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Although perfect entanglement is a sought-after ideal, experimental imperatives, including entanglement distribution over
long distances, often limit the quality of entangled states. An important question is whether weaker entanglement still
offers advantages.

First, we study more general tasks than dense coding to show that simpler measurements, combined with entanglement,
allow advantageous and sometimes even optimal qubit communication protocols to be obtained. We also demonstrate that
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can constitute an optimal protocol with quantum resources. 

We implement a novel Bell-type inequality tailored for certifying full network non-locality (FNN) to develop
certification methods guaranteeing security on an entanglement-based network. Our experiment uses two pairs of polarised
entangled photons in a network configuration with three nodes, briefly referred to as a bilocal network scenario.

Finally, we show that weakly entangled states can improve communication over a qubit channel using only separate
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Abstract

Quantum entanglement plays a central role in many quantum communication
protocols. It allows distant particles to share correlations beyond the limits of
classical interactions. Entanglement is essential for superdense coding, quan-
tum teleportation, and secure cryptographic key distribution in quantum com-
munication. It is also a pillar for developing quantum networks, where the
management and distribution of entanglement are crucial for connecting dis-
tant nodes. Although perfect entanglement is a sought-after ideal, experimen-
tal imperatives, including entanglement distribution over long distances, often
limit the quality of entangled states. An important question is whether weaker
entanglement still offers advantages.

First, we study more general tasks than dense coding to show that simpler
measurements, combined with entanglement, allow advantageous and some-
times even optimal qubit communication protocols to be obtained. We also
demonstrate that simple measurements can generate quantum correlations that
cannot be modelled by two classical communication bits and can constitute an
optimal protocol with quantum resources.

We implement a novel Bell-type inequality tailored for certifying full net-
work non-locality (FNN) to develop certification methods guaranteeing secu-
rity on an entanglement-based network. Our experiment uses two pairs of po-
larised entangled photons in a network configuration with three nodes, briefly
referred to as a bilocal network scenario.

Finally, we show that weakly entangled states can improve communication
over a qubit channel using only separate (local) measurements on isotropic
non-steerable two-qubit states, without interference, of individual photons,
across two communication tasks: secret sharing and its stochastic variant.





Résumé

L’intrication quantique joue un rôle central dans de nombreux protocols de
communication quantique. Elle permet à des particules distantes de partager
des corrélations qui dépassent les limites des interactions classiques. En com-
munication quantique, l’intrication est essentielle pour des processus tels que
le superdense coding, la téléportation quantique et la distribution de clés cryp-
tographiques sécurisées. Elle constitue également un pilier pour le développe-
ment des réseaux quantiques, où la gestion et la distribution de l’intrication
sont cruciales pour connecter des nœuds éloignés. Bien que l’intrication par-
faite soit un idéal recherché, les impératifs expérimentaux et les contraintes
liées à la distribution de l’intrication sur de longues distances limitent souvent
la qualité des états intriqués. Une intrication plus faible présente elle encore
des avantages ?

Afin de d’apporter des premières réponses à ces questions, nous étudions
dans un premier temps des tâches de communication plus générales que le
"dense coding", afin de démontrer que des mesures plus simples permettent
d’obtenir des protocoles de communication de qubits puissants et parfois même
optimaux grâce à l’intrication. Notre étude confirme que des mesures simples
suffisent à générer des corrélations quantiques qui ne peuvent être modélisées
par deux bits de communication classique et qui peuvent constituer un pro-
tocole optimal pour les ressources quantiques. Dans un second temps, Nous
nous intéressons au développement de méthodes de certification pour garantir
la sécurité sur un réseau basé sur l’intrication. Nous étudions expérimentale-
ment une nouvelle inégalité de type Bell conçue pour certifier la non-localité
totale d’un réseau (FNN). Notre expérience est mise en œuvre en utilisant deux
paires de photons intriqués polarisés dans une configuration de réseau à trois
nœuds, appelée scénario de réseau bilocal.

Finalement, nous montrons que les états faiblement intriqués peuvent améliorer
la communication sur un canal qubit en utilisant uniquement des mesures sé-
parées sur des états isotropes non pilotable à deux qubits, sans interférence, de
photons individuels, à travers deux tâches de communication : le partage de
secret et sa variante stochatique.





Sammanfattning

Sammanflätning spelar en central roll i många kvantkommunikationsprotokoll.
Den gör det möjligt för avlägsna partiklar att dela korrelationer som går bort-
om gränserna för klassiska interaktioner. Sammanflätning är avgörande för su-
pertät kodning, kvantteleportering och säker kryptografisk nyckeldistribution
inom kvantkommunikation. Den utgör också en pelare för utvecklingen av
kvantnätverk, där hantering och distribution av sammanflätning är avgörande
för att koppla samman noder på avstånd. Även om perfekt sammanflätning är
ett eftersträvansvärt ideal, begränsar ofta experimentella krav, inklusive distri-
bution av sammanflätning över långa avstånd, kvaliteten på de sammanflätade
tillstånden. En viktig fråga är om svagare sammanflätning fortfarande erbjuder
fördelar.

Först studerar vi mer allmänna uppgifter än densitetskodning för att visa att
enklare mätningar, i kombination med sammanflätning, gör det möjligt att upp-
nå fördelaktiga och ibland till och med optimala qubit-kommunikationsprotokoll.
Vi visar också att enkla mätningar kan generera kvantkorrelationer som inte
kan modelleras av två klassiska kommunikationsbitar och kan utgöra ett opti-
malt protokoll med kvantresurser.

Vi implementerar en ny Bell-olikhet som är skräddarsydd för att certifiera
fullständig nätverks-icke-lokalitet (FNN) för att utveckla certifieringsmetoder
som garanterar säkerhet i ett sammanflätningsbaserat nätverk. Vårt experiment
använder två par polariserat sammanflätade fotoner i en nätverkskonfiguration
med tre noder, kortfattat kallat ett bilokalt nätverksscenario.

Slutligen visar vi att svagt sammanflätade tillstånd kan förbättra kommu-
nikationen över en qubitkanal genom att endast använda separata (lokala) mät-
ningar på isotropa, icke-styrbara två-qubit-tillstånd, utan interferens från en-
skilda fotoner, över två kommunikationsuppgifter: hemlig delning och dess
stokastiska variant.





Que dites-vous?... C’est inutile?... Je le sais!
Mais on ne se bat pas dans l’espoir du succès!
Non! non, c’est bien plus beau lorsque c’est
inutile!

Edmond Rostand
Cyrano de Bergerac

But who fights ever hoping for success?
I fought for a lost cause, and for a fruitless quest!





The paraphraser, grammar checker, and translation tools from QuillBot
were used, as well as Grammarly’s grammar and spelling correction option to
correct and improve the English in this document.
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1. Introduction

Quantum entanglement, a fundamental phenomenon in quantum mechanics
where distant particles share correlations that exceed classical limits, is at the
core of many advances in quantum communication. It is indispensable for
protocols such as superdense coding, quantum teleportation, and quantum key
distribution (QKD) [1]. Beyond these applications, entanglement is also the
cornerstone of quantum network development, where its management and dis-
tribution are crucial for connecting distant nodes.

However, experimental constraints impose limits on the quality of entan-
gled states. Even when achieving near-perfect entanglement, above 99% at the
source, the quality of this entanglement is no longer the same if we seek to
distribute the photons over several kilometers. Does weaker entanglement still
offer advantages once it is degraded? In what context? With what constraints?
This thesis explores the advantages of lower-quality entanglement, answering
the crucial question of whether "weaker" entanglement can still offer signifi-
cant benefits for quantum communications.

First, we broaden the scope of communication tasks beyond dense coding
to demonstrate that simpler measurements can lead to powerful, even optimal,
qubit communication protocols thanks to entanglement. Our research confirms
that elementary measurements are sufficient to generate quantum correlations
that cannot be surpassed by classical communication, thus laying the founda-
tions for optimal protocols for quantum resources.

Secondly, we focuss on developing certification methods to guarantee the
security of entanglement-based networks. We are experimentally exploring a
new Bell-type inequality designed to certify full network non-locality (FNN).
This experiment is performed using two pairs of polarisation-entangled pho-
tons in a three-node network configuration, known as a bilocal network sce-
nario.

Finally, we demonstrate how weakly entangled states can improve commu-
nication over a qubit channel. This is achieved by using only separate measure-
ments on non-steerable isotropic two-qubit states, without interference from
individual photons, through two distinct communication tasks: secret sharing
and its stochastic variant.

This thesis thus offers an in-depth exploration, through communication
protocols and experimental implementations, of entanglement as a resource,



not only in its ideal forms but also in its more modest yet exploitable manifes-
tations.
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2. Quantum optics and quantum
information

Information is a quantifiable quantity, and its unit is called a bit or a qubit,
depending on whether the physical system used to encode it is classical or
quantum [2]. Quantum information is a field of physics that leverages the
unique principles of quantum mechanics to process and transmit information
in ways that are only possible with quantum systems.

2.1 Superposition

Superposition is one of the fundamental principles of quantum mechanics.
Young’s double-slit interference experiment with single photons is a classic
demonstration of superposition in optics [3]. According to quantum mechan-
ics, particles such as photons can exhibit wave-like behavior [4; 5]. When
these wavelike photons pass through the slits, their associated wave functions
interfere with each other, producing an interference pattern on a screen placed
behind the slits. This pattern results from the superposition of the wave func-
tions originating from both slits.

Remarkably, this interference persists even when photons are sent through
the apparatus one at a time. In such cases, each photon behaves as if it has a
probability amplitude of passing through both slits simultaneously. Over time,
the accumulation of many single-photon detections reconstructs the same inter-
ference pattern observed with a continuous beam of light. This phenomenon is
explained by the quantum superposition of all possible paths the photon could
take.

2.2 Quantum states

A quantum state describes the configuration of a quantum system at a given
time. Unlike a classical state, which maps directly to definite physical prop-
erties, a quantum state is a mathematical abstraction that yields a probabilistic
distribution of observables upon measurement. Examples of quantum states
include :



• The spin of a particle: The spin of a particle, such as an electron, can
exist in a superposition of ‘up’ and ‘down’ states until it is measured.

• The polarisation of a photon: The polarisation state of a photon can be
vertically or horizontally polarised, or it can exist in a superposition of
both [6].

Unlike classical physics, which relies on familiar mathematical symbols
such as numbers and vectors, quantum mechanics explores the probabilistic
and wavelike nature of particles. Hence, its description is based on a unique
mathematical framework using the Hilbert space.

Hilbert space plays a fundamental role in the representation and description
of quantum states [6]. This vector space, equipped with a specific mathemat-
ical structure, allows us to quantify the properties of quantum systems. It has
a Hermitian scalar product, which enables the definition of notions of length,
angle, and orthogonality between vectors. In addition, a Hilbert space is com-
plete, which means that all convergent sequences of vectors in this space have
a limit that also belongs to the space.

We use Dirac notation with kets ( |ψ⟩ ) and bras ( ⟨ψ| ) to represent quan-
tum states. These symbols of kets and bra represent specific configurations
(pure states) or more complex superpositions of multiple states (mixed states).
The operators, designated by hats ( ˆ ), represent physical quantities such as
momentum or energy. When these operators act on kets, they can modify the
state or extract information about its properties. To calculate the probability
of finding a system in a state φ if it is currently in a state ψ , we use the inner
product, written as ⟨φ |ψ⟩.

The Hermitian scalar product is a scalar product between two vectors, de-
noted by |ψ⟩ and |φ⟩ in the Hilbert space. The result, written as ⟨φ |ψ⟩, is
a complex number with properties: linearity, hermiticity (for all vectors |ψ⟩
and |φ⟩, ⟨φ |ψ⟩ = ⟨φ |ψ⟩∗ (∗ represent the complex conjugate) ), positivity(
⟨φ |φ⟩ ≥ 0 for any vector |φ⟩. ⟨φ |φ⟩= 0 if and only if |φ⟩= 0 the null vector)
and completeness.

By manipulating these elements, ket, bra, operators, and inner products,
we can express the evolution of quantum systems and calculate probabilities
of measurement outcomes.

The state of the system in quantum mechanics is described by a wave func-
tion Ψ. This state can be written as a linear combination of states called eigen-
states:

|Ψ⟩=
N

∑
i=1

ci |ui⟩ . (2.1)

These states|ui⟩ define a basis. These eigenstates are the ‘observable’ states
of the system.
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2.2.1 Pure states

A pure state represents a quantum system in a state of maximum possible in-
formation. It provides the most complete description allowed by quantum me-
chanics. However, while the state itself is perfectly defined, the outcomes of
measurement remain fundamentally probabilistic for any observable that is not
an eigenstate of that system.

A state vector mathematically represents a pure state, denoted |ψ⟩, in the
Hilbert space of the system. This state vector must be normalised, meaning that
the total probability of finding the system in this state is equal to 1. A pure state
cannot be a mixture of other states. It is a unique and defined configuration of
the system.

Temporal evolution: The pure state of a system can evolve due to interac-
tions with its environment or the application of external forces. Schrödinger’s
equation describes this evolution :

iℏ
∂Ψ(x, t)

∂ t
= ĤΨ(x, t) (2.2)

with :

• iℏ is the imaginary unit multiplied by the reduced Planck constant (ℏ=
h/2π).

• Ψ(x, t) is the wave function of the system, which represents the quantum
state at position x and time t.

• Ĥ is the Hamiltonian operator, which describes the total energy of the
system.

• ∂

∂ t represents the partial derivative with respect to time.

Examples of pure states are :

• An electron can exist in the |ψ⟩ = a |↑⟩+ b |↓⟩ state, where |↑⟩ and |↓⟩
are spin up and down quantum states and a and b are complex numbers
satisfying the normalisation condition |a|2 + |b|2 = 1.

• A linearly polarised photon |ψ⟩ = a |H⟩+ b |V ⟩, with |H⟩ is the hori-
zontally polarised photon state and |V ⟩ is the vertically polarised photon
state.

Pure states are fundamental elements of quantum mechanics and play a
crucial role in understanding the behaviour of quantum systems.
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2.2.2 Mixed states

States that are not pure are referred to as mixed states. A mixed state is a prob-
abilistic description of the state of a quantum system at a given time. Unlike
a pure state, which corresponds to a single, perfectly defined configuration of
the system, a mixed state is a combination of several possible pure states, with
probabilities associated with each state.

A mixed state is described as a statistical mixture of pure states. It is math-
ematically represented by a density matrix, denoted by ρ , which is defined
as:

ρ = ∑
i

pi|ψi⟩⟨ψi| (2.3)

where pi represents the probability of the system being in the pure state |ψi⟩,
satisfying 0 ≤ pi ≤ 1. For ρ to represent a physically valid state, it must be
normalized, meaning its trace must equal one:

Tr(ρ) = ∑
i

pi = 1 (2.4)

This normalisation condition ensures that the sum of the probabilities over all
possible pure states in the ensemble is exactly unity. Furthermore, the density
matrix must be positive semi-definite (ρ ≥ 0), ensuring that any measurement
outcome yields a non-negative probability.

The mixed state of a system can evolve due to interactions with its environ-
ment or the application of external forces. A modified version of Schrödinger’s
equation for mixed states, known as the equation of motion, describes this evo-
lution:

iℏ
∂ρ(x, t)

∂ t
= Ĥρ(x, t)−ρ(x, t)Ĥ (2.5)

where :

• ℏ is the imaginary unit multiplied by the reduced Planck constant (ℏ =
h/2π).

• Ĥ is the Hamiltonian operator, which describes the system’s total energy.

• ∂

∂ t represents the partial derivative with respect to time.

• and ρ(x, t) is the density matrix, which represents the probabilities of
finding the system in each possible pure state.

Mixed states are, for example :
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• A set of identical particles in an excited state, where each particle can be
in one of several possible energy states.

• ρ = a |↑⟩⟨↑|+b |↓⟩⟨↓|.

• A maximally mixed state is as following 1= 1
2 |↑⟩⟨↑|+

1
2 |↓⟩⟨↓|.

Mixed states are much more common than pure states in real quantum
systems. Most quantum systems interact with their environment, causing a
pure state to evolve into a mixed state, a process known as decoherence.

2.2.3 Multipartite states

Let us start with the case of bipartite systems [7]. Consider two quantum
systems A and B, whose associated Hilbert spaces are, respectively, HA and
HB. The Hilbert space of the composite system A+B is then given by the
tensor product of the two individual Hilbert spaces :

HAB =HA⊗HA. (2.6)

An element of this space, which represents a state of the composite system,
is a linear combination of tensor products of states of the subsystems:

|ψ⟩AB = ∑
i, j

ci, j |i⟩A ⊗| j⟩B (2.7)

with |i⟩A and | j⟩B are, respectively, the basis of HA and HB and ci, j are com-
plex coefficients.

Among these multiparty states, we distinguish between separable and non-
separable states. A particular state of a composed system is a factorisable state
(or direct product) if it can be written in the form :

|ψ⟩AB = |ψ⟩A ⊗|ψ⟩B , (2.8)

in this case, the states of the two subsystems are independent of each other.
However, not all states of a composite system can be factorised. Some

states exhibit quantum correlations between the measurement outcomes in the
subsystems. These states are called correlated states. These correlations will
play a central role in the following chapters, where we will explore the phe-
nomenon of entanglement in detail.

To illustrate, let us consider two spins of particles, each of which can take
the values ↑ or ↓. The Hilbert space of each qubit is of dimension 2. The
Hilbert space of the composite system is therefore of dimension 4. An example
of a factorisable state is :
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|ψ⟩AB = |↑⟩A ⊗|↓⟩B , (2.9)

this state corresponds to a situation where the first spin is in state ↑ and the
second in state ↓. An example of a correlated state is as follows:

|ψ⟩AB =
1√
2
(|↑⟩A ⊗|↓⟩B + |↓⟩A ⊗|↑⟩B), (2.10)

this state is not factorisable.
These principles can be generalised to higher dimensions [8]. For a d-

dimensional state, the N-partite state is :

|ψ⟩=
N

∑
i, j,...

ci j.. |i j...⟩ (2.11)

with ci, j,... the probability amplitude for each term.
Here is an example of a three-partite state :

|ψ⟩= 1√
2
[|↑↑↑⟩+ |↓↓↓⟩]. (2.12)

2.3 Measurement

Measurement could be described as any process that generates values that are
linked to a physical quantity. Whereas in classical physics, the system under
study can be in a state independent of any observer and be measured without
disturbance, in quantum physics, a measurement is a more complex process, in
which the state of the object being measured is generally modified. The result
of the measurement and its effect on the system are statistically described,
since theory can only determine the probability of an outcome.

In quantum mechanics, the state of a system is described by a complex
mathematical function called the wave function. This wave function can be
decomposed into a combination of specific states, called eigenstates, each with
a corresponding eigenvalue. When we measure a particular property, called an
observable of the quantum system, the wave function is projected onto one of
the eigenstates associated with that observable. The probability of obtaining
a particular measurement result is determined by the squared absolute value
(modulus squared) of the coefficient of that eigenstate in the original wave
function.

The Copenhagen interpretation suggests that some properties of a system
corresponding to the eigenstates of the measurement operator, such as its po-
sition or momentum, are not definite until measured. If a system is not already
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in one of these eigenstates, the property essentially does not have a specific
value. The act of measurement "collapses" the system’s wave function into
one of these eigenstates, giving the property a definite value.

We call an observable a measurable element and describe it using a Hermi-
tian operator. These observables have eigenvalues with associated eigenstates
corresponding to the Hermitian operator eigenvectors.

Mathematically, observables are self-adjoint operators, which means that
the adjoint of the operator is equal to the operator itself.

Consider an observable A, we know that the set of orthonormal eigenvec-
tors forms an orthonormal basis of the state space :

{|α1⟩ , ...., |αn⟩},A |αi⟩= ai |αi⟩ . (2.13)

Any state |ψ⟩ can be expressed as a linear combination of the basis vectors.
These basis vectors are often the eigenvectors of an observable quantity: |ψ⟩=
∑
i

ci |αi⟩ with ci = ⟨αi|ψ⟩ the linear decomposition coefficients on this basis.

The norm of a vector must be unity ⟨ψ|ψ⟩. The basis being orthonormal,
the scalar product between two vectors of the basis is 1 if it is the same vector
and 0 in other cases: ⟨αi

∣∣α j
〉
= δi j. So : ∑

i
|ci|2 = 1.

Let’s now calculate the expectation value of the observable A for the state
represented by |ψ⟩. By definition, we should calculate the following scalar
product:

⟨a⟩= ⟨ψ|A |ψ⟩

=

∑
j

c∗j
〈
α j
∣∣A

(
∑

i
ci |αi⟩

)

=

∑
j

c∗j
〈
α j
∣∣(∑

i
ciA |αi⟩

)

=

∑
j

c∗j
〈
α j
∣∣(∑

i
ciai |αi⟩

)
= ∑

i
ai|ci|2

(2.14)

It is also known that the value is given by the sum of the products of the
possible values by the probability of measuring each value:

⟨a⟩= ∑
i

piai, (2.15)
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hence :
pi = |ci|2 (2.16)

the squared module of the linear decomposition coefficient corresponds to the
probability of measuring the eigenvalue ai. This provides a physical interpre-
tation for the linear decomposition coefficient.

Let’s notice that the result of a measurement can only be an eigenvalue of
the observable. Still, the average of a large number of measurements can give
a priori any value.

2.3.1 Projective measurement

The projective measure is the most fundamental type of measurement, which
I used in my experiments. It corresponds to the collapse of the wave function
onto an eigenstate of an observable. This type of measurement is disturbative,
discrete, and probabilistic.

During a projective measurement, the wave function collapses and the par-
ticle finds itself in a well-defined state, corresponding to one of the possible
values of the measurement. Mathematically, the collapse of the wave func-
tion is described by a projection onto a subspace associated with the measured
value. It is as if we were ‘projecting’ the wave function onto a particular axis.

Let |ai⟩ be the system’s state vector before the measurement and |ai⟩ an
orthonormal basis of eigenvectors of an observable associated with the mea-
surement. According to the measurement postulate, the probability of obtain-
ing the eigenvalue ai is given by Born’s rule:

P(ai) = |⟨ai|ψ⟩|2, (2.17)

if the value ai is obtained, the system ‘collapses’ into the state |ai⟩. This col-
lapse is described mathematically by the projection operator :

|ψ ′⟩= P̂i|ψ⟩√
⟨ψ|P̂i|ψ⟩

(2.18)

where P̂i = |ai⟩⟨ai| is the projector on the state |ai⟩.

2.3.2 Indistinguishability

Suppose two photons, indistinguishable by their spatial or spectral modes, col-
lide in a beam splitter (BS). In that case, it is impossible to distinguish between
the scenarios where they have both been transmitted and the instances where
they have both been reflected. This uncertainty arises directly from the prin-
ciple of indistinguishability in quantum mechanics: when two particles are
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identical, it is impossible to track them individually, and all information about
their trajectory is lost [9].

If two states are orthogonal, it is theoretically possible to distinguish them
with certainty through a single measurement. Their lack of overlap ensures
that a measurement of one will never be mistaken for the other. By performing
a suitable projective measurement, we can project the quantum system onto
one of the bases associated with these orthogonal states. The result of this
measurement will unambiguously indicate what the state was before the mea-
surement.

However, when two states are not orthogonal, their quantum states partially
overlap. This overlap leads to a fundamental uncertainty in the measurement
result. If a state is measured on the basis of the other state, there is a non-
zero probability of obtaining an erroneous result. This probability is directly
related to the degree of overlap between the two quantum states. The greater
the overlap, the higher the probability of error.

This impossibility of distinguishing non-orthogonal states with certainty
directly reflects Heisenberg’s uncertainty principle. This fundamental princi-
ple of quantum mechanics asserts that it is impossible to know certain pairs of
physical quantities, such as a particle’s position and momentum, at the same
time and with precision.

For example, the state |↑⟩ and 1√
2
(|↑⟩+ |↓⟩)cannot be perfectly distin-

guished because they are non orthogonal.

2.4 Qubit

A classical bit is defined as an elementary unit of information. It is a scalar
with two possible values: 0 and 1. The bit can also be viewed as a variable
with two states: state zero and state one, without intermediate sub-states.

In quantum information theory, the elementary unit of information is the
qubit, which represents the basic unit of information that can be stored in a
quantum system as a counterpart of a classical bit [10].

In the formalism of quantum mechanics, the base states of the qubit are
represented by two vectors, |0⟩ and |1⟩. They evolve in a 2-dimensional Hilbert

space where their states are represented as vectors, |0⟩ =
1

0

 and |1⟩ =
0

1

.

These vectors are orthonormal : ⟨0|0⟩= ⟨1|1⟩= 1 and ⟨0|1⟩= ⟨1|0⟩= 0.
Unlike a classical bit, which can only be 0 or 1, a qubit can exist in a

superposition of these states. This means a qubit can be in a superposition,
that is, a combination of both |0⟩ and |1⟩.

A qubit is written as :
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Figure 2.1: In this example, the non-orthogonal states blue and green cannot be
perfectly distinguished, they each have a component which projects onto state
|↑⟩ and one onto state |↓⟩. If we rotate the basis so that one of the states has
a component on only one of the two axes, the second state will always have a
component on this same axis, and the states cannot be perfectly distinguished i.e
any measurement intended to separate them will have a fundamental probability
of error.

|q⟩= α |0⟩+β |1⟩

when the basis states are |0⟩ , |1⟩ and the qubit amplitudes are (α,β ) the prob-
ability of measuring the qubit in state |0⟩ is |α|2 (absolute value squared).
Similarly, the probability of measuring the qubit in state |1⟩ is |β |2. These
probabilities always sum to 1: |α|2 +|β |2 = 1.

In the special case of equal probability for both states (equiprobability), we
have α = β = 1√

2
.

A qubit’s state is described relative to a specific basis set. The most com-
mon basis, known as the computational basis, uses the z-axis of the Bloch
sphere [11] and consists of the states:

• |0⟩ : represents the state with the spin pointing "up" along the z-axis,

• |1⟩ : represents the state with the spin pointing "down" along the z-axis.

Other common basis sets include the x-basis and the y-basis. These bases
are related to the z-basis by rotations around the Bloch sphere. The x-basis
states are:

• |+⟩= |0⟩+|1⟩√
2

: a superposition of |0⟩ and |1⟩ with equal coefficients,
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• |−⟩ = |0⟩−|1⟩√
2

: another superposition of |0⟩ and |1⟩ but with opposite
coefficients.

The y-basis states are:

• |R⟩= |0⟩+i|1⟩√
2

,

• |L⟩= |0⟩−i|1⟩√
2

.

Unlike the z-basis and x-basis, which lie on the real plane of the Bloch
sphere, the y-basis states involve imaginary components.

The Bloch sphere (figure 2.2) is a tool that allows us to visualise the state
of a quantum system, particularly a two-level system like a qubit. Points on
the surface of the Bloch sphere represent pure states, while points inside the
sphere represent mixed states. The closer a point is to the centre of the sphere,
the more mixed the state is, indicating greater uncertainty about the actual
state of the system. The coordinates of a point on or within the sphere encode
information about the probability of finding the system in each possible state
[12].

The qubit is as follows:

|Ψ⟩= cos(θ

2 ) |0⟩+ sin(θ

2 )e
iφ |1⟩,

the state |0⟩ corresponds to a special state where θ = 0◦ and the state |1⟩ to
another special state where θ = π◦, located at the North and South Poles, while
the equator corresponds to the states 1√

2
(|0⟩+ eiϕ |1⟩).

As long as the photon is not measured in a specific state, it has a probability
amplitude of being in each state of the basis. To measure a state, one must list
the paths leading to that state and associate a probability amplitude with each
path. The probability of measuring the state is then equal to the magnitude
squared of the sum of the probability amplitudes.

The qubits can exist in a superposition of the two base states: |0⟩ and
|1⟩.When one of a qubit’s observables is measured, the qubit collapses into
one of its eigenstates, which is reflected in the measured value. If a qubit is
in a superposition state with equal coefficients, a measurement will cause it to
collapse into one of its two basis states: |0⟩ or |1⟩, with a 50 percent chance of
each. The basis states |0⟩ and |1⟩ are eigenstates of the computational basis. A
measurement of a qubit in the state |0⟩ yields the outcome 0 with a probability
of 1, leaving the state unchanged (or "collapsed" into itself). Conversely, a
measurement of |1⟩ yields the outcome 1 with certainty.
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Figure 2.2: Representation of a qubit on the surface of the Bloch sphere.

2.5 Quantum correlation

Let O(1) and O(2) be two observables defined by the projectors P(1)
i and P

(2)
j .

The conditional probability of finding result j on O(2) knowing that i has been
found on O(1) is:

P( j|i) =
Tr[ρP(1)

i P(2)
j P(1)

i ]

Tr[ρP(1)
i ]

. (2.19)

If each observable forms a complete metric set (non-degenerate eigenspaces
i and j), p( j|i) is independent of the state of the system:

P( j|i) = | ⟨ j|i⟩ |2. (2.20)

In this case, the correlation is independent of the order of the measure-
ments:
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P( j|i) = P(i| j) = | ⟨ j|i⟩ |2. (2.21)

If O(1) and O(2) correspond to two independent parts of a bipartite sys-
tem, they commute and so do the projectors on their eigenspaces. The joint
probability of finding the results i and j, independent of the order of the mea-
surements, is:

P(i, j) = P( j|i)P
1
i = P(i| j)P

2
j = Tr[ρP(1)

i P(2)
j ]. (2.22)

2.6 Entanglement

Quantum entanglement is a special connection between two (or more) qubits
[13], whose first experimental demonstration was carried out by Chien-Shiung
Wu and Irving Shaknov in 1950 [14].

An entangled state is defined as a non-separable state of a system contain-
ing different parts that are quantum correlated. This is one of the most perplex-
ing phenomena in quantum physics. A pair or group of particles is entangled
when the quantum state of each particle cannot be described independently of
the quantum state of the other particle or particles. Although the parts of the
system are not distinct, the quantum state of the entire system can be stated.

Entanglement can be created in various ways. For example, we can bring
two qubits close together, perform an operation to entangle them, and then
separate them again. Regardless of distance, entanglement is maintained. The
results of measurements taken on these qubits reveal this entanglement. When
measured, these qubits will always yield either zero or one in a perfectly ran-
dom manner. Nonetheless, no matter how far apart they are, whenever you
measure them together, they will always be correlated, e.g. in case maximally
entangled states their results will be opposite (one 0 and one 1) or complemen-
tary (both 0 or both 1).

Entanglement has two qualities that enable all the applications that follow.
The first property is entanglement’s monogamy. Unlike classical correlations,
which allow sharing information with many parties, entanglement cannot be
freely shared. If two qubits are maximally entangled, they cannot share that
entanglement with any other qubit.

The second property is perfect correlation for the singlet state. The mea-
surement on the qubits demonstrates this characteristic. When you measure
two entangled qubits locally in a specific way (same basis), even if vast dis-
tances separate them, their results will always be linked and complementary.
This means that if one qubit is 0, the other will be 1, and vice versa. This
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result is not predetermined, the individual measurement outcomes are entirely
random and determined at the moment of the measurement.

When dealing with entangled photons, it’s impossible to describe the po-
larisation state of just one photon individually : we can only describe the com-
bined state of both photons. What defines entanglement is the impossibility of
factoring. Let us imagine two photons, each in a superposed state and inde-
pendent:

|ψ1⟩= a |0⟩+b |1⟩ (2.23)

|ψ2⟩= c |0⟩+d |1⟩ , (2.24)

the complete "product" state of the system can be created:

|ψ1⟩⊗ |ψ2⟩= ac(|0⟩⊗ |0⟩)+ad(|0⟩⊗ |1⟩)+bc(|1⟩⊗ |0⟩)+bd(|1⟩⊗ |1⟩).
(2.25)

In this state, the particles exist in a superposition of all four possible polar-
isation combinations. However, since this state can be expressed as a simple
product of individual states for each particle, it is not entangled. The two par-
ticles behave independently.

An example of a maximally entangled state is as follows: 1√
2
(|0⟩ |1⟩ −

|1⟩ |0⟩). This state is maximally entangled because the measurements of the
states of the two photons are perfectly correlated in three different orthogonal
measurement basis. There is no classical explanation for this type of correla-
tion, which is a characteristic of quantum entanglement. If you measure qubit
A and see that it is 0, you instantly know that qubit B must be 1.

2.6.1 2-qubit entanglement

There are four classic bit pairs: 00, 01, 10, and 11. To these classical bit pairs,
we can map two-qubits: |00⟩ , |01⟩ , |10⟩ and |11⟩. A two-qubit state will be
written :

|q⟩= α00 |00⟩+α01 |01⟩+α10 |10⟩+α11 |11⟩

with :

• ∑
i, j

∣∣αi j
∣∣2 = 1

• |i j⟩= |i⟩⊗ | j⟩.

We can rewrite this 2-qubit as :
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|q⟩=
√
|α00|2 +|α01|2

α00 |00⟩+α01 |01⟩√
|α00|2 +|α01|2

+

√
|α10|2 +|α11|2

α10 |10⟩+α11 |11⟩√
|α10|2 +|α11|2

= β0 |q0⟩+β1 |q1⟩ .

A two-qubit state can be reduced to the superposition of two two-qubits:
one two-qubit with 0 as first bit |q0⟩ and one two-qubit with 1 as first bit |q1⟩.
|0⟩ and |1⟩ are the post measurement states of the first bit.

2.7 Bell inequality

2.7.1 Nonlocality

The principle of nonlocality is particular to quantum physics [15]. Consider
an entangled state of two photons:

|φ⟩= 1√
2
|0⟩A |1⟩B −|1⟩A |0⟩B (2.26)

with A,B the spatial modes and 0,1 the particle states.
If we spatially separate these two particles, the previous equation still de-

scribes their state. If a measurement is made on one of the particles now, the
state of the second particle is immediately known. An action on one of the
particles instantly affects its entangled partner, which seems to contradict rel-
ativity, as it requires communication faster than the speed of light. This makes
quantum mechanics a non-local theory.

2.7.2 Einstein-Podolsky-Rosen(EPR) paradox

The EPR paradox arises from a discussion about the principle of nonlocality
introduced by Einstein, Podolsky, and Rosen [7]. This paradox originates from
the incompatibility of entangled photons, as described by quantum mechanics,
with local realism. Locality is a physical concept asserting that a system can
react causally only.

If we take our entangled particles from the equation 2.26 and send these
particles in two opposite directions, far apart to Alice and Bob, let’s imagine
that Alice measures her entangled particle and finds it in state |0⟩. As the par-
ticles are entangled, the moment Alice measures her particle, the two-particle
state becomes |φ⟩= |0⟩A |1⟩B. We can therefore predict that the state of the sec-
ond particle is |1⟩ without measuring it. Thus, there is a reality |1⟩ associated
with the state of this second particle. However, the probability of measuring
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the first particle in the |0⟩ state is only 1
2 . If the measurement result had been

|1⟩, then the two-particle state would have been |φ⟩ = |1⟩A |0⟩B, and the real-
ity associated with the state of the second particle would have been |0⟩. The
reality of the second particle’s state depends on the measurement of the first,
leading to the paradox: If the two particles are measured in a time interval
shorter than the travel time of light between them, then there can be no local
influence of the measurement of one on the other. Yet the reality of the lat-
ter’s state always relies on the measurement of the former’s state. Therefore,
there is a contradiction between local realism and the complete description of
the two photons’ state by quantum mechanics. Einstein proposes as a solution
that the state of measurement is probabilistic solely due to a lack of knowledge
about the system. In other words, there exists a hidden variable that enables
the measurement outcome to be predicted with a certain probability.

Bohr argues that the description of quantum mechanics is complete, that
the outcome of a measurement is indeed probabilistic, and that it is sufficient
to accept the existence of non-local realism.

2.7.3 Bell’s inequality

Bell’s inequality provided a crucial test of local realism. Experiments have
violated Bell’s inequality, thereby supporting the predictions of quantum me-
chanics over those of local realism.

In 1965, John Bell discovered that the existence of hidden variables leads
to quantitatively different predictions compared to those of quantum mechan-
ics in certain situations [15]. By conducting experiments corresponding to
these situations, it is possible to determine the validity of the theory regard-
ing hidden variables. This represents an inequality that local realism theories
cannot violate, whereas quantum mechanics predicts its violation.

As mentioned in the paradox statement, we consider a source S that emits
special pairs of particles, such as photons, in opposite directions toward Alice
and Bob. These particles possess two possible properties, often represented as
vertical and horizontal polarisation (like two paths). These paths are combined
by black boxes, which split them into two orthogonal results, +1 and −1.
Alice and Bob can respectively modify the parameters a and b, adjusting the
measurement basis of the black boxes through rotation.

Let us imagine that there is indeed a hidden variable that we will call λ .
This variable has the property that:∫ +∞

−∞

P(λ )dλ = 1 (2.27)

because P is a normalised probability distribution.
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To maintain the locality characteristic, it is crucial that B does not depend
in any way on A or the parameter a. The probabilities for Alice and Bob are:

A(a,λ ) =±1 (2.28)

B(b,λ ) =±1 (2.29)

The correlation function is such that :

E(a,b) =
∫ +∞

−∞

A(a,λ )B(b,λ )P(λ )dλ (2.30)

As only two values +1 and −1 are possible:

−1 ≤ E(a,b) =
∫ +∞

−∞

A(a,λ )B(b,λ )P(λ )dλ ≤+1 (2.31)

E(a,b) =−1 with a = b only if A(a,λ ) =−B(b,λ ). Now let’s rewrite:

E(a,b,λ ) =−
∫ +∞

−∞

A(a,λ )A(b,λ )P(λ )dλ (2.32)

The parameters a and b each have two possible values a1,a2 and b1,b2. Let’s
look at :

E(a1,b1)−E(a1,b2) =−
∫ +∞

−∞

[A(a1,λ )A(b1,λ )−A(a1,λ )A(b2,λ )]P(λ )dλ

(2.33)

=
∫ +∞

−∞

A(a1,λ )A(b1,λ )[A(a1,λ )A(b2,λ )−1]P(λ )dλ

(2.34)

However, we know that:

A(a1,λ )A(b1,λ )≥−1 (2.35)

Hence:∣∣E(a1,b1)−E(a1,b2)
∣∣≤ ∫ +∞

−∞

[
1−A(a1,λ )A(b2,λ )

]
P(λ )dλ (2.36)

And as:
E(b1,b2) =−

∫ +∞

−∞

A(b1,λ )A(b2,λ )P(λ )dλ (2.37)

We obtain Bell’s inequality:

1+E(b1,b2)≥
∣∣E(a1,b1)−E(a1,b2)

∣∣ . (2.38)
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This inequality follows from the separability proposed by Einstein, which
requires that the measurement on one system be independent of the measure-
ment on any other system from which it is spatially separated. If we impose
locality while ensuring that Alice’s measurement is not influenced by Bob’s
measurement, we must have a hidden variable. This variable implies that the
result of the measurements is predetermined. Bell’s theorem constructs mean
value expressions as a function of the detector angles to satisfy the photon
correlation relations. These mean values are derived from the measurement
results of Alice and Bob, who are independent of each other.

By factoring Alice’s expression and minimising it, an inequality can be
formed that cannot be satisfied for certain angles. The factorisation contradicts
the definition of an entangled state.

Einstein’s separability, which states that any system is independent of an-
other system from which it is spatially separated, cannot hold unless one re-
jects the predictions of quantum mechanics. This result does not condemn all
hidden-variable theories; it only rejects those that are local.

2.7.4 CHSH inequality

The original Bell inequality is challenging to prove experimentally and only
rules out the existence of local hidden variables [16]. Indeed, achieving per-
fect correlation between the two photons may be difficult in physics. Addi-
tionally, Bell’s inequality necessitates hidden variables that are established at
the moment of the creation of the singlet state, specifically when the parti-
cles are separated. However, other theories of local hidden variables exist, in
which the variables remain undetermined at the time the singlet state is created.
Consequently, Bell’s theorem does not encompass these theories and therefore
cannot definitively resolve the outcome of the debate.

Clauser, Horne, Shimony, and Holt generalised Bell’s equation to cover all
possible hidden variables [17], without assuming that the values of the hidden
variables are predetermined during the propagation of photons. This generali-
sation also allows for an experiment derived from Bell’s inequality to test the
locality hypothesis. The advantage of the CHSH generalisation is that it does
not impose any constraints on the hidden variables. The only assumption made
is the normalisation of their density:

∫ +∞

−∞

P(λ )dλ = 1. (2.39)

This generalisation does not impose a perfect correlation, but we still retain
:
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A(a,λ ) =±1 ⇔
∣∣A(a,λ )∣∣≤ 1 (2.40)

B(b,λ ) =±1 ⇔
∣∣B(b,λ )∣∣≤ 1 (2.41)

as for Bell’s version :

E(a,b) =
∫ +∞

−∞

A(a,λ )B(b,λ )P(λ )dλ (2.42)

E(a1,b1)−E(a1,b2) =
∫ +∞

−∞

[A(a1,λ )B(b1,λ )−A(a1,λ )B(b2,λ )]P(λ )dλ

(2.43)

=
∫ +∞

−∞

A(a1,λ )[B(b1,λ )−B(b2,λ )]P(λ )dλ (2.44)

because
∣∣A(a,λ )∣∣≤ 1

∣∣E(a1,b1)−E(a1,b2)
∣∣≤ ∫ +∞

−∞

∣∣B(b1,λ )−B(b2,λ )
∣∣P(λ )dλ (2.45)

and: ∣∣E(a2,b1)+E(a2,b2)
∣∣≤ ∫ +∞

−∞

∣∣B(b1,λ )+B(b2,λ )
∣∣P(λ )dλ (2.46)

by combining the two previous equations, we obtain:

∣∣E(a2,b1)+E(a2,b2)
∣∣+ ∣∣E(a1,b1)−E(a1,b2)

∣∣
≤
∫ +∞

−∞

[∣∣B(b1,λ )−B(b2,λ )
∣∣+ ∣∣B(b1,λ )+B(b2,λ )

∣∣]P(λ )dλ
(2.47)

it is known that
∣∣B(b,λ )∣∣≤ 1, so :∣∣B(b1,λ )−B(b2,λ )

∣∣+ ∣∣B(b1,λ )+B(b2,λ )
∣∣≤ 2 (2.48)

and as
∫ +∞

−∞
P(λ )dλ = 1, we obtain :∣∣E(a2,b1)+E(a2,b2)

∣∣+ ∣∣E(a1,b1)−E(a1,b2)
∣∣≤ 2 (2.49)

then we can rewrite :∣∣E(a2,b1)+E(a2,b2)+E(a1,b1)−E(a1,b2)
∣∣≤ 2 (2.50)
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knowing that the correlation function is:

E(a,b) = P++(a,b)−P+−(a,b)−P−+(a,b)+P++(a,b) (2.51)

with P++(a,b), the probability of obtaining +1 at measurement A with pa-
rameter a and +1 at measurement B with parameter b, as well as similarly for
the other terms in the equation, is evaluated.

Knowing that the probability of obtaining two identical results ({+1,+1} or
{-1,-1}) is 1

2 cos2(θ), while the probability of receiving two different outcomes
({+1,-1} or {-1,+1}) is 1

2 sin2(θ), with θ = b− a representing the difference
between the two measurement angles, we can conclude:

E(a,b) = cos(2(b−a)). (2.52)

Using this in the CHSH inequality, with a1 = 0o,b1 = 22,5o,a2 = 45o and
b2 = 67,5o (b−a = 22,5o; d−a = 67,5o; b−c =−22,5o and d−c = 22,5o),
we get:

∣∣E(a2,b1)+E(a2,b2)+E(a1,b1)−E(a1,b2)
∣∣= 2

√
2 ≥ 2 (2.53)

this violates inequality and disproves the existence of a hidden variable [18].

2.8 Multipartite Entanglement

Multipartite entanglement refers to a type of quantum entanglement involving
three or more particles or subsystems. Here, we will examine only the case
of 3-partite entanglement, but this information can be generalised to include a
larger number of particles.

2.8.1 3-partite entanglement

A general three-qubit is written :

|ψ⟩= α000 |000⟩+α001 |001⟩+α010 |010⟩+α011 |011⟩++α100 |100⟩+
+α101 |101⟩++α110 |110⟩++α111 |111⟩

with :

• ∑
i, j,k

∣∣αi jk
∣∣2 = 1

• |i jk⟩= |i⟩⊗ | j⟩⊗ |k⟩.
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Similarly to two qubits, a three-qubit system can be separable or non-
separable.

An example of a complete, separable state is |000⟩ABC.
Unlike a two-qubit system, a three-qubit system can be bi-separable, such

as:
|0⟩A ⊗

1√
2
(|00⟩+ |11⟩)BC, (2.54)

in that example, A is separable and B and C are non-separable.
Fully non-separable states are, for example, W and GHZ states.
W state is :

|W ⟩ABC =
1√
3
(|001⟩+ |010⟩+ |100⟩)ABC. (2.55)

W states are robust against the loss of particles. The loss of one particle
doesn’t destroy the entanglement among the remaining particles.

We refer to the GHZ state, named after Greenberger-Horne-Zeilinger, as a
state with N qubits (N ≥ 3) such as:

|GHZ⟩ABC =
1√
2
(|0102...0N⟩+ |1112...1N⟩)ABC, (2.56)

here, the equation illustrates a superposition of two states:

• The first term, with all qubits in state 0 |0102...0N⟩, represents a scenario
where all qubits are zero.

• The second term, with all qubits in state 1 |1112...1N⟩, represents a sce-
nario where all qubits are one.

A GHZ state is an example of a state in which all the parties are entangled.

2.9 Polarisation encoding

For the experiments in this thesis, we chose photons as our preferred quantum
qubits. This decision is based on several reasons. First, photons are highly
stable particles. Second, they can be easily transmitted over long distances
without significant degradation. Finally, regarding the encoding of qubits in
photons, we specifically focused on the property of polarisation.

Polarisation is a characteristic of light that describes the direction of the
electric field tangent to the wavefront [19].

We have seen that the Bloch sphere is a useful tool for visualising the
quantum states of a single qubit; figure 2.3 shows some examples of partic-
ular states. These states can be represented mathematically using the Pauli
matrices, which are special 2x2 matrices:
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Figure 2.3: Spatial representation of |H⟩, |V ⟩, |R⟩, |L⟩, |D⟩ and |A⟩ on a Bloch
Sphere.

σx =

(
0 1
1 0

)
;σY =

(
0 −i
i 0

)
;σZ =

(
1 0
0 −1

)
, (2.57)

which, when coupled with the identity matrix 1 =

(
1 0
0 1

)
, form a basis of

matrices. Any single-qubit state can be described as a linear combination of
these Pauli matrices and the identity matrix.

These matrices are also associated with operators of the same kind. Clas-
sically, it is the orthogonal polarisations |H⟩ and |V ⟩, the eigenvectors of the
operator σZ , which are used as the basis as |0⟩ and |1⟩.

2.10 Polarisation single-photon state preparation

The polarised states |H⟩ and |V ⟩ are orthogonal, which means that ⟨H|V ⟩ =
⟨V |H⟩ = 0 and therefore no |H⟩ photon will exit through the V output of a
PBS and vice versa.

We know our states are normalised, meaning they represent pure quantum
states. Since horizontal (H) and vertical (V) form a basis for polarisation states,
any other polarisation state can be expressed as a linear combination of these
basis states. So:

|D⟩= 1√
2
(|H⟩+ |V ⟩) (2.58)
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|A⟩= 1√
2
(|H⟩− |V ⟩) (2.59)

|R⟩= 1√
2
(|H⟩+ i |V ⟩) (2.60)

|L⟩= 1√
2
(|H⟩− i |V ⟩). (2.61)

We can represent an arbitrary polarisation state |P⟩ as :

|P⟩= α |H⟩+ eiφ
β |V ⟩ , (2.62)

here, {α,β ,φ} ∈ R that determine the coefficients of the horizontal |H⟩ and
vertical |V ⟩ components in the state, and eiφ is a complex number with magni-
tude 1 and phase φ . It accounts for the relative phase difference between the
horizontal and vertical components.

In the special case of a coherent state, such as the light emitted from a
laser, the phase i is well-defined. This indicates that the relative orientation of
the electric field in the horizontal and vertical components is fixed.

Figure 2.4: To prepare a photon in the desired polarisation, a polarising beam
splitter (PBS) followed by a half-wave plate (HWP) and a quarter-wave plate
(QWP) can be used to achieve the required configuration polarisation.

2.11 Single photon polarisation transformation

A qubit stays in the state it was prepared in as long as it is not subjected to
external interaction. In the formalism of quantum mechanics, any transforma-
tion affecting the state of a qubit is associated with a unitary operator. This
operator acts on the state and modifies it as follows:

|FinalState⟩= Op |InitialState⟩ . (2.63)

Photons emitted by a source often have a specific polarisation. We utilise
various optical components to manipulate their polarisation:
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• Polarisers: These act as filters, allowing only light with a specific linear
polarisation to pass through. We can describe them as gates that permit
light to vibrate in a particular direction.

• Wave plates: These are more versatile tools. They can not only alter the
polarisation of light but also introduce a specific phase shift. We can
describe them as instruments that can twist and turn the orientation and
timing of the light wave.

An HWP, a QWP, and a PBS are needed to analyse the polarisation encod-
ing of a photon [20], as shown in Figure2.11.

• A half-wave plate (HWP) is a component that alters the polarisation of
light by introducing a π phase shift between the orthogonal polarization.

• A quarter-wave plate (QWP) is a plate that creates a 90-degree phase
shift between two orthogonal polarisation components.

• A polarising beam splitter (PBS) is a device that divides the input signal
into two beams of orthogonal polarisation.

Suppose one has a one-photon state in linear polarisation, which is achiev-
able with a polariser. By using only an HWP and a QWP, it is possible to
transform this state into any other state on the Bloch sphere. From the |H⟩
state, the |H⟩, |V ⟩, |D⟩ and |A⟩ states can be obtained from a half-wave plate
( λ

2 ).

Output polarisation |H⟩ |V ⟩ |D⟩ |A⟩
HWP rotation angle (in degrees) 0 45 22,5 -22,5

Table 2.1: Orientation of an HWP to obtain the following states from an initial
state |H⟩.

To go from a |H⟩ state to the |L⟩ and |R⟩ states, this time we need a quarter-
wave plate (

∣∣∣λ

4

〉
).

Output polarisation |L⟩ |R⟩
QWP rotation angle (in degrees) 45 -45

Table 2.2: Orientation of a QWP to obtain the following states from an initial
state |H⟩.
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2.12 Single Photon Polarisation Measurement

To determine the polarisation state of a photon, we use a polarising beam split-
ter (PBS). A PBS is an optical component that divides an optical field into
two orthogonal modes. The amplitude of these two modes corresponds to the
projection of the polarisation vector along these two orthogonal axes. The
two directions of polarisation of a PBS are horizontal and vertical polarisa-
tion. However, decomposing diagonal and anti-diagonal polarisation, as well
as right and left circular polarisation, is also possible with a PBS.

A diagonally polarised photon is in a superposition of horizontal and ver-
tical polarisation states. When encountering a PBS designed to distinguish
horizontal and vertical light, the photon has a 50% probability of exiting from
either the horizontal or vertical output. This reflects the probabilistic nature
of quantum mechanics. Similarly, a horizontally polarised photon will give a
random result when faced with a D/A distinguishing PBS.

The transformation from the horizontal/vertical polarisation basis to other
bases can be achieved using wave plates. These optical elements enable the
analysis of photons in different polarisation bases using polarising beam split-
ters originally designed for the H/V basis as shown in the figure2.5.

Figure 2.5: Transformation of a PBS to distinguish different orthogonal polari-
sations. To obtain the circular polarisation basis (left/right), a quarter-wave plate
oriented at 45◦ with respect to the horizontal axis introduces a relative phase shift
of π/2 between the H and V components, converting linear polarisations into cir-
cular ones. Alternatively, to access the diagonal basis, a half-wave plate (HWP)
aligned at 22.5◦ relative to the horizontal axis rotates the polarisation direction
by 45°, transforming H and V states into the diagonal 45◦ states.

Let’s remind ourselves of Heisenberg’s principle of uncertainty: One can-
not simultaneously measure two properties defined by observables that do not
commute. Two conjugate quantities cannot be measured accurately and simul-
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Figure 2.6: Measurement station: using PBS, HWP, and QWP, the polarisation
of any state can be determined. The optical signal is converted into an electri-
cal signal through the detectors, which are connected to a coincidence unit that
counts the number of photons arriving at each detector and the coincidences be-
tween them.

taneously. In particular, obtaining a high degree of accuracy in measuring the
velocity of a particle is impossible without also obtaining a low degree of ac-
curacy in its position, and vice versa. This uncertainty does not depend on how
careful the experimenter is in trying not to ’disturb’ the system; it constitutes a
limit on the precision of any measuring instrument.

Regarding the detection itself, light is not detected directly, it is first con-
verted into an electrical signal, which is then detected and analysed. Detection
can be performed using two methods: field detection and intensity detection.
The field detection method focuses on the electric and magnetic field properties
of light waves. It can provide information about the light’s phase and polarisa-
tion. In contrast, the intensity detection method measures the overall intensity
(strength) of the light without capturing details about the wave’s properties.

The quantum efficiency η is the probability that incoming light is con-
verted into a measurable signal.

Notice that even in darkness, thermal effects within the detector can cause
a small electric current to flow, generating a weak signal. This unwanted signal
is referred to as dark count or dark noise.

A photon carries a weak energy. Its energy is inversely proportional to its
wavelength, as described by the equation E = hν , where E is the energy, ν is
the frequency, and h is the Planck constant. This energy is typically around
10−19J in the visible spectrum. A mechanism is needed to convert this small
amount of energy into a macroscopic signal.
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In the lab, we use a specialised type of detector known as an avalanche
photodiode (APD) to convert light signals into measurable electrical signals.
This conversion relies on the principle of the photoelectric effect: when light
strikes the surface of a material like silicon, it can eject an electron from the
atom. For this process to occur, the energy of the light photon must exceed the
energy gap between the electron’s bound state (valence band) and its free state
(conduction band).

APDs are specialised photodetectors made from silicon. They exploit the
photoelectric effect but take it a step further. Light interacts with the material,
creating electron-hole pairs (an electron and a vacancy where the electron used
to be). These initial charge carriers are then accelerated by an internal electric
field within the APD, gaining enough energy to produce additional electron-
hole pairs. This cascading effect, known as an avalanche, significantly ampli-
fies the original signal.

For applications that require continuous light detection, APDs operate in a
specific mode called continuous mode. In this mode, the internal electric field
is very high, leading to an avalanche process that is quenched either passively
or actively. After a recovery time (deadtime), the detector is rearmed, allowing
for the sensitive detection of even weak light signals.

Our lab detectors are approximately 55% efficient, meaning they convert
roughly 55% of incoming light into a usable signal. They also have a dead
time of 55 nanoseconds.Dead time is a crucial factor in detector performance.
It represents the minimum duration a detector requires to reset after registering
a photon before it can detect another one.

2.13 Entanglement source

All the experiments presented here require a source of polarisation-entangled
photon pairs. The creation of these entangled photon pairs occurs in two steps.

The first step involves frequency doubling. The second step consists of
generating photon pairs using the spontaneous parametric down-conversion
(SPDC) phenomenon.

A 780nm laser pumps a 1mm thick BiBO (Bismuth Triborate) nonlinear
crystal, which creates photons at 390nm through second harmonic generation
(SHG), its frequency doubling. This step is required because we do not have a
390nm laser.

Second harmonic generation represents a particular instance of frequency
sum generation. This phenomenon is classified as nonlinear optical, wherein
photons interacting with a nonlinear medium combine to produce new photons
possessing twice the energy, which corresponds to twice the frequency or half
the wavelength of the original photons.
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To eliminate this residual pump signal, a series of dichroic mirrors are used
which reflect the signal at 390nm and transmit the signal at 780nm. Thus, the
residual pump signal does not follow the same path as the photon pair signal.

Figure 2.7: Energy level of the second harmonic generation process.

The converted signal, filtered at 390nm, is then used to pump a BBO crystal
to generate photon pairs via the SPDC process [21].

The Spontaneous Parametric Down-Conversion (SPDC) represents a non-
linear process of second order in which a pump photon is converted into two
distinct photons within a nonlinear crystal, specifically referred to as the sig-
nal photon and the idler photon. This mechanism adheres to the principles of
energy conservation and momentum relations:

ωp = ωs +ωi and
−→
kp =

−→
ks +

−→
ki . (2.64)

The success of SPDC in generating entangled photons depends on a unique
property of the nonlinear crystal known as birefringence. Birefringence refers
to the way the crystal behaves differently for light waves based on their po-
larisation. When light enters a birefringent crystal, its path is affected by its
polarisation. The crystal has a "fast axis" and a "slow axis" for light propaga-
tion. By carefully controlling the angle at which the pump photon enters the
crystal, we can ensure that the generated signal and idler photons travel along
the crystal’s fast and slow axes, respectively[21].
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This separation, based on polarisation, enables the simultaneous fulfill-
ment of energy and momentum conservation relations. We focus on the spe-
cific case of degeneracy, which occurs when the signal and idler photons have
the same frequency: ωi = ωs.

Polarisation entanglement is achieved using a BBO crystal. This optically
uniaxial negative birefringent crystal can be utilised in either type I or type II
phase matching.

The BBO crystal is birefringent (this is also the case for the BiBo crystal),
meaning that light propagates anisotropically. Anisotropy refers to the prop-
erty of being direction-dependent: depending on the orientation of the crystal,
specific characteristics will vary. In a birefringent medium, the refractive index
is not singular; it depends on the direction of polarisation of the light wave.

If we consider a linearly polarised light beam in this birefringent medium,
its speed of propagation will depend on the polarisation of the beam. However,
there is a preferred direction for which the index remains constant regardless of
the polarisation direction, known as the optical axis of the medium. Our crystal
is uniaxial, meaning it has only one optical axis and two refractive indices:
the ordinary and extraordinary indices, which correspond to the ordinary and
extraordinary axes.

One significant effect of birefringence is double refraction, in which a ray
of light entering the crystal is split into two along the crystal’s ordinary and
extraordinary axes.

In type I phase matching, a specific method for achieving SPDC in the
BBO crystal, the generated signal and idler photons (the "twin photons") share
the same polarisation. This polarisation is perpendicular to the crystal’s optical
axis, while the pump photon’s polarisation is parallel to that axis. By arranging
two BBO crystals consecutively with their optical axes perpendicular, we can
realise a specific entangled state for the signal and idler photons: 1√

2
(|HH⟩+

|VV ⟩).
Type II phase matching is another method for achieving SPDC in the BBO

crystal. The pump photon, which has extraordinary polarisation, interacts with
the crystal and splits into a signal photon and an idler photon. Interestingly,
these two photons can have different polarisations: either extraordinary (EE)
or one extraordinary (E) and one ordinary (O). This can occur in two config-
urations: EE or EO/OE. The generated photon pairs are emitted in two cones
that are symmetrically arranged around the pump beam. Consequently, we
cannot determine which photon originated from the extraordinary wave and
which one came from the ordinary wave in the split pump photon. The in-
tersection of the two cones thus formed results in indistinguishable entangled
photon pairs in the state. 1√

2
(|HV ⟩+ |V H⟩).

Regardless of the chosen method, the pairs of photons produced by the
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Figure 2.8: Spontaneous In the Down Conversion process, (a) Type I exhibits
propagation directions that form two concentric cones. (b) Type II shows propa-
gation directions that form two cones symmetrically tilted to the direction of the
pump photons.

source are correlated but not entangled in a definitive state. Indeed, there are
still degrees of discernment among these photons. To render the photons in-
distinguishable and consequently entangled in pairs, spatial, spectral, and tem-
poral filtering is applied, using filters, delay lines, and optical fibers.

We now have entangled photons, indicating that their properties are linked.
In this instance, the entanglement specifically relates to their frequencies.

2.14 Quantum interference and HOM

The Hong, Ou, Mandel (HOM) experiment [22; 23], conducted in 1987, was
the first to observe a two-photon quantum interference effect. This effect oc-
curs when two indistinguishable photons arrive simultaneously at the two input
channels of a semi-reflecting plate. The distribution of the two photons in the
output channels of the cube then exhibits behavior that classical light theory
cannot explain [24]. When a photon encounters a beam splitter, it has a 50/50
chance of being transmitted or reflected. When two photons arrive simultane-
ously at the beam splitter, each through an input channel (a or b), there are four
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possibilities (see figure 2.9).

• the photon entering via channel a exits via channel c, and the photon
entering via channel b exits via channel d

• the photon entering via channel a emerges via channel d, and the photon
entering via channel b emerges via channel c

• both photons exit via channel c

• both photons exit via channel d.

If we consider photons to be ‘classical’ particles, the four cases will always
be equiprobable, provided that the separator transmits and reflects the photons
with equal probability. However, quantum theory presents a completely dif-
ferent possibility. According to quantum theory, it may be impossible to ex-
perimentally distinguish two particles. In our case, this happens when the two
photons share all their properties.

Figure 2.9: Two Indistinguishable photons arrive simultaneously at the input
channels a and b of a beamsplitter. Two single-photon detectors, c and d, record
which of the two paths the photons exit: c or d through.

Let’s consider two photons entering a beamsplitter (BS). These photons are
identical; they cannot be distinguished based on their spatial or spectral modes
(position or wavelength). The probabilities, or amplitudes, of these photons
traveling through one specific path of the BS (say, transmission) have opposite
signs. In simpler terms, one photon is more likely to be transmitted while the
other is more likely to be reflected. If the BS is designed for equal transmission
and reflection (50/50 chance for each path), these opposite amplitudes result
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in a phenomenon called destructive interference. This implies that the proba-
bilities of both photons emerging from the same path (both transmitted or both
reflected) cancel each other out, leading to a very low probability of detecting
them together in that specific output.

Hong Ou Mandel’s 1987 experiment demonstrated this. A pair of pho-
tons is separated and sent through two paths of nearly equal length before
being recombined with a 50/50 beamsplitter in a perfectly superimposed man-
ner; spatial and frequency filters are utilised to eliminate anything that might
distinguish the photons. The length difference between the two paths can be
adjusted. When the delay is zero, indicating that the two paths are perfectly
equal in length, the coincidence count rate vanishes and is about half of the
total count rate for a large delay, which aligns with the expected result for
discernible particles.

The theoretical dip equation is as follows:

C = αχ(1− e−στ2
) (2.65)

Where χ is the photon pair production rate, σ the Gaussian beam band-
width, τ the delay, and α a proportionality coefficient.

The main limitation to the visibility of a Hong Ou Mandel dip is the quality
of the spatial superposition at the beam splitter.

To assess the quality of our photon indistinguishability, we measure the
visibility of the H-O-M dip, defined as the number of coincidences outside
the dip minus the number of coincidences inside the dip, divided by the sum.
In practice, in the set of experiments presented here, we do not use a BS to
superimpose the photons but a PBS. Therefore, to suppress the polarisation
distinction that persists after superimposition, it is necessary to place a HWP
at 22.5o to make our photons indistinguishable and a second PBS to observe
the dip. The setup required for the dip is shown in the figure 2.10.

Figure 2.10: Hong-Ou-Mandel dip setup. To avoid overloading the figure, only
one mode of PBS output is considered here; however, what applies to one mode
may also apply to the others.
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Photons are split and sent through nearly equal-length paths. By varying
the path length difference (delay τ), we can observe changes in the coincidence
count rate. When the path length difference is zero, maximum interference oc-
curs, resulting in a dip in the coincidence count (the HOM dip), which indicates
the indistinguishability of the photons.

The visibility, V , of this dip, defined as:

V =
Cmax −Cmin

Cmax
, (2.66)

it is a measure of photon indistinguishability. High visibility (close to 1) in-
dicates almost perfect indistinguishability, while lower values imply distin-
guishable photons due to misalignment or varying photon properties. In our
experimental setup (Figure 2.10), we use a polarising beam splitter (PBS) and a
half-wave plate (HWP) set at 22.5° to eliminate polarisation distinguishability,
creating the conditions necessary to observe the HOM dip. The second PBS al-
lows us to detect the bunched photons, thereby providing a method to measure
the visibility of the dip and evaluate the quality of photon indistinguishability.

2.15 Bell’s measurement

2.15.1 Bell’s states

Out of all the possible combinations of quantum states like |i j⟩ | jk⟩, we’re
particularly interested in Bell states, also known as EPR pairs:

∣∣φ+
〉
=

1√
2
(|00⟩+ |11⟩)∣∣ψ+

〉
=

1√
2
(|01⟩+ |10⟩)∣∣φ−〉= 1√

2
(|00⟩− |11⟩)

|ψ−⟩= 1√
2
(|01⟩− |10⟩).

Bell states are special because they demonstrate the strongest violation of
Bell’s inequality. These states involve two entangled qubits (quantum bits) and
possess the following properties:

• Maximum entanglement: The qubits are maximally linked, meaning
their fates are intertwined in a way that classical physics cannot explain,
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• Orthogonality: Each Bell state is completely distinct from the others,
like opposite sides of a coin.

2.15.2 Bell measurement

The Bell measurement is a specific type of measurement in quantum mechan-
ics. It involves two entangled qubits. This measurement determines which of
the four possible ’Bell states’ these entangled qubits are projected into [25].

Figure 2.11: Partial Bell’s states analyser.

While Bell measurements determine the entangled state of two qubits,
some techniques, like those based on linear optics, can only distinguish be-
tween certain Bell states. These techniques cannot differentiate between two
specific pairs of Bell states [26]. At best, the measurements using linear optics
are generally successful 50% of the time, but it’s possible to increase that to
62,5% [27–29].

The Bell analyser shown in Figure 2.11 can be used to distinguish φ+ and
φ−.

Indeed, if we consider φ+ at the level of the first PBS :

1√
2
(H1H2 +V1V2) , (2.67)

after passing the first PBS, we will have :

1√
2
(H2H1 +V1V2) , (2.68)

68



the passage from HWP at 22,5◦ will give :

(H2 +V2)(H1 +V1)+(H1 −V1)(H2 −V2)

H2H1 +H2V1.
(2.69)

2.16 Application : GHZ state preparation

The preparation of a GHZ report is an example of the use of Bell measure-
ments.

Remember that a GHZ state is written as :

|GHZ⟩= 1√
2
(|0102...0N⟩+ |1112...1N⟩). (2.70)

For N = 3 and N = 4, we need two sources producing the states :

1√
2
(|H1H2⟩+ eiφ1 |V1V2⟩) (2.71)

1√
2
(|H3H4⟩+ eiφ2 |V3V4⟩) (2.72)

as presented in the figure 2.12

Figure 2.12: Setup for GHZ states preparation.

The 4-photon state thus created at the source outputs is :

|φ⟩12 |φ⟩34 =
1
2
(|H1H2⟩+ eiφ1 |V1V2⟩)(|H3H4⟩+ e1φ2 |V3V4⟩) (2.73)
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after PBS, the state becomes :

1
2
(|H1H3′⟩+ eiφ1 |V1V2′⟩)(|H2′H4⟩+ eiφ2 |V3′V4⟩)

=
1
2
(|H1H2′H3′H4⟩+eiφ2 |H1H3′V3′V4⟩+eiφ1 |V1V2′H2′H4⟩−ei(φ1+φ2) |V1V2′V3′V4⟩).

(2.74)

The terms eiφ2 |H1H3′V3′V4⟩ and eiφ1 |V1V2′H2′H4⟩ do not produce coinci-
dences. We will have 4-photon coincidences only with the terms :

1√
2
(|H1H2′H3′H4⟩− ei(φ1+φ2) |V1V2′V3′V4⟩). (2.75)

By adjusting the phase φ1 +φ2 we can obtain a GHZ state at 4 photons.
To obtain a GHZ state of 3 photons, it is sufficient to add a HWP on branch

4 and to use one of the outputs as a trigger, depending on the angle of the HWP
chosen, one of the following states is obtained :

1√
2
|H4⟩(|H1H2′H3′⟩− ei(φ1+φ2) |V1V2′V3′⟩) (2.76)

1√
2
|V4⟩(|H1H2′H3′⟩+ ei(φ1+φ2) |V1V2′V3′⟩). (2.77)

2.17 Steerability

Earlier, we examined the EPR paradox and the resulting inequalities. Schrödinger
noted an interesting phenomenon in the argument: one side can influence the
state of the other side towards a specific position or momentum by choosing
the measurement. Although this cannot be used to transmit information, it is
still notable. In the modern view, steerability refers to the impossibility of de-
scribing the conditional states of one part through a local hidden state model.
Therefore, steerability pertains to a quantum correlation between entanglement
and Bell non-locality.

Two particles are considered entangled when they share a single quantum
state, regardless of the distance between them. A measurement performed on
one particle instantly influences the state of the other.

Steerability, on their part, implies that one part of a quantum system can
influence the state of another part non-locally, thanks to local measurements. It
also certifies that this influence is indeed quantum and not a result of classical
hidden variables. This means that in a system shared between two parties (say
Alice and Bob), Alice can affect Bob’s reduced state by choosing a specific
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measurement basis on her side. Steerability enables the establishment of a
quantum cause-and-effect relationship between the two systems.

In a steering protocol, Alice and Bob share an entangled quantum state
hoAB. Alice measures her part of the state using a set of bases or observables,
and Bob can observe changes in his subsystem B. If Alice can demonstrate that
a local model cannot explain her results, the state is considered steerable [30].

Steerability lies between entanglement and complete non-locality. A steer-
able state is indeed entangled, but it doesn’t always signify non-locality in the
context of violating a Bell inequality. While all steerable systems are entan-
gled, not every entangled system is steerable. This attribute is more robust than
mere entanglement as it not only shows a correlation between the two systems
but also indicates a directionality in that correlation. The connection among
these three concepts—entanglement, steerability, and non-locality—forms a
hierarchy:

• Entanglement: This is the most general property. Every steerable state
is entangled, but not all entangled states are steerable.

• Steerability: A subset of entangled states can exhibit steering, detectable
through specific inequalities. These states demonstrate stronger non-
locality than mere entanglement.

• Non-locality in the sense of Bell inequalities: A state that violates a
Bell inequality is also steerable and entangled, but the reverse is not
necessarily true.

This hierarchy can be represented as follows:

Bell’s non-locality ⊂ Steerability ⊂ Entanglement,

and can be represented as in Figure 2.13. The closer we get to the centre,
the stronger the constraints imposed by classical description models become.
Thus, separable states form the smallest subset, as they must satisfy all lo-
cality and classicity constraints. A state outside the LHV set is by definition
Bell-non-local, while a state outside the Unsteerable set exhibits steering. The
nesting of classical description models therefore defines, by complementarity,
the hierarchy of observed non-classical correlations.

The following states are examples of steerable states :

• The Bell’s state
∣∣ψ−〉 = 1√

2
(|01⟩− |10⟩ maximises steering. Alice can

influence Bob in any chosen base. This is not true for the other Bell’s
states.
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Figure 2.13: Hierarchical relationship between entanglement, steerability, and
violations of Bell’s inequality: States that have a local hidden variable model and
therefore do not violate any Bell inequality form a convex subset. States with an
LHS model are not steerable and form a convex subset of LHV states. Finally,
separable states are a convex subset of LHS states.

• Werner’s state W= p
∣∣ψ−〉〈ψ−∣∣+(1− p)14 , for p> 1

2 , the state is steer-
able but not necessarily local in the sense of Bell’s inequalities.

In opposition, the following states are not steerable :

• Werner’s state W= p
∣∣ψ−〉〈ψ−∣∣+(1− p)14 , for p ≤ 1

2 , this shows that
entanglement alone does not imply steerability.

• Separable states, such as ρ = 1
2 |00⟩⟨00|+ 1

2 |11⟩⟨11|, if there is no en-
tanglement, there is no steerability.

2.17.1 Steerability and Bell’s States

The four Bell states (
∣∣ψ+

〉
,
∣∣ψ−〉, ∣∣φ+

〉
,
∣∣φ−〉), although maximising entangle-

ment equally, do not all maximise steerability. This depends on the observables
and measurements chosen in the experimental scenarios.

Although the other Bell states are also maximally entangled, their steer-
ability depends on the measurement basis chosen. For example, φ+= 1√

2
(|00⟩+

|11⟩) will maximised their steerability in σZ basis, but not in the other.
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2.17.2 Werner’s states

A Werner state is a composite state that exhibits a particular combination of
quantum entanglement and classical mixing. For two qubits, a Werner state
can be expressed as follows:

W= p
∣∣ψ−〉〈

ψ
−∣∣+(1− p)

1

4
(2.78)

where :

• p is a real parameter between 0 and 1 that determines the relative weight
of the entangled state and the mixed state.

•
∣∣ψ−〉 is a Bell state, a maximally entangled.

• 1
4 represents the completely mixed state, i.e. a statistical mixture of all
possible states with equal probabilities.

The properties of this state vary according to the value of p.

• If p = 1, the state is purely entangled. The two qubits are perfectly
correlated, and a measurement on one instantaneously determines the
state of the other, whatever the distance separating them.

• If p = 0, the state is completely mixed. There is no correlation between
the two qubits, and they are described by a diagonal matrix density.

• If 0 < p < 1, the state is a superposition of an entangled state and a
mixed state. The closer p is to 1, the greater the entanglement.

• If p > 1
3 the state is entangled.

• If p ≤ 1√
2

quantum correlations are no longer sufficient to overcome the
classical limit of 2 of Bell’s inequality, and the state becomes local in
the CHSH context.

• If p > 1√
2
, the state retains sufficient entanglement to demonstrate non-

locality in the Bell framework and violate the CHSH inequality.

• If p ≤ 1
2 , the state is not steerable.

• If p > 1
2 , the state is steerable.
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3. Quantum communication

3.1 Introduction

Quantum communication is the art of transferring a quantum state from one
place to another.It is a crucial driver for the advancement of quantum technol-
ogy. Some quantum properties, such as the no-cloning theorem, may seem
restrictive but offer numerous advantages in their applications, including com-
pletely secure information transfer. Furthermore, quantum communication of-
fers the potential for long-distance information transmission with enhanced
accuracy and reliability.

Quantum communications use photons to transmit qubits between distant
locations. Photons are very well isolated from disturbances, which results in
long-lived superposition states for photonic qubits. In addition, they can prop-
agate with low attenuation (up to 0.2dB/km at 1.55µm) in optical fibers.

3.1.1 No-cloning

It is impossible to clone, that is, make identical copies of unknown quantum
states [31]. Presented in another way, an observer cannot clone a quantum
state if he does not know how it was prepared. This result is equivalent to the
impossibility of discerning two non-orthogonal quantum states with certainty.
If the states are known, then copying them is akin to copying classical bits,
making it feasible.

Similarly, it is impossible to erase or hide the information contained in the
correlations of a quantum state between two systems. These results suggest
that the information associated with quantum states is permanent and cannot
be duplicated or destroyed. Assume there is a unitary transformation Uclone
that clones a system into an unknown state.

For two states |φ⟩ and |ψ⟩, we get :

• Uclone |φ⟩ |0⟩= |φ⟩ |φ⟩

• Uclone |ψ⟩ |0⟩= |ψ⟩ |ψ⟩.

Now let us take the state |σ⟩= 1√
2
(|φ⟩+ |ψ⟩) :



Uclone |σ⟩ |0⟩= Uclone
1√
2
(|φ⟩+ |ψ⟩) |0⟩= 1√

2
(|φ⟩ |φ⟩+ |ψ⟩ |ψ⟩)

̸= |σ⟩ |σ⟩= 1
2(|φ⟩ |φ⟩+ |φ⟩ |ψ⟩+ |ψ⟩ |φ⟩+ |ψ⟩ |ψ⟩)

This demonstrates the non-cloning theorem.
The non-cloning theorem concerns pure states only, but it is possible to

generalise the statement to mixed states using the non-diffusion theorem.

3.1.2 Teleportation

Teleportation [32]is a perfect communication of all quantum information from
one place to another without loss [33].

To teleport a photon from one place to another, we copy the state of the
photon to be teleported onto a photon present at the desired location. This pro-
cess is known as quantum teleportation. However, because of the non-cloning
principle, copying a quantum state is impossible. As a result, teleportation can
only occur if the teleportation system does not retain any information about
the teleported state and the original state is destroyed during the process.

When Alice and Bob share a pair of entangled photons, their communica-
tion is enhanced. However, the entanglement itself does not carry any infor-
mation. By sending a classical message, Alice can convey an unknown qubit
to Bob.

Without entanglement, Alice can measure the qubit in a randomly cho-
sen basis and ask Bob to recreate the qubit corresponding to her result. If the
basis Alice has selected is correct, then Bob’s qubit will match hers; other-
wise, it will not. The average fidelity of Bob’s qubit with respect to Alice’s
is 2

3 . However, with entanglement, Alice and Bob share a pair of entangled
qubits, for example, |0⟩a |0⟩b + |1⟩a |1⟩b. If Alice also owns a random qubit
µ |0⟩a′ + ν |1⟩a′ she doesn’t know, but wants to send to Bob. Bob’s qubit can
be written as an equal superposition of four states corresponding to Alice’s
unknown qubit with σX or σZ . So, the state of the three-qubit can be written:
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Figure 3.1: Alice performs a BSM on the unknown qubit and a photon from
the entangled state. The result does not disclose the state of the qubit but is sent
to Bob, who performs a result-dependent operation to complete the teleportation
and obtain the same state as Alice’s unknown state.

(µ |0⟩a′ +ν |1⟩a′)(|0⟩a |0⟩b + |1⟩a |1⟩b) =

(|0⟩a′ |0⟩a + |1⟩a′ |1⟩a)(µ |0⟩b +ν |1⟩b)

+(|0⟩a′ |0⟩a −|1⟩a′ |1⟩a)(µ |0⟩b −ν |1⟩b)

+(|0⟩a′ |1⟩a + |1⟩a′ |0⟩a)(µ |1⟩b +ν |0⟩b)

+(|0⟩a′ |1⟩a −|1⟩a′ |0⟩a)(µ |1⟩b −ν |0⟩b).

(3.1)

By performing a Bell measurement, Alice can determine which of the four
Bell’s states Bob has.

• If she get
∣∣Φ+

〉
, Bob doesn’t have to do anything

• If she get
∣∣Φ−〉, Bob needs to apply σZ

• If she get
∣∣Ψ+

〉
, Bob needs to apply σX

• If she get
∣∣Ψ−〉, Bob needs to apply σX σZ .
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Bob can transform his qubit into the exact copy of Alice’s unknown qubit
with only the sending of two classical messages from Alice.

3.1.3 SuperDense Coding

Quantum dense coding is one of the most essential quantum communication
protocols [34]. The principle is to use quantum resources to boost quantum
communication.

If Alice sends a bit to Bob, Bob will receive a single bit of information. If
Alice sends a qubit to Bob, he will receive a single bit of information. But if
Alice and Bob share an entangled pair and Alice sends a qubit, then Bob gets
two bits of information. The entangled pair does not have any information. It
is just part of the network.

Consider Alice and Bob who share an entangled state |0⟩a |0⟩b + |1⟩a |1⟩b.
Alice performs one of the following operations on her qubit:

• Do nothing and leave the qubit unchanged

• Perform σX which transform |0⟩ → |1⟩ and |1⟩ → |0⟩

• Perform σZ which doesn’t affect |0⟩ and changes the sign of |1⟩
(|1⟩ → −|1⟩ and −|1⟩ → |1⟩)

• Perform σX and σZ .

Then, she sends her qubit to Bob, who ends up with one of four Bell’s
states:

•
∣∣Φ+

〉
= |0⟩a |0⟩b + |1⟩a |1⟩b

•
∣∣Ψ+

〉
= |1⟩a |0⟩b + |0⟩a |1⟩b

•
∣∣Φ−〉= |0⟩a |0⟩b −|1⟩a |1⟩b

•
∣∣Ψ−〉= |1⟩a |0⟩b −|0⟩a |1⟩b.

As these states are orthogonal, Bob can use a Bell measurement to deter-
mine which state they are. Thus, Alice communicates two bits of information
to Bob by sending him a single qubit. This is called quantum dense coding
[35].
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Figure 3.2: Alice bob and Alice share an entangled pair. Alice performs a unitary
transformation and sends a qubit to Bob, who can determine Alice’s initial state
with a Bell state measurement.

3.1.4 Random Access Code

Random access codes (RACs) are communication tasks in which several (n)
bits are encoded into a smaller number (m) of bits [36]. Original bits can be
recovered individually with a certain probability of success (p). These one-way
communication tasks are denoted as n 7→ m [37].

Let us focus on two-dimensional RACs: 2 7→ 1. First, let us examine the
classical case.

This is the simplest scenario where two bits are encoded into a single bit.
Alice has an input string consisting of two bits x = x1x2, but can only send a
single bit to Bob, who might be interested in either of the two bits.

The strategy that yields the best result is as follows: Alice consistently
sends the first bit, x1. If the bit of interest to Bob is x1, as this is the bit sent
systematically by Alice, he receives it directly. If Bob is interested in x2, he
guesses its value with a probability of success of 1/2. Bob’s overall probability
of success is, therefore, :
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pC
27→1 =

3
4

(3.2)

Note that in attempting to recover all results from the input chain, which
fall outside the Random Access Code framework, the maximum probability of
success is only 50%.

Let us now examine quantum RACs (QRACs) [38]. There are two types
of quantum RACs:

• Quantum communication RAC: Alice prepares and sends a qubit

• Entangled assisted RAC: Alice and Bob share an entangled pair, and
communication occurs over a classical channel.

Their effectiveness is comparable, but the optimal choice often depends on
the specific situation. A key advantage over conventional RACs is that once
Bob makes a measurement, no further information can be obtained.

For QRACs, Alice’s input string has 2n possible values. As we are inter-
ested in two-dimensional QRACs, here n = 2 and Alice’s input string contains
4 possible values corresponding to four values of the equatorial plane of the
Bloch Sphere separated by π

2 . These values can be expressed using a two-level
quantum system:

∣∣ψx1x2

〉
=

1√
2
(|0⟩+ (−1)x1 + i(−1)x2

√
2

|1⟩) (3.3)

with x1,x2 ∈ {0;1}2. The coordinates of this state on the Bloch Sphere are the

following: r(x) = 1√
2

(−1)x1

(−1)x2

0

.

The four encoded states are the corners of a square 1√
2
(±1,±1,0),

i.e.

 1√
2

1
1
0

 , 1√
2

 1
−1
0

 , 1√
2

−1
−1
0

 , 1√
2

−1
1
0


, drawn in the unit circle

of the xy plane. These encoding states are symmetrically distributed on the
equator of the Bloch sphere’s surface. They present the optimal choice consid-
ering that all encoding points should be as far as possible from the two planes
orthogonal to the x and y axes, which divide the sphere into four parts, thus
maximising the probability of success in the worst-case scenario.

Bob uses two pairs of mutually orthogonal vectors of the Bloch sphere that
are opposed. Let us take the following two bases as an example, but any pair
of bases obtained by rotating them on the Bloch sphere is equivalent:
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• the diagonal/antidiagonal basis B1 :

 1√
2

(
1
1

)
, 1√

2

(
1
−1

)
• the left/right basis B2 :

 1√
2

(
1
i

)
, 1√

2

(
1
−i

).

To find the desired input goal, Bob measures on the basis he is interested
(B1 to find x1 and B2 to find x2).

Bob’s probability of success always remains the same and is independent
of the measurement he performs or the encoding state he receives:

pQ
27→1 =

1
2
(1+

1√
2
)≈ 0,854 (3.4)

This principle can be generalised to more complex systems with a greater
number n of bits in the input chain [39]. It should be noted that the probability
of success decreases as the number of bits in the input chain increases and
that the QRAC still has an advantage over the classical RAC; however, this
advantage decreases as n increases.

The advantage of using a quantum RAC over a classical RAC can be cal-
culated by pQ

pC . When the result is greater than 1, this shows the advantage of
quantum RACs.

Figure 3.3: Advantage of QRAC2 → 1 over RAC2 → 1.
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4. Experiments

In each of the subsections of this chapter, corresponding respectively to Pa-
per I, II and III, we examine three specific cases to answer the following
question: Considering different qualities of entanglement and different types
of measurement, what kind of protocol can I perform?

4.1 Entanglement-assisted quantum communication with
simple measurements

Entanglement and quantum communication are both essential resources in
quantum information science, crucial for understanding the non-classical na-
ture of quantum theory. Entanglement has been studied for decades through
Bell-type experiments, where communication between parts is excluded. More
recently, quantum communication has been explored in preparation and mea-
surement experiments without the aid of shared entanglement. It is therefore
natural to analyse the general scenario in which entanglement and quantum
communication coexist.

As a reminder, we saw earlier that superdense coding is a quantum commu-
nication protocol, first introduced by Charles Bennett and Stephen Wiesner in
their article of 1992 [34], which allows the transmission of a quantity of clas-
sical bits of information by sending only a small number of qubits, provided
that the sender and receiver share an entangled quantum resource.

Dense coding illustrates the power of entangled quantum communication.
By sharing an EPR pair, this protocol enables the transmission of two bits of
classical information through a single qubit. In contrast, a single qubit can
carry only one bit of information. No protocol that sends a qubit and utilises
entanglement can transmit more than two bits. In addition to requiring an EPR
pair, dense coding also necessitates measurement on the Bell basis, which in-
volves joint measurement of the two qubits in an entanglement-maximising
basis. Separable measurements, however, provide no advantage over conven-
tional communication, regardless of the entangled state shared.

In its basic form, this protocol allows Alice to communicate two classical
bits (‘00’, ‘01’, “10” or ‘11’) to Bob by transmitting only one qubit, provided
that they first share a pair of maximally entangled qubits, referred to as a Bell



state. This method is inherently secure for quantum communication, as Bob
must possess both qubits – the one received from Alice and his own entangled
qubit – to decode the information, effectively eliminating the risk of intercep-
tion. Any attempt at measurement by a spy would collapse the state of the
qubit, immediately alerting Alice and Bob [34].

Like quantum teleportation, it is fundamentally based on quantum entan-
glement as a resource. However, they serve different purposes: superdense
coding optimises the transmission of classical information, while quantum
teleportation enables the transfer of quantum states [40].

The first experimental demonstration of this protocol was carried out in
1996 by Mattle et al. [41], who used entangled photons in polarisation to
validate its feasibility in the laboratory. Then variations were made around
it, in particular it was simulated in nuclear magnetic resonance using temporal
averaging[42], studied theoretically [43–45] and experimentally [46; 47] in the
context of continuous variables.

This protocol has also been considered for more than two entangled bits[48–
52] or entangled degrees of freedom[53].

In 2004, a superdense coding experiment was carried out using trapped
Be+ ions[54], and in the same year, a densecoding experiment was carried
out over a long distance using fibre optics[55]. In 2017, an improved ca-
pacity of 1.665 bits with a fidelity of 0.87 was achieved using fibre optics
[56].It is also possible to perform superdense coding using qudits to increase
information transmission capacity: high-dimensional superdense coding. This
approach allows more than two classical bits to be encoded per transmitted
qudit. Recently, a channel capacity of 3.021 bits with a fidelity of 0.973 was
demonstrated using an eight-dimensional entangled state on a quantum pho-
tonic chip. [57]. More recently, experiments have exploited high-dimensional
ququarts, states formed by pairs of photons, to achieve a capacity of 2.09 bits
(with a theoretical limit of 2.32 bits) and a fidelity of 0.98 [58].

The research has also extended superdense coding to multi-partner scenar-
ios, where multiple parties share entangled states to transmit classical informa-
tion. A protocol based on a three-qubit GHZ state can generate eight mutually
orthogonal states, which is sufficient to encode three bits of information. This
approach can be generalised to N-qubit GHZ states, allowing Alice to gener-
ate (2N) mutually orthonormal states, suitable for encoding N bits of classical
information [59].

Although theory and experiments on superdense coding have made signif-
icant progress, its large-scale implementation and reliability in the real world
still face several major challenges that limit its large-scale deployment and
robustness in real-world environments. This is particularly true for projects
involving satellites. The protocol would require infinite quantum memory or

84



the use of dual quantum channels, which are unfortunately highly vulnerable
to signal loss between a satellite and Earth. This makes the implementation of
this system extremely difficult for telescope-satellite-ground links [60].

Noise and decoherence are also unavoidable factors in our environment.
They degrade the quality of entanglement and, as a result, reduce the fidelity
and capacity of the superdense coding channel. For the protocol to work, very
fragile quantum states are required, which decoherence tends to destroy [61;
62].

However, optical systems, unlike other platforms, do not allow measure-
ments to be made directly in the Bell basis on separate photons. While optics
is an ideal platform for quantum communication, such measurements are im-
possible to achieve with linear optics without recourse to auxiliary degrees of
freedom. Nevertheless, demonstrations of dense two-qubit coding have been
accomplished in optics, notably through partial measurements in the Bell basis
or using continuous variables, or by introducing additional qubits via hyper-
driving. Beyond qubits, partial measurements of the Bell basis have recently
been implemented on systems of dimension four, enabling the exceeding of
the two-bit communication limit. However, the deterministic implementation
of such sophisticated measures remains challenging, especially without aux-
iliary qubits, and scaling these measures beyond a few dimensions poses a
considerable challenge.

In this project, we extend the framework of dense coding to more general
communication tasks that involve entanglement and quantum communication.
When these resources are available, little is known about the predictions of
quantum theory. We focus on the minimal resources needed: a qubit message
and a shared EPR state. We demonstrate that specific correlation scenarios
enable the generation of quantum correlations that are impossible to simulate
with only two classical communication bits, i.e., unfeasible for an ideal dense
coding protocol. We first introduce a correlation task in which a standard par-
tial Bell state analyzer generates quantum correlations that cannot be simulated
using two communication bits. We then turn to a well-known communication
task, the random access code, and show that product measurements are suf-
ficient to outperform classical models and even reach the predictive limits of
quantum theory for a two-qubit system. Therefore, there are communication
tasks where an entangled quantum channel, with no interference between the
two photonic carriers, achieves optimum performance.
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4.2 Quantum Network

Quantum cryptography officially came into being in 1983, when Bennett and
Brassard discovered that photons could be used to transmit quantum states,
introducing the concept of quantum key distribution (QKD), as one of the
solutions considered to strengthen information security. Thanks to the no-
cloning theorem, any attempt to spy by intercepting photons alters their state,
thus revealing the interception. In 1991, Ekert proposed a quantum key dis-
tribution (QKD) protocol based on quantum entanglement, where security is
ensured through the verification of Bell’s inequalities. Other significant ad-
vances in quantum communication followed, such as quantum teleportation,
which allows a quantum state to be transferred using two classical bits and
one entanglement bit, and superdense coding, where a qubit accompanied by
an entanglement bit can transmit as much information as two classical bits.
Since then, numerous other methods have been developed by theorists to inte-
grate the principles of classical communication with those of quantum physics,
resulting in the emergence of quantum information science.

QKD is based on the principle of unconditional security guaranteed by the
laws of physics. However, the practical realisation of QKD systems faces con-
straints related to the imperfections of the components. These imperfections
create vulnerabilities that can be exploited by attackers, casting doubt on the
absolute security promised by the theory.

The measurement-device-independent quantum key distribution (MDI-QKD)
protocol, which is insensitive to side-channel attacks and compatible with
physical constraints, provides an unparalleled security guarantee. Its princi-
ple relies on the use of quantum entanglement sources, facilitating the creation
of non-local correlations between various nodes in a network. These correla-
tions are utilised in nonlocality protocols, such as the total nonlocality proto-
col, to ensure the security of key distribution. Consequently, MDI-QKD is a
vital solution for building large-scale quantum networks and achieving a quan-
tum Internet. We perform, for the first time, an experimental study on a new
full-network nonlocality protocol proposed in a bilocal scenario.

Quantum non-locality is a phenomenon where the measurement statistics
of a multipartite quantum system cannot be explained by local realism [63].
It has become an indispensable operational resource for device-independent
quantum technologies. While early demonstrations focused on two-party sce-
narios, the emergence of quantum networks has introduced new complexities
and opportunities, requiring a more nuanced understanding of non-locality.

While early demonstrations focused on two-party scenarios, the emergence
of quantum networks has introduced new complexities. Network Non-locality
(NN) was introduced to characterise correlations that cannot be explained by
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local hidden variables in such a multi-source network. Full Network Non-
locality (FNN) is an even stronger notion, describing correlations that require
all sources in the network to be non-classical. In other words, if even a single
source in the network can be described by a classical model of local variables,
then the correlations are not considered FNN. This stricter definition is crucial
for certifying the integrity of sources in distributed quantum architectures and
for device-independent quantum cryptography protocols.

The generalisation of the definition of non-locality was motivated by the
advent of device-independent quantum information protocols, where non-locality
is identified as a new quantum information resource, distinct from entangle-
ment [64]. The fact that non-locality is recognised as an operational resource,
alternative to entanglement and necessary for device-independent protocols, is
a major development. This means that non-locality is no longer just a subject
of fundamental curiosity, but a practical and indispensable element. Device-
independent protocols, which guarantee high security without requiring trust
in the internal workings of devices, are made possible by the existence of non-
local correlations. This is particularly useful in areas such as cryptography and
random number generation.

Recent experimental breakthroughs, particularly in the bilocal scenario,
have succeeded in demonstrating this complete network non-locality by clos-
ing critical experimental loopholes, thereby validating the non-classical nature
of all sources involved. These advances have profound implications for quan-
tum communication security, randomness and entanglement certification, and
the development of topologically robust quantum networks. Despite persistent
challenges related to scalability, noise, and remaining experimental loopholes,
research continues to advance, paving the way for transformative applications
in distributed computing, cryptography, and quantum sensing.

A network is a set of interconnected parties that exchange data and re-
sources. The main objective is to enable the transmission of information from
one point to another. In a quantum network [65; 66], a source creates entan-
glement and shares it with several participants. These participants then use
entangled measurements to extend the reach of this entanglement across the
network [67]. The concept of network nonlocality has been studied in various
configurations, including chain, star, triangle, and ring networks. (n, m,p)-type
quantum network configuration and its nonlocality.

The bilocal scenario is the simplest of the quantum networks. It involves
three observers (Alice, Bob, Charlie) and two independent entanglement sources.
One source connects Alice and Bob, and the other connects Bob and Charlie.
Bob is the intermediate observer. This scenario is particularly relevant because
it is the basis for many entanglement swapping experiments [68].

Although the bipartite scenario (involving two parties and a shared source)
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has been the most studied, configurations involving more than two parties re-
veal qualitatively distinct features. Network nonlocality extends the concept
of Bell nonlocality to configurations involving multiple independent sources
and parties [69]. It indicates that correlations within the network cannot be ex-
plained by models where local variables are emitted by independent sources.

4.3 Weak entanglement improves quantum communica-
tion using only product measurements

Although entanglement is a crucial resource in quantum communication, its
quality plays an essential role. Traditionally, only forms of entanglement ro-
bust enough to generate non-locality and violate Bell’s inequalities were con-
sidered essential for surpassing the limits of classical communication. Ac-
cording to this established perspective, weakly entangled states, incapable of
violating Bell’s inequality, did not offer such an advantage. In a less efficient
context, quantum correlations can still be used to control quantum states. This
demonstrates that even if one of the parties is unreliable, Alice and Bob still
share entanglement [70].

Erwin Schrödinger introduced the concept of quantum steering [71] in
response to Einstein, Podolsky and Rosen’s EPR ‘paradox’ [16]. This phe-
nomenon illustrates the ability to produce different groups of quantum states
at a distance by performing measurements on one particle of an entangled pair,
which highlights the paradox. Depending on the measurement and its random
outcome, the distant system is adjusted to a different state; nevertheless, the
unconditional distant state remains constant, preventing any communication
exceeding the speed of light.

Quantum steering has been redefined in a quantum information framework
[70] promising novel applications such as quantum communication using un-
reliable devices [72]. This structure also offers the possibility of directly com-
paring the notions of Bell non-locality, steering and entanglement: steering is
necessary for Bell non-locality, and entanglement is indispensable for steering
[70]. As with Bell’s inequalities, it is possible to develop experimental criteria
to prove steering [73]: steering inequalities impose restrictions on the cor-
relations observed that can be justified without resorting to quantum steering.
These inequalities have been violated experimentally [74]. Recent work shows
that it is possible to manipulate the direction of steering, i.e. to switch from
double ‘one-way’ steering to no steering, by adding noise (phase damping or
depolarisation) [75].

An isotropic state ρv = v
∣∣φ+
〉〈

φ+
∣∣+ 1−v

4 , characterised by its visibility
v ∈ [0,1], confers an advantage to the transmission of a qubit only when v
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exceeds 1/3. This threshold, corresponding to the separability limit of the
state, underlines the importance of sufficient entanglement to take advantage of
quantum resources. This result should be put into perspective with the higher
thresholds required for more demanding tasks such as quantum steering or the
violation of Bell inequalities.

Dense coding relies on measurement in the Bell basis, a complex operation
to implement in linear optics with separated photons [26]. Although experi-
ments have been performed, achieving a scalable Bell measurement in this
context remains a significant challenge. However, recent studies have high-
lighted the possibility of exploiting entanglement to enhance the performance
of quantum communication using less demanding measurements, which are
compatible with passive linear optics. These schemes, while promising, re-
quire very high-quality entangled states, capable of violating Bell inequalities,
which restricts their experimental applicability.

We aim to show that highly noisy partially entangled states, including
those that do not exhibit quantum steering, can nevertheless offer advantages in
terms of communication. To do this, we introduce a communication task that
corresponds to the cryptographic primitive known as secret sharing. This task
involves Alice generating a random secret bit to share with Bob and Charlie,
so that they individually have no knowledge of this bit, but can learn its value
if they cooperate. Bob and Charlie secretly select random bits and communi-
cate messages to Alice, who then decodes them based on a binary input. Bob
and Charlie do not share any prior entanglement and send messages encoded
in qubit states. Alice uses a general quantum measurement for decoding.

For the experimental demonstration, polarisation qubits generated by spon-
taneous parametric down-conversion (SPDC) are used. Two main measure-
ment approaches are employed:

• Product measurements: separate, non-interfering measurements of indi-
vidual photons.

• Partial Bell state analysers: For a stochastic variant of secret sharing,
we consider these more sophisticated measurements, which require op-
tical interference but remain feasible with standard passive linear op-
tics. These analysers reveal advantages for a range of non-directional
isotropic states.

Dense coding relies on measurement in the Bell basis, a complex oper-
ation to implement in linear optics with separate photons. Although experi-
ments have been conducted, achieving scalable Bell measurement in this con-
text remains a significant challenge. However, recent studies have highlighted
the possibility of exploiting entanglement to improve quantum communication

89



performance using less demanding measurements compatible with passive lin-
ear optics. These schemes, although promising, require very high-quality en-
tangled states capable of violating Bell inequalities, which limits their experi-
mental applicability.

Here, we explore the limits of entanglement to improve quantum commu-
nication. The central hypothesis of our study is that even weakly entangled
states can improve communication over a qubit channel. We demonstrate that
secret sharing tasks can be performed using highly noisy entangled states and
simple measurements, such as non-interfering single-photon product measure-
ments or slightly more sophisticated but nevertheless standard partial Bell state
analysers. The importance of this approach lies in the fact that such measure-
ments are experimentally less demanding than schemes requiring high-quality
entanglement or the violation of Bell inequalities. We identify the conditions
in entangled states for which these protocols are effective and demonstrate the
feasibility of our approach experimentally. These results contribute to broad-
ening the scope of quantum entanglement in quantum communication.
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5. Conclusion and outlook

5.1 Entanglement-assisted quantum communication with
simple measurements

Since it was theorised by Bennett and Wiesner in 1992, this protocol has under-
gone numerous improvements and has been found to have major implications
for secure data transmission over long distances. By encoding classical infor-
mation on entangled qubits, superdense coding enables the development of se-
cure communication protocols that are resistant to eavesdropping attacks. This
is particularly relevant for quantum cryptography, where secure key distribu-
tion is crucial. It plays an important role in improving quantum error correction
protocols. By enabling the transmission of multiple bits of error correction in-
formation per qubit, it increases the efficiency of the correction process and
allows for the correction of more complex errors. Superdense coding is not
an isolated protocol, but an essential component of an interconnected quantum
ecosystem.

However, significant challenges remain. The generation and distribution of
high-quality entanglement over long distances, the fight against decoherence
and noise in quantum channels, as well as scalability issues and the complexity
of Bell state measurements, particularly for high-dimensional systems, are all
obstacles to be overcome for practical large-scale implementation.

In Paper I, we have come to the conclusion that simple measurements are
sufficient to generate quantum correlations that cannot be modelled by two
bits of classical communication and can be an optimal protocol for quantum
resources—justifies moving from dense coding to larger quantum communica-
tion tasks. Conceptually, this paves the way for new research into entangled-
assisted correlations based on product measurements. A natural question that
arises is understanding when and why such measurements are useful for quan-
tum communication. These protocols offer significant practical advantages by
avoiding complex entangled measurements and by making do with devices
that only require measurements on individual systems. This could make the
implementation of high-dimensional, multi-particle quantum protocols more
accessible while offering a viable approach for fundamental experiments us-
ing these natural quantum resources.



5.2 Quantum Network

Non-local quantum correlations form the basis of innovative, device-independent
protocols such as quantum key distribution (QKD). By exploiting this non-
locality, quantum networks can guarantee cryptographic security without re-
quiring trust in the hardware [64]. This is known as ‘trustless security’, a
much stronger guarantee than simple ‘secure communication’.

Full network non-locality provides robust, device-independent certifica-
tion for all sources in a network. This means that it can prove the absence of
classical sources in the network. Unlike standard Bell tests, which can only
certify the non-classicality of a single link, full network non-locality validates
the integrity of the quantum resources of the entire network [76].

Research is also exploring the certification of entanglement and true net-
work non-locality [77]. Recent studies on the sharing and recycling of com-
plete network non-locality in extended bilocal scenarios have revealed impor-
tant distinctions [78]. Passive sharing, where intermediate observers do not
actively cooperate, is impossible. In contrast, active sharing, which requires
increased cooperation from intermediate observers via specific measures, can
be achieved [79].

The impossibility of passive sharing shows that the mere presence of en-
tangled sources is not sufficient.

In this context, in Paper II, we have deepened our study of quantum key
distribution by developing protocols and hardware for multi-user quantum net-
works. Our innovative approach involves certifying the security of an entan-
gled network using a bilocal configuration. As a result, we were able to high-
light the nonlocality of the entire network and refute a Bell inequality, thereby
strengthening confidence in the security of our communications.

5.3 Weak entanglement improves quantum communica-
tion using only product measurements

In PaperIII, we demonstrate that weakly entangled quantum states can im-
prove communication over a qubit channel without requiring interference be-
tween photons. To achieve this, we use only separate measurements and not
joint measurements. By employing these separate measurements, we show
that all isotropic two-qubit states, even those with weak entanglement, offer a
quantum advantage for a secret-sharing task. Furthermore, these exact mea-
surements can also provide communication advantages from partially entan-
gled and noisy states, which do not have a clear quantum direction.

This research fundamentally changes the understanding of the practical

92



usefulness of entanglement. Previously, strong (non-local Bell) entanglement
was considered indispensable for obtaining a quantum advantage in communi-
cation. This work demonstrates that even weak or noisy entanglement, when
combined with specific and simpler measurement techniques, can confer a
quantum advantage. Product measurements and partial Bell state analysers,
being ‘much less experimentally demanding’, make it possible to achieve this
result. The way in which measurements are performed is just as important as
the quality of the entanglement itself. This allows us to use a wider range of
quantum states, including those that are only weakly entangled and are easier
to preserve in noisy environments. This suggests that robust quantum commu-
nication systems can be built without the need for perfect entanglement.

The fundamental result that weak entanglement with simple measurements
can offer a quantum advantage implies a crucial shift: from searching for ‘per-
fect’ or ‘maximally entangled’ states (which are very sensitive to decoher-
ence) to developing robust protocols that can work effectively with “imper-
fect” or ‘noisy’ states. Maintaining high-quality entanglement is difficult in
real, noisy environments. If weak and noisy entanglement can nevertheless
offer an advantage with simple measurements, this significantly lowers the
experimental and engineering barrier for practical quantum communication.
This approach suggests that quantum communication can prioritise robustness
and fault tolerance in noisy channels, much like classical communication. This
paves the way for building quantum networks with current technologies, rather
than waiting for perfect quantum hardware.
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