~100 ps/km for homogeneous MCFs. Precision applies to dynamic skew tracking; static
absolute delays are determined to ns-level accuracy.

dRotated-splice compensation fails, confirming that ICS accumulation is stochastic [167].
“HOM/laser skew is the mean |7;;|/L averaged over all six unordered core pairs at L = 1300m,
the metric most directly comparable to literature average-skew figures.

Fiber: Fibercore SM-4C1500(8.0/125)/001 for this work.
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Summary

We have demonstrated sub-picosecond measurement of inter-core skew (differential
group delay) in a commercially available four-core multicore fiber (Fibercore SM-
4C1500) using Hong-Ou—Mandel two-photon interference in a fiber-integrated
4 x 4 multiport beam splitter. ICS is extracted from HOM dip and peak center
positions across all twelve input core-pair combinations, with a demonstrated
precision of +0.11 ps per measurement, limited by the delay-stage positioning
uncertainty, and a fundamental Cramér-Rao bound in the femtosecond range that

could be approached with improved delay control.

The RMS ICS grows as o.(L) = (48.7 + 2.5ps/A/km)v/L + (9.76 + 1.2) ps over
lengths from 7.7 m to 187.7 m, providing the first direct validation of the stochastic
random-walk scaling of ICS in a four-core fiber across a length range inaccessible
to classical methods. Extension of the scaling curve to L = 1300 m using the
bimodal pulsed laser source is consistent with the v/L model, though a generalised
power-law fit cannot conclusively rule out sub-diffusive scaling with the current

dataset.

For classical SDM transmission, the demonstrated precision far exceeds
digital signal processing buffer requirements, enabling per-span ICS monitoring
compatible with deployed telecom infrastructure at 1550 nm. For quantum
networks, the ability to characterize ICS with sub-picosecond resolution enables
compensation of timing mismatch before it degrades photon interference in MCF-
based links, and the complementary pulsed-laser regime extends this capability to
field-deployed fibers with high channel loss. The Fisher information framework
established here provides a systematic basis for optimizing photon bandwidth, scan

parameters, and delay calibration to approach the CRB in future experiments.
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5.1 Introduction and Conceptual Roadmap

Device-independent quantum key distribution (DI-QKD) represents the most
stringent form of quantum cryptography: the secrecy of the generated key is
certified directly from observed measurement statistics, without requiring a detailed
and trusted model of the internal functioning of the devices used in the protocol
[180, 181]. Security is instead inferred from the violation of a Bell inequality |52,

|, which certifies the presence of nonlocal quantum correlations and bounds

the potential information available to an adversary.

The objective of this chapter is to bridge the abstract theoretical framework
of DI-QKD with its experimental realization [151]. We begin with a concise
overview of standard quantum key distribution protocols [155, | and motivate
the transition toward device independence [130]. We then introduce the minimal
theoretical framework underlying DI-QKD, including Bell inequalities [152, |

and entropy accumulation [151].

Subsequently, we analyze the experimental constraints and architectures required
for loophole-free implementations [157]|, with particular emphasis on event-ready
schemes and entanglement swapping [!5%], linear-optical Bell-state measurements,
and Hong—Ou-Mandel (HOM) interference as an operational resource |7]. Finally,
we review recent experimental demonstrations and discuss the challenges toward

scalable implementations |15, , 190].

5.2 Conventional QKD and Its Practical

Limitations

Quantum key distribution (QKD) enables two distant parties, conventionally
named Alice and Bob, to establish a shared secret key whose security is guaranteed
by fundamental principles of quantum mechanics [191]. Unlike classical key
agreement protocols, whose security relies on computational assumptions, QKD
can provide information-theoretic security against an adversary with unbounded
computational power. The central idea is that any eavesdropping attempt
necessarily disturbs the quantum states exchanged between the legitimate users,

leaving detectable traces in the observed statistics.
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QKD protocols can be broadly classified into two main categories: prepare-and-
measure protocols and entanglement-based protocols. While these approaches are
conceptually distinct, they are closely related at a theoretical level and can often
be shown to be equivalent under suitable assumptions, as formalized in security

proofs such as that of Shor and Preskill [192].

5.2.1 Prepare-and-Measure Protocols

In prepare-and-measure (P&M) QKD, Alice prepares quantum states according
to a prescribed ensemble and sends them to Bob through a quantum channel, who
measures them using randomly chosen measurement. The prototypical example is
the BB84 protocol, originally proposed by Bennett and Brassard [!55], in which
Alice encodes classical bits into non-orthogonal quantum states drawn from two
mutually unbiased bases. Bob measures each incoming state in one of these bases,
and after the quantum transmission, Alice and Bob publicly compare their basis

choices and retain only the events where they match (see Fig. 5.2.1).
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Figure 5.2.1: Quantum Key Distribution: Alice transmits photons to Bob through a
quantum channel with the raw key material and both use a classical channel for coordination and
authentication. A subset of measurement results is publicly compared to detect eavesdropping
through the observed error rate. If the error rate is below a predefined threshold, the remaining
data forms the sifted key. Error correction and privacy amplification are then applied to remove
discrepancies and eliminate any partial information an adversary may have gained, yielding a
shared secret key ready for encryption.

The security of P&M protocols relies on the impossibility of perfectly discriminating
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non-orthogonal quantum states. Any eavesdropping attempt introduces errors that
can be detected by estimating the quantum bit error rate (QBER). Subsequent
classical post-processing steps (error correction and privacy amplification) are

used to distill a shorter but secure secret key.

5.2.2 Entanglement-Based Protocols

Entanglement-based QKD protocols reformulate the key distribution in terms
of shared quantum correlations. In the seminal E91 protocol proposed by
Ekert |

perform measurements on randomly chosen bases. The correlations between their

|, Alice and Bob receive entangled particle pairs from a source and

outcomes are used both to generate a secret key and to test for the presence of an

eavesdropper, typically through the violation of a Bell inequality (BI).

From a conceptual standpoint, entanglement-based protocols emphasize the role
of nonlocal quantum correlations as a resource enabling secure key distribution.
They provide a natural framework for security proofs and form the basis for
more advanced schemes such as device-independent QKD, where security is
inferred directly from observed Bell violations rather than detailed device models.
Table 5.2.1 summarizes the main conceptual differences between P&M and
entanglement-based QKD protocols.

Table 5.2.1: Comparison between prepare-and-measure and entanglement-based QKD
protocols.

Feature

P&M

Entanglement-Based

Quantum resource

Single quantum states prepared by
Alice

Entangled quantum states shared by
Alice and Bob

Conceptual picture

State preparation and measurement

Measurement of shared correlations

Security principle

Disturbance of non-orthogonal states

Monogamy of entanglement and
nonlocal correlations

Eavesdropping
detection

QBER

Error rates and BI violation

Source location

At Alice’s station

Between Alice and Bob (possibly
untrusted)

Relation to DI-QKD

Indirect; requires device assumptions

Natural starting point for DI-QKD

Practical maturity

Widely deployed in commercial
systems

Increasingly mature; central for

advanced protocols

Although P&M protocols are currently the most widely implemented due to
their relative simplicity, entanglement-based schemes offer deeper insight into the
fundamental origins of QKD security and provide the conceptual and experimental

foundation for device-independent approaches. In the following sections, these
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ideas will be extended to scenarios where progressively fewer assumptions about

the quantum devices are required.

5.2.3 Limitations of Standard QKD and Motivation for

Device Independence

In its standard formulation, the security of QKD protocols relies on explicit
assumptions about the internal functioning of the quantum devices employed
in the protocol [193]. These assumptions typically include accurate models of
state preparation, measurement operators, and detector behavior. While such
assumptions are well justified in idealized theoretical descriptions, they become a

significant source of vulnerability in practical implementations.

A series of experimental attacks exploiting imperfections in realistic QKD devices
has demonstrated that deviations from idealized device models can be leveraged to
compromise security without contradicting the underlying theoretical framework
of standard QKD protocols. Examples include detector blinding attacks |[191],
time-shift attacks [195], and side-channel vulnerabilities [196], which collectively
highlight that implementation security can be as critical as protocol security.
As a consequence, closing the gap between theoretical security proofs and their
physical realizations has emerged as a central challenge in quantum cryptography,
motivating the development of approaches that reduce or eliminate trust in device

models.

DI-QKD addresses this challenge by radically reducing the trust placed in the
devices themselves. In DI-QKD, security is derived solely from the observation
of nonlocal correlations that violate a Bell inequality, together with the validity
of quantum mechanics and the assumption of no unwanted information leakage
from the laboratories. Importantly, the internal workings of the state sources and
measurement devices need not be characterized or trusted, as long as the observed

statistics are consistent with a loophole-free Bell violation.

This conceptual shift has profound experimental consequences. Unlike standard
QKD, where losses and inefficiencies can often be accommodated through post-
selection or fair-sampling assumptions, DI-QKD strictly forbids such practices.
Any post-selection based on detection events would open the detection loophole,

allowing classical correlations to mimic quantum nonlocality. Consequently, DI~
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QKD requires experiments capable of generating and measuring entanglement

with sufficiently high efficiency to close all relevant loopholes in a Bell test.

In photonic platforms, these requirements represent a particularly stringent
constraint. Photons are naturally well suited for long-distance quantum
communication, but their generation and detection are inherently probabilistic,
leading to significant losses. Overcoming these limitations requires experimental
architectures that go beyond direct entanglement distribution and instead rely
on heralded or event-ready schemes, in which successful trials are identified

independently of the measurement outcomes used to generate the key.

Therefore, DI-QKD is not merely a more conservative security framework layered
on top of existing QKD implementations. Rather, it constitutes a fundamentally
different experimental paradigm, where the design and characterization of the
physical platform, especially with respect to entanglement generation, detection
efficiency, and loophole-free Bell tests, are integral to the security of the protocol
itself. This perspective motivates the detailed examination of experimental DI-

QKD architectures presented in the following sections.

5.2.4 Measurement-Device-Independent Quantum Key

Distribution

Measurement-Device-Independent Quantum Key Distribution (MDI-QKD) was
introduced to eliminate all security loopholes associated with the detection stage,
which historically has been the most vulnerable component of practical QKD
implementations [197, |. While standard prepare-and-measure protocols such as
BB84 rely on trusted measurement devices at the receiver’s station [145], numerous
side-channel attacks, most notably detector blinding attacks, have demonstrated
that realistic detectors can be externally controlled without revealing discrepancies
in the observed statistics [199]. MDI-QKD removes this vulnerability by shifting
the measurement to an untrusted relay and proving security independently of the

internal functioning of the detection apparatus [197].

The conceptual foundation of MDI-QKD is time-reversed entanglement-based
QKD [197]. Instead of distributing entangled photon pairs from a central source
to two distant parties, Alice and Bob independently prepare quantum states and

send them to a central node, commonly referred to as Charlie (see Fig. 5.2.2).
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Figure 5.2.2: Typical MDI-QKD setup. Alice and Bob send out polarization
encoded weak coherent pulses to Charlie, who is supposed to perform partial
BSMs with a beam splitter (BS), polarizing beam splitters (PBS), and single
photon detectors.

Charlie performs a Bell-state measurement on the incoming signals and publicly
announces the measurement outcome. Crucially, Charlie is not required to be
trusted; the security proof treats the measurement device as a black box potentially
controlled by an adversary [197, |. Security is guaranteed as long as Alice’s and
Bob’s state preparation devices are well characterized and trusted [195]. To clarify
the hierarchy of trust assumptions across the main QKD paradigms, Table 5.2.2

summarizes the operational security models.

Table 5.2.2: Comparison of assumptions in different QKD protocols.

Protocol Trust Assumptions

BB&4 Trusted source and trusted detectors
MDI-QKD  Trusted sources; measurement devices untrusted
DI-QKD No trust in source or measurement devices

As we can see, MDI-QKD occupies an intermediate position between conventional

prepare-and-measure protocols and fully device-independent schemes [195].

In a typical implementation, Alice and Bob randomly prepare phase-randomized
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weak coherent pulses in complementary bases (e.g., Z and X bases in a BB84-
type encoding) and vary the mean photon number using the decoy-state method
[200, |. The decoy-state technique enables estimation of the single-photon
contributions to the key rate, which is essential because weak coherent pulses
contain multi-photon components that could otherwise be exploited by photon-
number-splitting attacks [200, |. Upon interference at Charlie’s station,
coincident detection events corresponding to successful Bell-state projections post-
select entangled correlations between Alice and Bob, even though no entangled

source was directly distributed [197].

Let @, denote the gain when Alice and Bob use intensities p and v, respectively,
and let E,,, be the corresponding QBER. By applying decoy-state analysis, one can
bound the yield Y7; and phase error rate elflf of the single-photon pair contributions

[197, |. The asymptotic secret key rate per pulse is then lower bounded by

R> 5y, [1 —h (eﬂl)} — Quufech (B, (5.2.1)

where S1; is the gain of single-photon pairs, h(z) is the binary entropy function,
and fgc quantifies the inefficiency of classical error correction. This expression
highlights that only the single-photon interference events contribute positively to
the secure key, while overall observed errors determine the classical leakage during

reconciliation [197].

Experimentally, MDI-QKD requires high-visibility two-photon interference
between independent laser sources [19%]. This imposes stringent constraints
on spectral indistinguishability, temporal synchronization, polarization alignment,
and phase stability. The central physical mechanism enabling security is Hong—
Ou-Mandel interference [7]: when two indistinguishable photons impinge on a
50:50 beam splitter, they bunch, leading to correlated detection events that herald
Bell-state projections. Imperfect indistinguishability directly reduces interference

visibility, thereby increasing the QBER and reducing the achievable key rate [195].

One of the most significant advantages of MDI-QKD is its natural suitability
for star-type quantum networks [195, |. Since the central measurement
node can be untrusted, multiple users can connect to a common relay without
compromising security. This architecture substantially lowers the security

requirements for intermediate infrastructure, making MDI-QKD particularly
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attractive for metropolitan-scale quantum communication networks. However,
compared to conventional QKD, the secret key rate typically scales less favorably
with channel loss because successful events require simultaneous detection of
photons from both users, leading to a quadratic dependence on transmission

efficiency [203].

From a conceptual standpoint, MDI-QKD represents an intermediate step
between standard QKD and fully Device-Independent QKD [195]. While it
removes all detector side-channel vulnerabilities, it still assumes trusted and
well-characterized state preparation devices. In contrast, DI-QKD aims to
certify security solely from Bell inequality violations without trusting either
preparation or measurement devices [150]. Nonetheless, MDI-QKD currently
offers a practical and experimentally mature pathway toward side-channel-resistant

quantum communication with rigorous composable security proofs [195].

5.3 Framework of Device-Independent QKD

5.3.1 Black-Box Model and the evolution of DI-QKD

The internal workings and security of the quantum devices involved in QKD
protocols are often faulty and vulnerable to quantum hacking. DI-QKD provides
cryptographic security without relying on any characterization of the internal
functioning of the quantum devices used by legitimate parties. Instead, security
is achieved through non-local correlations verified by BI violation, as shown in
Fig. 5.3.1.

We consider two distant parties, Alice and Bob, who interact with uncharacterized
devices modeled as black boxes. In each round ¢, Alice (Bob) chooses a classical
input ; € X (y; € V) and obtains a classical output a; € A (b; € B). The behavior
of the devices is fully described by the conditional probability distribution

p(ablzy), (5.3.1)

which is estimated from experimental data. In general, the correlations, or
behaviors are indicated as points p = {p(ab|zy)}ap., in the convex correlation
space characterized by the regions £L € Q C NS respectively for local and

realistic, quantum, and no-signaling behaviors, respectively. A BI violation
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Non-local Bell-test

Figure 5.3.1: DI-QKD and Bell’s Theorem — only by the observed correlations
p from two causal cones, the security of DI-QKD is tested by BI determining
if p & L (see Ref. [23], Chapter 2). Self-testing may also be possible, a time
retroactive process that infers the inputs z, y, p from p [204].

(p & L), classified as "strongly non-classical" [205], implies one of two possibilities,
or both: (1) a and b are determined only when observed; (2) a non-local influence
ensures that the key is established solely through interactions between trusted
parties. In either case, Eve cannot access the information without being detected

because any interference would deviate from the expected non-local correlations.
The minimal assumptions underlying DI-QKD are:

1. Quantum realizability: the observed correlations admit a quantum mechanical

realization.

2. No-signalling within a round: Alice’s (Bob’s) output is independent of Bob’s
(Alice’s) input.
3. Measurement independence: the inputs (z,y) are chosen independently of

the devices and any adversary.

4. Authenticated classical communication: public communication channels are

authenticated but not necessarily secret.

No assumptions are made regarding the Hilbert space dimension, state preparation,

measurement operators, or detector efficiencies.
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Fig. 5.3.2 shows the evolution of DI-QKD, from the BB84 and E91 protocol |!&0]
up to the formalization of theoretical techniques and the first implementations in
2022 [2006, 207, 208] (details in Fig. 5.3.3).

indistinguishable photons DIQKD robust to Loophole free Bl Multipartite DI-QKD Generalized EAT

i § ion- Marginal EAT
i i - trap, 2

single pgoltlctn devul:.e f Semi-DI security: coherent attacks inequall (1-3krlr5|:1tr0pyDl T [i:ch;)a(F’Z,ZOm)) entangled

ell inequality for - - m ¢
QK'D - N 4 ki QKD QRGN Accumulation _ emories
experiment post-quantum attacks MDI-QKD Nobel Prize on 420km

Shor’s algorithm Theorem (EAT) i

] o= 3

collective attacks (25kbit, 50km)~)
b m

J Bell exp.
19848991 94 00 05 07 10 11 12— i3 14 5 dicRIsNzoN 0 23 242025

=
= 8 br-ornG Randomness | 1S&M , L MDI-QKD DI-QKD (400m) e
QKD-BB84 DI-QKD-Eo1  Makarovetal, Amplification DI-QKD MDI-QKD (>1.5kbit, 404km) Resource theory routed Bell
hack QKD (0.1kbit, 200km) ~——CV-1SDI-QKD DI-QKD inequality

Figure 5.3.2: Timeline highlighting key events using a lamp and oscilloscope,
distinguishes theoretical and experimental contributions (MDI - measurement
device independent; 1S — One-sided; QRGN — Quantum random generator number;
CV- continuous variable).

Remarkably, the first successful implementation of DI-QKD was reached after
overcoming all the Bell test loopholes, highlighting the challenges in realizing
DI-QKD and its connection with BI experiments. Fig. 5.3.3 compares the current
experimental reach of DI-QKD - specifically, the distances of 2 m, approximately
200 m, and 400 m — with those achieved using MDI-QKD.

107
5 2025
10° 2023 1
10° 2021 1
7 1o B 229 0.100 L
- 0.010 E
% 103 0.001 .
D:E 10° 10_i1 ----- Y
g 10
10” 1076 ® |
o . 510 50100 500
0 200 400 600 800 1000
Distance [km)] [m]
(a) MDI QKD (b) DI QKD

Figure 5.3.3: Comparative Analysis of DI-QKD and MDI-QKD Experiments
— Fig. 5.3.3a encapsulates the progress in quantum communication distances
achieved through MDI-QKD implementations [209, , ; , , 18, ,
, , |. In contrast fully-DI-QKD in Fig. 5.3.3b at distances: 2 m
(yellow)[206], 20 m, 100 m, and 200 m (red)|[207], and 400 m (blue)[205].

Despite the challenges that lie ahead in terms of practical implementation and
scalability, as the technology readiness level [215] currently stands at 2-3 (concept
formulated /experimental proof of concept), with expectations to advance to level

4-5 in the coming years (technology validated in lab/relevant environment), the
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pursuit of DI-QKD continues to push the boundaries of what is possible for secure

communications.

5.3.2 Bell Inequalities and Entropy Certification

5.3.2.1 CHSH Inequality

Bell inequalities provide experimentally testable criteria to distinguish local from
nonlocal correlations [1582, 219]. Among them, the Clauser-Horne-Shimony—Holt
(CHSH) inequality plays a central role in DI-QKD due to its simplicity and
robustness 153, 220]. Defining the CHSH parameter

S = E(xo,y0) + E(xo, 1) + E(z1,90) — E(x1,11), (5.3.2)

where E(x,y) denotes the correlation function for measurement settings = and v,
local hidden-variable theories satisfy |S| < 2 [183]. Quantum mechanics, however,

allows violations up to the Tsirelson bound |S| < 2v/2 [221].

In the context of DI-QKD, the observation of a Bell inequality violation certifies
the presence of intrinsically quantum correlations that cannot be reproduced by
classical means 150, |. Importantly, this certification does not depend on the

internal details of the devices, but only on the measured statistics [222].

5.3.2.2 Entropy Accumulation

A defining feature of DI-QKD is the direct link between Bell nonlocality and
cryptographic security |50, |. A violation of a Bell inequality implies that the
measurement outcomes possess intrinsic randomness that is inaccessible to any

adversary, including one that may have partial or full control over the devices
used by Alice and Bob [220)].

Quantitatively, the observed Bell violation can be used to bound the min-entropy
of the raw key, which in turn determines the maximum information available
to an eavesdropper [220), |. Stronger Bell violations correspond to higher
certified randomness and larger achievable secret key rates. From an experimental
perspective, this establishes a direct connection between measurable quantities,

such as the Bell parameter S, and the performance of the DI-QKD protocol [150].

Critically, Bell violation implies a lower bound on the conditional entropy of
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the outputs given an adversary’s quantum side information [220, |. For
appropriately chosen key-generating inputs, one can bound the per-round

conditional min-entropy as
Houin(A|E) > £(5), (5.3.3)

where f(S) is a monotonically increasing function of the Bell violation [220)].

In realistic experiments, the devices are used sequentially and may exhibit arbitrary
memory effects. Let (A", B", X™ Y") denote the classical data obtained over n
rounds, and let E represent the adversary’s quantum system, potentially entangled

with the devices.

Security analysis in this non-independent and identically distributed (non-i.i.d.)
setting is enabled by the Entropy Accumulation Theorem (EAT) [221, 181]. Under
the assumptions stated above, the EAT implies that the smooth min-entropy of

the raw key string A™ conditioned on E satisfies
HW (A" E) > nf(S) — O(Vn), (5.3.4)

where f(S) is the entropy rate function derived from the Bell inequality, ¢ is the
smoothing parameter, and O(y/n) accounts for finite-size statistical fluctuations
[2241]. The theorem therefore guarantees that entropy accumulates approximately
linearly with the number of rounds, even without assuming independence between
them. This result holds even in the presence of general coherent attacks and

device memory, making it directly applicable to experimental implementations
[151].

Following entropy estimation, Alice and Bob perform error correction and privacy

amplification [223, 225]. The entropy bound
Hyw(A"E) > K (5.3.5)

quantifies the amount of extractable randomness in Alice’s raw string A"

conditioned on the adversary’s quantum side information F.

Since Alice and Bob’s raw strings are not perfectly correlated due to noise, they

first execute an error correction protocol to reconcile their data. The classical



5.4. Experimental Constraints in DI-QKD 75

communication exchanged during this step leaks information to the adversary,

quantified by leakgc [223].

After error correction, privacy amplification is applied using a randomness extractor
(typically a two-universal hash function) to compress the reconciled string into a
shorter secret key [220, |. By the leftover hash lemma, the final key length ¢
must satisfy

¢ < k — leakgc — O(log(1/¢)), (5.3.6)

in order to ensure that the output key is e-secure in the universally composable
sense, meaning that it is indistinguishable from an ideal uniformly random key

and independent of the adversary’s information [223, 227].

5.4 Experimental Constraints in DI-QKD

5.4.1 Detection Loophole

A central experimental challenge in DI-QKD is the closure of the detection loophole.
This loophole arises when measurement devices fail to produce outcomes with
sufficiently high probability. If detection events are selectively post-processed or
discarded, an adversary could exploit the missing events to simulate nonlocal

correlations using purely classical strategies [227, 228].

No Post-Selection. In standard Bell tests, it is common to post-select on
coincident detection events, discarding rounds in which one or both detectors
fail to click. This procedure implicitly assumes fair sampling, namely that the
detected subset faithfully represents the entire ensemble [227]. In DI-QKD,
however, such an assumption is not permitted [222, |. Since the devices are
treated as untrusted black boxes, one cannot assume that detection failures occur
independently of hidden variables controlled by an adversary. Therefore, every
round of the protocol must be accounted for, and non-detection events must be
assigned predetermined outcomes. Security proofs require that the observed Bell

violation holds without conditioning on successful detection events [150].

Efficiency Thresholds. The necessity of including all rounds imposes strict
requirements on the overall detection efficiency. If the efficiency is too low, a

local hidden-variable model can reproduce the observed correlations by selectively
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producing outcomes only when doing so favors a Bell violation |22, |. For the
CHSH inequality in a symmetric configuration with binary inputs and outputs, the

minimum overall detection efficiency required to close the loophole is approximately

2
erit = ~ 82.8%. 54.1
Merit 1+ \/§ 0 ( )
Below this threshold, no violation can exclude local models without invoking
additional assumptions [225]. More generally, the critical efficiency depends on
the specific Bell inequality and detection model [229, |, but high efficiency is

always required in DI protocols.

CHSH Efficiency Bounds. To understand this threshold, consider that
detection inefficiencies effectively introduce additional outcome events (“no-click”
outcomes). If these are deterministically assigned a fixed output value, the effective
correlations are diluted by a factor proportional to n* in symmetric scenarios [225].

The observed CHSH parameter then scales approximately as
Sobs ~ 7/]Q*S(ideala (542)

so that inefficiency reduces the attainable violation. A sufficiently low efficiency
can always be exploited by a classical strategy that only produces detection events
for favorable input settings [227]. Consequently, DI-QKD requires detection

efficiencies exceeding the critical value in order to certify genuine nonlocality.

Why Standard QKD Tolerates Losses but DI Cannot. The strict efficiency
requirements of DI-QKD contrast sharply with standard QKD protocols such as
BB84 [185]. In prepare-and-measure QKD, photon losses simply reduce the raw
key rate; lost signals are discarded without compromising security because the
security proof assumes trusted device models and does not rely on Bell violations
[230]. As long as the observed quantum bit error rate remains below the security
threshold, arbitrarily high channel loss can in principle be tolerated, albeit at the

cost of reduced key rates.

In DI-QKD, by contrast, security is certified exclusively through Bell inequality
violation [180]. Detection inefficiencies directly weaken the observed correlations

and may reopen the possibility of classical explanations. Losses therefore affect
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not only the rate but also the validity of the security certification itself. For this
reason, closing the detection loophole (through high-efficiency detectors, heralded
entanglement schemes, or quantum memories) is a fundamental requirement for

practical DI-QKD implementations |2 19].

5.4.2 Locality and Memory Effects

Beyond the detection loophole, DI-QKD must address two additional conceptual
challenges: enforcing locality conditions during each round of the protocol and
accounting for possible memory effects arising from the sequential use of untrusted

devices [220, 181].

Space-like Separation vs. Shielding. In foundational Bell tests, the locality
loophole is closed by arranging the measurement events such that they are space-
like separated 152, |. That is, the choice of measurement setting on one side
and the outcome on the other side occur within time intervals that preclude any
communication at or below the speed of light. Under this condition, relativistic
causality guarantees that the observed correlations cannot arise from sub-luminal

signaling between the devices [219].

In DI-QKD, strict space-like separation is sufficient but not always necessary

[222]. Security proofs typically assume that, during each round, no unwanted

Y ]

This condition can be enforced either physically, by ensuring relativistic separation,

communication occurs between Alice’s and Bob’s measurement devices |

or operationally, by isolating the devices within well-shielded laboratories that
prevent information leakage [222|. The essential requirement is that the input
choice on one side cannot influence the output on the other side within the same

round, except through pre-established correlations.

In long-distance photonic implementations, space-like separation is naturally
achievable due to the propagation delay in optical fibers [187]. In contrast,
memory-based or short-distance platforms may rely instead on electromagnetic
shielding and carefully engineered timing constraints to enforce effective isolation
[222]. From a cryptographic perspective, the assumption is that the laboratories
do not leak information to the outside world and that any classical communication
between Alice and Bob occurs only after measurement outcomes have been

produced [180].
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Sequential Use and Memory Effects. A more subtle issue arises from
the sequential reuse of the same devices over many rounds. Since the devices
are treated as black boxes, they may contain arbitrary internal memory and
behave adaptively depending on previous inputs and outputs [231, |. In
particular, an adversarially prepared device could correlate its behavior across

rounds, invalidating security analyses that assume i.i.d. behavior.

Device-independent security proofs therefore make no independence assumption
between rounds [151]. Instead, they model the entire protocol as a sequential
quantum process, where the global state may evolve arbitrarily subject only
to causality constraints. The Entropy Accumulation Theorem provides the
essential tool to handle this setting: it guarantees that even when devices possess
arbitrary memory, the total smooth min-entropy generated across n rounds grows

approximately linearly with n, up to finite-size corrections |22, .

Operationally, the sequential structure of DI-QKD requires that input choices
be generated freshly and independently in each round [220], and that no
information about future inputs be accessible to the devices. Furthermore, classical
communication used for sifting and parameter estimation must occur only after

the measurement phase, preventing adaptive strategies within a single round [223].

Implications for Experimental Implementations. In practice, ensuring
locality and controlling memory effects impose stringent requirements on
experimental design [219]. Fast and independent random number generation
is required for basis selection [220]. Timing constraints must guarantee that input
choices are made after entangled states are distributed but before measurement
outcomes are produced [187]. Shielding or physical separation must prevent

unwanted cross-talk between devices [222].

Unlike standard QKD, where trusted device models allow more relaxed assumptions
[230], DI-QKD must treat any unintended signaling or memory correlation
as potentially adversarial [I30].  Consequently, locality enforcement and
robust handling of sequential device behavior are fundamental prerequisites for

composable device-independent security [151].



5.5. Entanglement Sources for DI-QKD 79

5.5 Entanglement Sources for DI-QKD

High-quality sources of entangled quantum systems are a necessary resource for
DI-QKD. Quality refers not only to robust violation of detection loophole-free
Bell-inequalities, but also a high brightness B (or repetition rate R), as these two
characteristics have a direct effect on the key rates obtained. In addition to the
overall detection efficiency, decoherence in the channel (such as depolarization,

dephasing, etc) will also degrade the quality of entanglement.

5.5.1 SPDC-Based Photonic Sources

A major step in experimental Bell tests was the development of spontaneous
parametric down-conversion (SPDC) sources as a source of entangled photon pairs
in the 1990’s 232, |, which offered much higher count rates than the first
generation of experiments based on atomic cascade |23, 121]. The most efficient
SPDC sources today are based on periodically poled nonlinear crystals in Sagnac

interferometers, as shown in Fig. 5.5.1.
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Figure 5.5.1: Sagnac source of entangled photons: A pump laser is directed through a
half-wave plate (HWP) to control polarization, followed by a dichroic mirror (DM), which
separates the pump beam by reflecting one wavelength while transmitting the other. The beam
enters a polarizing beam splitter (PBS), splitting it into orthogonal polarization propagating
paths. These paths pass through a periodically poled nonlinear crystal (PPKTP) inside the
interferometer loop, generating photon pairs via SPDC. Mirrors (M) guide the beams, which
recombine at the PBS. A HWP is placed in the reflecting path to adjust de polarization. The
entangled photon pairs are separated using DMs and sent to high pass filters (green) to be
detected at single-photon detectors. From Ref. [23].

An adequate choice of crystal length and optics produces highly pure entangled
polarization states, reaching state fidelities over 99.5%, where the transverse

spatial mode of the photons is optimized for coupling into single-mode fibers [235,



80 5.5. Entanglement Sources for DI-QKD

, 207]. Coupling efficiencies over 95% have been achieved [207].

SPDC is a probabilistic source of photon pairs, and the state fidelities refer to
the post-selected state obtained when two photons are registered. The full SPDC

output is described by the two-mode squeezed vacuum state

0o _
nn/2

where n is mean photon number in each mode 1,2. The ratio of multiple pair
events to single pair events is n, and the probability of a multi-pair event is
P,~1 = n%/(n + 1)2. Thus, there is a trade-off between the brightness achievable
and the fidelity, since multiple-pair events become non-negligible at high pump

beam intensity.

Since photons from different pairs are uncorrelated, multiple pair events limit the
quality of the two-photon state, especially for pulsed sources [237]. Indeed, it has
been shown that the absence of post-selection results in a limited violation of Bell
inequalities [23%]. The full photon statistics of state (5.5.1) have been considered
in key rate analysis for DI-QKD [239], where it was shown that unity key rate is
impossible, even with perfect detection efficiency. In addition, the authors showed
that, by adding artificial noise, the critical detection efficiency can be lowered to

83.2%, even with the multi-photon events of SPDC sources.

SPDC sources have been used for point-to-point DI-QKD [207], and can also be
incorporated into event-ready setups using absorptive quantum memories (see next
section). The main parameters affecting performance of SPDC sources for point-
to-point DI-QKD are the detection efficiency 7, the overall brightness B (pairs
emitted /time) and the quality of the entangled states reaching the measurement
devices, which for simplicity we will describe in terms of a general decoherence
channel £, which may incorporate imperfections in the source as well as noise in the
optical channel. The detection efficiency n affects the obtainable bit rate of these
sources, since not only do both photons need to be detected to establish a key bit,
but also through the obtainable loophole-free CHSH violation. Decoherence £ can
affect both the QBER as well as the CHSH violation. In some cases, decoherence
is due to random unitaries operations (such as phase fluctuations or polarization
rotations), which can be monitored and corrected. The source brightness B affects

only the raw bit rate in principle, aside from multi-pair events that will result in
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uncorrelated events, increasing the QBER and lowering the CHSH value.

5.5.2 Stationary Nodes and Quantum Memories

Stationary quantum systems constitute a central building block for scalable DI~
QKD and quantum networking [210, 211]. Platforms such as trapped ions, neutral
atoms, nitrogen-vacancy (NV) centers in diamond, and semiconductor quantum
dots combine high-fidelity local control with near-unity detection efficiencies [212,

|. In contrast to purely photonic systems, these platforms also offer the crucial
ability to store quantum states for extended periods of time, enabling heralded

entanglement generation and repeater-based architectures |21, .

In such systems, a long-lived matter qubit serves as a node of the network. Through
optical excitation and spontaneous emission processes, the internal state of the
node can be entangled with a photonic qubit emitted into an optical channel [210].
The emitted photon carries quantum information over long distances, while the
stationary qubit retains coherence locally. This hybrid matter—photon interface
enables remote entanglement generation via photonic interference and Bell-state

measurements, forming the basis of event-ready schemes [185, 214].

Coherence Time and Distance Limitations

The usefulness of stationary nodes is fundamentally determined by their coherence
properties. Decoherence processes, such as magnetic field fluctuations, spontaneous
emission, or interactions with the surrounding environment, limit the lifetime of
stored quantum states [212, 211]|. This is typically quantified by the coherence time
T, defined as the characteristic time over which phase coherence of a superposition

state is preserved [3].

In distributed architectures, 75 directly constrains the maximum separation
distance L between nodes. Entanglement generation via a central station requires
classical communication of the heralding signal to the nodes before measurements
are completed [211]. The stored quantum state must therefore remain coherent

for at least the communication time, implying
L < vTh, (5.5.2)

where v is the speed of light in the optical channel.
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Recent experimental advances have demonstrated long coherence times in a variety
of platforms, including atomic ensembles, trapped ions, and NV centers [187, ,

|. In particular, coherence times in the millisecond regime enable potential node
separations on the order of tens to hundreds of kilometers, depending on system
parameters and architecture [2/11]. Techniques such as dynamical decoupling and
improved material engineering have significantly extended coherence lifetimes,
making long-distance entanglement distribution increasingly feasible [212]. Long
T, times are essential for maintaining high-fidelity entanglement, preserving Bell

violations, and achieving the low quantum bit error rates required for DI-QKD
[150].

Beyond two-node links, quantum memories are indispensable for quantum repeater
protocols |21, 211]. By storing entanglement locally while additional segments are
established, repeaters enable entanglement distribution over distances exceeding
direct transmission limits. The development of long-lived, high-fidelity quantum

memories is therefore a prerequisite for scalable DI-QKD networks [241, 243].

Telecom Compatibility and Frequency Conversion

A practical challenge for many stationary platforms is that their native optical
transitions occur outside the low-loss telecom bands. For example, atomic and
solid-state systems often emit photons in the visible or near-infrared regime, where
fiber attenuation can be one to two orders of magnitude higher than at telecom

wavelengths.

Quantum frequency conversion has emerged as a key enabling technology to address
this mismatch. Using nonlinear optical processes such as difference-frequency
generation driven by a strong pump field, single photons emitted by a quantum
memory can be converted to telecom wavelengths while preserving quantum
coherence [215, |. This approach has enabled long-distance entanglement

distribution for spin systems and atomic ensembles [217, , , 250].

Telecom conversion therefore plays a dual role: it reduces transmission losses
in optical fibers and allows heterogeneous quantum platforms to interoperate
within a common photonic infrastructure. Combined with long coherence
times and high detection efficiencies, frequency-converted stationary nodes

provide a technologically promising route toward scalable, loophole-free DI-QKD
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implementations.

5.6 Event-Ready Architectures

Two recent DI-QKD experiments employed so-called event-ready entanglement
sources [200, 208]. The motivation for such architectures arises directly from the
detection loophole: since DI security forbids post-selection on detection events,
losses cannot simply be discarded without invalidating the Bell test. Event-ready
schemes address this limitation by conditioning each experimental round on an

externally generated heralding signal.

In an event-ready architecture, successful creation of entanglement between remote
nodes A and B is announced by a classical signal from a central station, as
illustrated in Fig. 5.6.1. Only after this heralding event do the nodes perform local
measurements for key generation. Because the validity of a trial is determined
independently of the local detection outcomes, the fair-sampling assumption is

avoided and the detection loophole can be closed.
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Figure 5.6.1: Event-ready setups — (a) Remote subsystems A and D of two entangled
pairs are entangled via BSM on their entangled partners (B and C). (b) Event ready scheme
with stationary qubits and two photon heralds. Stationary qubits are each entangled with
the polarization state of a photon, which are are sent to a central station for the two-photon
BSM. Joint detection events at pairs of detectors signal preparation of an entangled state
VE = |vu) 4 [Yu) g £ [Wv) 4 [Yv) 5. (c) Stationary qubits each emit a photon with probability
p. The optical modes are coupled, so that detection of one and only one photon results in an
entangled state of the stationary qubits. Here, 1) = [1o) 4 [¥1) 5 £ [¥1) 4 [¥0) 5-

All-photonic event-ready sources based on entanglement swapping have been
demonstrated |10, , , , |. However, stationary quantum systems—such
as trapped ions, neutral atoms, quantum dots, or NV centers—offer decisive
advantages due to their near-unity detection efficiencies and ability to store
quantum states. These properties make them particularly well suited for loophole-
free Bell tests and DI-QKD implementations.

In practice, each node is locally entangled with a photonic qubit that is transmitted
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to a central station. A joint measurement performed on the photons heralds remote
entanglement between A and B. With linear optics, the success probability of this
BSM is fundamentally limited to at most 50% [23], and classical communication of
the heralding outcome is required before proceeding. Optical decoherence in the
channel, including phase or polarization fluctuations, directly reduces the fidelity
of the distributed state.

Event-ready schemes fall into two main categories, distinguished by the number

of photons required at the central station:

Double-Herald Schemes (Two-Photon Detection). In double-herald
protocols, one photon from each node must arrive at the central station
(Fig. 5.6.1b). Entanglement generation relies on two-photon interference, which is
intrinsically robust against slow optical phase drifts [255]. Because both photons

must be emitted, transmitted, and detected, the success probability scales as

Pent ™~ 7727 (561)

where n denotes the single-photon transmission and detection efficiency. Such
schemes have enabled heralded entanglement over tens of kilometers using atomic

ensembles and single atoms [215, 219].

Single-Photon Heralded Schemes. Single-photon protocols require detection
of only one photon at the central station (Fig. 5.6.1¢). Each node is prepared in a

node—photon entangled state of the form

[tho) [1) £ [41) [0), (5.6.2)

where [1;) are node states and |n) photonic Fock states. Interference of the optical
modes ensures that the detection event does not reveal which node emitted the

photon, thereby projecting the nodes into an entangled state. In this case,

Pent ~ 1], (5.6.3)

providing a linear scaling advantage in efficiency, at the expense of stringent phase

stability requirements [250, , , , 260].
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Event-ready protocols are inherently probabilistic and require repeated
entanglement attempts separated by classical communication times. A central

performance metric is the entanglement generation rate,
Tent = pentR7 (564)

where R is the repetition rate. Decoherence competes with generation, and their

ratio defines the link efficiency [257],

7ﬂel’l
Mink = —, (5.6.5)
Tdec

with r4e. the memory decoherence rate. When n;, = 1, entanglement can be

delivered effectively deterministically by outputting a separable state upon failure.

Although heralding mitigates local detection inefficiencies, optical transmission
losses remain a major scalability bottleneck. This limitation is particularly
relevant because many quantum memories emit photons outside the telecom
bands. Quantum frequency conversion to telecom wavelengths via difference-
frequency generation 215, | has therefore become a key enabling technology,
allowing long-distance entanglement distribution for spin systems and atomic

ensembles [217, , , 250].

Alternative approaches include absorptive quantum memories coupled to SPDC

sources [261, 262], direct photon-mediated memory entanglement [250], hybrid
SPDC—memory interfaces over deployed fibers [263], and fully optical event-
ready architectures based on qubit amplifiers [20, , , |, derived from

noiseless amplification concepts [205| and subject to stringent source and detection

requirements [269].

Despite substantial progress and proof-of-principle demonstrations of DI-QKD
using event-ready architectures [200, |, present entanglement generation
probabilities remain low, with reported values pe, ~ 1074 — 107 [200, ,

, |. Bridging the gap toward practical long-distance DI-QKD will likely
require major technical advances, including multiplexed entanglement generation

and further improvements in photon collection and mode matching.
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5.7 Entanglement Swapping

Entanglement swapping constitutes the fundamental mechanism underlying
heralded entanglement distribution and quantum repeater architectures. It enables
two systems that have never interacted directly to become entangled through a

joint measurement performed on their respective partners [271, 89, .

Consider two independent maximally entangled pairs shared between systems
(4, B) and (C, D),
|(I)+>AB ® ‘(I)+>CD ’ (5.7.1)

where

|o*) = +[11)), |U+) = ) =& [10)). (5.7.2)

\/— (100)

Rewriting the joint state in the Bell basis of systems B and C' yields

1 . _
270 a5 12 )ep = §< 2756 127 ap T 127 )5e (27 ) ap

O e (O + [0 ) [0, ) (73)

Equation (5.7.3) makes the swapping mechanism explicit: a BSM performed on
subsystems B and C' projects subsystems A and D onto the corresponding Bell
state, conditioned on the measurement outcome. Thus, entanglement is transferred

from the original pairs (A, B) and (C, D) to the previously independent pair (A, D).

The physical implementation of the BSM, typically relying on two-photon
interference via the Hong—Ou—Mandel effect, was discussed in Chapter 2. Here
we emphasize its architectural role. In practical DI-QKD implementations,
the systems B and C' correspond to photonic modes emitted from distant
stationary nodes. A successful BSM event at a central station heralds the creation
of entanglement between the remote matter qubits A and D. The classical
announcement of the BSM outcome defines valid experimental rounds, enabling

event-ready operation and eliminating reliance on fair-sampling assumptions.

From a networking perspective, entanglement swapping is the elementary step of
quantum repeater protocols [272|. By concatenating multiple swapping operations,
entanglement can be extended over distances exceeding the direct transmission
length of optical fibers. In the context of DI-QKD), this scalability is essential:



5.8. HOM Interference as an Enabling Resource 87

maintaining a loophole-free Bell violation over large separations requires both
heralded operation and the ability to distribute high-fidelity entanglement across

extended networks.

Importantly, while the intrinsic success probability of linear-optical Bell-state
measurements is limited, this constraint primarily affects the entanglement
generation rate rather than the validity of device-independent security. The
interplay between swapping efficiency, memory decoherence, and transmission
losses ultimately determines whether practical long-distance DI-QKD can be

achieved.

5.8 HOM Interference as an Enabling Resource

In photonic quantum communication, the primary experimental challenge is the
simultaneous realization of high detection efficiency, high-fidelity entanglement,
and loophole-free Bell violations without making assumptions about the internal
functioning of the devices [219, |. This requirement is particularly stringent in
DI-QKD, where security is certified directly from the observed Bell violation [150),

|. Within this framework, Hong-Ou-Mandel (HOM) interference constitutes a

central enabling resource |7].

Linear-optical Bell-state measurements, which are essential for entanglement
swapping and event-ready architectures, rely fundamentally on two-photon
interference at a beam splitter [273, |. The beam splitter itself performs
only a linear mode transformation; the nonclassical projection onto symmetric
or antisymmetric subspaces arises from the interference of indistinguishable two-
photon probability amplitudes |7, |. Coincidence detection patterns then
probabilistically identify specific Bell states [273]. The success probability and,
more importantly, the fidelity of these projections depend directly on the degree of
two-photon indistinguishability, quantified experimentally by the HOM visibility

2751

Imperfect indistinguishability reduces the interference contrast and therefore
degrades the quality of the Bell-state projection [270]. In entanglement-swapping
protocols, this translates into reduced fidelity of the swapped entangled state
[188, |. In DI-QKD, the consequences are even more severe: any reduction in

entanglement fidelity diminishes the achievable Bell violation, thereby weakening
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the bounds on an eavesdropper’s information and potentially closing the security

gap required for positive key rates [130), .

Crucially, the Bell-state measurement required for entanglement swapping involves
interference between photons generated by independent and spatially separated
sources [277, |. In this regime, two-photon indistinguishability is not merely a
technical optimization parameter but a fundamental prerequisite for establishing
nonlocal correlations |270]. High-visibility HOM interference ensures that the
beam splitter implements the intended symmetry-sensitive projection, enabling
heralded entanglement generation and event-ready Bell tests compatible with

loophole-free operation |18, 187].

In this sense, HOM interference forms the physical backbone of photonic DI-
QKD architectures: it mediates entanglement distribution, determines Bell-state
discrimination fidelity, and ultimately governs the strength of the observed nonlocal

correlations [219, 211].

5.9 Experimental Demonstrations of DI-QKD

The experimental realization of DI-QKD requires architectures capable of
simultaneously generating entanglement, achieving high detection efficiencies, and
enabling loophole-free Bell tests under realistic conditions. While the theoretical
security of DI-QKD is independent of the internal functioning of the devices, the
feasibility of its implementation is intrinsically tied to the physical platform and
experimental design. In this section, we discuss the current outlook towards real-

world implementation of DI-QKD, presenting the first set of DI-QKD experiments.

Table 5.9.1 lists the major fully DI-QKD experiments reported in the literature
from 2022 to 2026. The table focuses on platforms that explicitly aim at device-
independent security, event-ready architectures, and measurable Bell violations,
along with the distances achieved and any available key rate information. Where
specific values are not reported in the published accounts, the table indicates that

data is unavailable (“n/a”).

More recent experimental progress further demonstrates rapid advances toward
scalable implementations, including long-distance DI-QKD with single atoms and

photonic platforms achieving Bell violations and positive key rates over tens to
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100 km scales [190].

Table 5.9.1: Key experimental DI-QKD demonstrations.

Experiment Platform Source type Bell violation Distance / Key rate

Liu et al. (2022) Photonic entangled pairs SPDC n/a up to 220 m, positive key rate (asymptotic)
Nadlinger et al. (2022) Trapped ions Atomic entanglement S>2 ~2m, ~ 0.064 bits/round

Zhang et al. (2022) Trapped atoms Single atoms S =2.578(75) 400 m (700 m fiber), ~ 0.07 bits/event

Lu et al. (2026) Single atoms (networked) Atom-photon interface S > 2 ~ 100 km, positive key rate

The first DI-QKD Experiments

In July 2022, three independent research groups (one based in the UK [206], one
in Germany [205], and one in China [207]) successfully implemented DI-QKD in
three different platforms. The first successful photonic-based experiment [207]
demonstrated DI-QKD over fiber lengths of d = 20, 100 and 220 m and verified
that the measured correlations between the entangled photons were strong enough
to guarantee a positive secret key rate. Optimized high-efficiency entangled photon
source and single-photon detectors resulted in a single photon heralding efficiency
slightly greater than 87%. To address the locality loophole, the experiment
employs a shielding assumption that prohibits unnecessary communications
between untrusted devices and a potential adversary. Essentially, it ensures
that the information about the input choices and output results of one party

remains unknown to the other party and Eve.

Proof-of-principle memory-based experiments reported in Oxford [206] and
Munich [208] used entangled strontium ions and entangled rubidium atoms,
respectively. Each system has it’s advantages and disadvantages. However, when
compared to all-photonic implementations, these experiments have the advantage
that they can be event-ready, so that link efficiencies can be partially mitigated.
The Oxford-based experiment was the only one of the three to complete the
entire DI-QKD protocol, with a generated secret key of 95 kbits between Alice
and Bob achieved over about 8 hours and with a distance of d = 2 m between
the two quantum memories. The Munich-based experiment created heralded
entanglement between atoms separated by a line of sight distance of d = 400m
(700m of optical fiber). An asymptotic security analysis was performed, and a
secret key rate of 0.07 bits per entanglement generation event was obtained from

results accumulated over 75 hours.

These three landmark experiments demonstrate that experimental DI-QKD is
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feasible. In addition, they highlight the technical challenges to be face in achieving

real-world utility.

5.10 Toward Scalable DI-QKD Networks

Scaling DI-QKD to practical distances and key rates requires architectures
that combine high-quality entanglement generation with efficient and robust
distribution [211, |. Photonic platforms are particularly promising due to
their compatibility with existing fiber-optic infrastructure, but scalability remains

constrained by source quality, detection efficiency, and probabilistic operation
219, 279].

High-performance photon sources must simultaneously achieve high brightness,
low multi-pair emission probability, and near-perfect indistinguishability [211].
Advances in engineered spontaneous parametric down-conversion and solid-state
emitters provide viable routes toward these requirements [212]|. In parallel, high-
efficiency and low-noise single-photon detectors—particularly superconducting
nanowire detectors—are essential to meet the stringent detection thresholds

required for loophole-free Bell tests [250, 219].

A central limitation of current DI-QKD implementations is the extremely low
secret key rate, primarily due to the probabilistic nature of entanglement generation
and linear-optical Bell-state measurements [211]. Multiplexing techniques,
including temporal, spectral, and spatial multiplexing, provide a natural route
to overcome this limitation by enabling multiple parallel entanglement attempts
[279, |. However, such architectures impose stringent requirements on photon
indistinguishability, as high-visibility Hong-Ou-Mandel interference must be

preserved across all modes.

Beyond rate enhancement, entanglement swapping based on HOM interference
forms the basis of quantum repeater architectures, which are essential for extending
DI-QKD beyond direct transmission limits [211, 211]. While full-scale repeaters
remain experimentally challenging, intermediate repeater-like nodes based on
heralded entanglement swapping already enable extended distances and improved

loss tolerance.

Overall, scalable DI-QKD networks will require the integration of high-
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quality sources, efficient detectors, multiplexed architectures, and repeater-based
designs within phase-stable and synchronized systems [211]. In this context,
HOM interference remains a central resource, underpinning both entanglement
distribution and Bell-state measurements, and thus governing the performance of

large-scale device-independent quantum communication networks.

Summary

DI-QKD derives its security directly from the violation of a Bell inequality. The
observed Bell parameter bounds the adversary’s information through entropy
relations, linking nonlocal correlations to certified randomness and secret key
generation. However, the realization of loophole-free Bell violations in photonic
systems is constrained by transmission losses and limited detection efficiencies,

giving rise to the detection loophole.

Event-ready architectures address this challenge by heralding successful
entanglement distribution before measurement choices are made. Entanglement
swapping enables such heralded configurations by projecting two independently
generated entangled pairs onto a Bell state, thereby creating remote entanglement
between distant nodes. This projection is implemented through linear-optical
Bell-state measurements, whose physical mechanism is two-photon interference at

a beam splitter.

At the most fundamental level, Hong—-Ou—Mandel interference provides the
symmetry-sensitive projection that underpins Bell-state discrimination. High-
visibility HOM interference between independent photons is therefore a prerequisite
for high-fidelity entanglement swapping, strong Bell violations, and ultimately
positive device-independent key rates. Experimental implementations must
simultaneously ensure photon indistinguishability, low-loss transmission, high

detection efficiency, and stable interference across all relevant degrees of freedom.

The primary technological bottlenecks remain transmission losses in optical fibers,
limited detector efficiencies, imperfect photon indistinguishability, and reduced
Bell-state measurement success probabilities inherent to linear optics. These
constraints limit entanglement distribution rates and impose stringent requirements

on source brightness, spectral purity, and interferometric stability.
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Pathways toward practical deployment include improved single-photon sources
with higher purity and indistinguishability, low-loss fiber infrastructures, high-
efficiency superconducting detectors, multiplexing strategies in spatial and spectral
domains, and integrated photonic platforms enabling stable large-scale interference.
In particular, scalable architectures based on multicore and multimode fibers offer
promising routes toward parallelized entanglement distribution and increased key

rates.

In perspective, HOM interference emerges not merely as a textbook demonstration
of two-photon quantum behavior, but as a foundational operational primitive for
photonic quantum networks. Its faithful implementation determines the quality of
Bell-state measurements, the viability of entanglement swapping, and the strength
of device-independent security guarantees. Advancing the control of multi-photon
interference in realistic, scalable platforms is therefore a central step toward

practical, long-distance, and fully device-independent quantum communication.
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Chapter 6
Conclusion

This thesis has explored the role of Hong-Ou-Mandel (HOM) interference as
a fundamental and versatile resource in photonic quantum information, with
particular emphasis on its extension to multiport photonic devices and its relevance

for emerging quantum communication protocols.

From a theoretical perspective, we revisited the foundations of HOM interference,
highlighting its dependence on photon indistinguishability and its sensitivity
to temporal, spectral, and spatial mismatches. This analysis was extended to
multiport interferometric architectures, where interference is no longer restricted
to two modes, giving rise to higher-dimensional quantum effects. These results
reinforce the interpretation of HOM interference as a powerful diagnostic tool
for complex photonic systems, while also revealing the increased sensitivity of

multiport configurations to experimental imperfections.

The main experimental contribution of this work was the demonstration of
sub-picosecond inter-core skew characterization in multicore fibers using HOM
interference. This result establishes HOM interference as a high-resolution
metrological technique, capable of resolving ultrafine temporal delays that are
otherwise challenging to access with classical methods. The ability to characterize
multicore fibers with such precision is particularly relevant for the development of
scalable photonic networks, where synchronization and indistinguishability across

multiple channels are critical.

In addition, this thesis has positioned HOM interference within the broader

landscape of quantum communication, particularly in the context of Device-
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Independent Quantum Key Distribution (DIQKD). Through a structured review
of the literature, we analyzed the current experimental state of the art, including
implementations based on SPDC sources and the main limitations hindering
practical deployment. The connections with Measurement-Device-Independent
QKD (MDI-QKD) further highlight the central role of two-photon interference in

enabling secure quantum protocols under realistic conditions.

Taken together, the results presented in this thesis establish a coherent link between
fundamental quantum interference, scalable photonic architectures, and quantum
communication technologies. In particular, the extension of HOM interference
to multiport systems and its application to precise metrology demonstrate its
relevance beyond foundational studies, positioning it as a key operational tool in

future quantum networks.

Looking forward, several research directions naturally emerge from this work.
First, the extension of HOM-based characterization techniques to more complex
and reconfigurable integrated photonic platforms could enable real-time calibration
of large-scale quantum circuits. Second, the integration of multicore fiber
systems with multiport interferometers opens new possibilities for high-dimensional
quantum interference experiments. Finally, further exploration of the interplay
between HOM interference and MDI- and DIQKD protocols may provide practical
pathways toward more robust and scalable implementations of quantum-secure

communication.

In this context, HOM interference is not only a hallmark quantum effect, but also
a practical and unifying tool bridging theory, experiment, and applications in

quantum photonics.
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