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Abstract

The development of quantum networks will enable advanced applications in quantum
cryptography, quantum-enhanced metrology, and quantum computing. Central to this vi-
sion is the ability to reliably distribute quantum entanglement between distant nodes. To
date, quantum networks have been largely confined to metropolitan scales and a small
number of nodes with predominantly static implementations, constraining their scalabil-
ity and adaptability for broader deployment. Satellites provide a promising platform for
distributing entanglement over global distances. However, the integration of satellites into
terrestrial quantum networks poses significant challenges, including intermittent connec-
tivity and high link attenuation during orbital passes.

In this thesis, we first propose a reconfigurable quantum network architecture that
dynamically adapts its topology according to satellite availability. This reconfiguration
ensures efficient and continuous operation while accommodating satellite links within a
metropolitan quantum network. We demonstrate this network architecture, using a corre-
lated photon source specifically designed for Canada’s Quantum Encryption and Science
Satellite (QEYSSat) mission. Using both frequency and time multiplexing, we demonstrate
a linear performance improvement with minimal resource overhead. Moreover, we propose
an integrated source design to facilitate deployment in realistic scenarios.

Second, we investigate frequency-encoded quantum communication over free-space chan-
nels. We propose a novel approach that leverages linear interferometry and time-resolved
detectors to decode frequency-bins without any adaptive optics or modal filtering. Fur-
thermore, we investigate the phase stability requirements so that frequency-bin encoding
could be feasible for satellite to ground quantum links. A proof-of-concept experiment is
conducted over a turbulent free-space channel.

Third, we distribute frequency-bin entangled photons over multi-mode channels and
test their non-local correlations. We report, to the best of our knowledge, the first mea-
surement of the joint temporal intensity between frequency-bin entangled photons revealing
a rich temporal structure. By combining time-resolved detection with energy-correlation
measurements, we perform full quantum state tomography and further certify our source’s
non-classicality via a violation of the time-energy entropic uncertainty relations. We ex-
tend this scheme to higher-dimensional frequency-bin states, opening new possibilities for
high-capacity robust quantum communication and quantum information processing.

The concepts, protocols, and experimental demonstrations presented in this thesis es-
tablish new approaches to utilize frequency-bin entanglement and contribute to the devel-
opment of satellite-assisted quantum networks thus paving the way towards the realization
of a global quantum network.
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Chapter 1

Introduction

A significant research undertaking in the field of quantum technologies is the creation of a
global communication network known as the Quantum Internet [9, 10]. The distribution of
quantum resources through such a network enables exciting new applications in quantum
communication [11, 12], distributed quantum computing [13, 14], and quantum sensing
[15, 16]. In this chapter, we briefly review its history, focusing on results relevant to this
thesis.

1.1 Quantum networks

The history of quantum communication dates back to Stephen Wiesner’s seminal work
[17] in the 1970s, which showed how quantum mechanical principles could be exploited
to produce an uncounterfeitable currency [18]. Building upon Wiesner’s quantum money,
Charles Bennett and Gilles Brassard proposed a quantum key distribution (QKD) proto-
col in 1984 [11, 19]. These pioneering contributions established the theoretical basis for
information-theoretically secure quantum communication and initiated the development of
quantum networking schemes.

During the past three decades, several experimental advances have validated and ex-
panded these theoretical frameworks [20, 21, 22, 23, 24, 25]. Early milestones include
demonstrations of quantum key distribution [24, 26, 27], quantum teleportation [20, 21],
entanglement swapping [28, 22, 29], and preliminary field implementations of quantum net-
works [25, 30, 31]. Commercial grade QKD systems now operate across metropolitan fibre
networks [32, 33, 34], while free-space quantum communication has been demonstrated over
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significantly longer distances [35, 36, 37, 38]. The 2016 launch of China’s Micius satellite
enabled landmark demonstrations of satellite-based intercontinental quantum key distribu-
tion and entanglement distribution [39, 40, 41, 42, 43]. However, there are still significant
technical obstacles in the way of implementing quantum networks [10, 44, 45]. In contrast
to classical information, the no-cloning theorem [46] prevents quantum information from
being duplicated. While the no-cloning theorem underpins the security of quantum cryp-
tography, it makes signal attenuation and decoherence particularly restrictive for extended
quantum transmission distances.

1.1.1 Quantum channels

A quantum network requires coherent quantum information transfer between stationary
qubits at distant quantum nodes. These nodes are connected via flying qubits using pho-
tons as information carriers. Photons are transmitted over optical fibres or free-space.
In a lossy propagation medium, the channel transmission efficiency scales exponentially as
η = O(e−αd), where α is the medium’s attenuation coefficient and d the communication dis-
tance. In standard telecommunications optical fibre [47], α ≈ 0.2 dB/km at a wavelength
of 1550 nm, primarily due to photon absorption and scattering losses. This exponential
loss constrains fibre-based quantum networks to metropolitan-scale distances [48, 49, 50].
Free-space channels, where light propagates in the air, exhibit modest attenuation (e.g.
on the order of 0.1 dB/km at 1 atmosphere pressure for 785 nm [51]). The propagation
medium (predominantly vacuum), provides space-based quantum networks with an inher-
ent advantage compared to ground-based networks [52]. The principal mechanism of loss
arises from beam divergence: when the beam spot exceeds the receiving aperture, the frac-
tion of the optical field outside the detector is effectively lost [45]. Thus, through free-space
the channel efficiency scales quadratically η = O( 1

d2
), which is far more favourable than

the exponential scaling encountered in fibre.

1.1.2 Satellite-based quantum communication

Satellite-enabled quantum communication offers favourable loss scaling, however, it presents
significant engineering challenges such as atmospheric turbulence, pointing errors, back-
ground light, and limited availability. To date, only a handful of quantum satellites are
currently operational [39, 53, 54, 55] or are planned for future deployment [56, 57, 58, 59].
Most of these satellites operate in Sun-synchronous low Earth orbits (LEO) providing a
visibility window at a given optical ground station of only a few minutes per day. Quantum
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satellite constellations have been proposed as a solution to provide continuous global cov-
erage [60, 61, 62]. Yet, such a constellation remains a daunting prospect as it would require
the deployment of hundreds if not thousands of individual satellites [45, 60]. While the
technical intricacies remain unclear, a vision for the realization of the Quantum Internet
is taking shape. It will be a heterogeneous network of quantum processing units (QPUs)
connected through intra-city sub-networks over fibre, with inter-city connections using a
fibre backbone and quantum repeaters [63, 64, 65] and ultra-long distance communication
established via satellite links [66, 67].1 It is therefore crucial to efficiently integrate quan-
tum satellites with the optical fibre network on the ground to enable a practical global
Quantum Internet.

Quantum Encryption and Science Satellite

The Quantum Encryption and Science Satellite (QEYSSat) mission, funded by the Cana-
dian Space Agency (CSA), aims to demonstrate long distance QKD and entanglement
distribution in an uplink configuration where photons are transmitted from ground to
satellite. The QEYSSat science team, at the University of Waterloo, has been developing
quantum light sources and a quantum optical ground station. Uplink configurations, such
as QEYSSat, offer many practical advantages, including reduced onboard complexity and
the ability to test a range of quantum light sources from the ground. Furthermore, in this
configuration, quantum signals can be rerouted through terrestrial infrastructure whenever
the satellite is unavailable, thereby enabling more efficient resource allocation for the source
and network provider. While spatial mode geometry is well preserved in optical fibres, free-
space links are subject to distortions arising from atmospheric effects [51]. Several design
considerations must thus be taken into account to ensure the seamless integration of satel-
lite links within ground-based quantum networks. Notably, the QEYSSat optical payload
accepts uplink signals between 780 and 795 nm [51, 68]. This wavelength range was chosen
for high atmospheric transmission, compatibility with existing single-photon sources, and
high-efficiency space-ready detectors [69]. Another important factor is the physical degree
of freedom used for encoding quantum information. For its primary mission, QEYSSat
functions as a trusted node receiver that measures four linear polarization states in two
mutually unbiased bases [70, 71]. However, polarization encoding is generally unsuitable
for long-distance fibre transmission. Stress-induced birefringence, environmental pertur-
bations, and imperfections in fibre geometry or optical components, lead to polarization
rotations, polarization mode dispersion, and polarization-dependent loss that degrade the

1For a more detailed overview of the required components, challenges, and roadmap toward a Quantum
Internet, the reader is encouraged to consult Refs. [9, 10, 45].
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fidelity of the transmitted state [72, 73]. Addressing these issues requires active polarization
tracking and fast compensation systems [74]. Consequently, alternative degrees of freedom,
intrinsically insensitive to polarization fluctuations, such as time-bin encoding, are gener-
ally preferable for fibre-based quantum communication [75, 76]. Careful consideration of
these constraints is essential when designing scalable network architectures.

1.2 Quantum network benchmarking

There is no universal standard for evaluating quantum network performance, as the use-
fulness of a given architecture varies significantly depending on the target application.
Nevertheless, several key metrics can provide insight into a network’s utility:

1. Number of nodes: One key metric for assessing a network’s functionality and con-
nectivity is the number of connected nodes. Metcalfe’s law states that the utility
of a classical network increases quadratically with the number of nodes in the net-
work [77]. More specifically, a network’s value can be quantified economically via
the users’ willingness to pay for the applications enabled by connecting people and
devices, forming a system whose overall utility is more than the sum of its parts.
Quantum networks similarly benefit from additional nodes through more complex
network topologies, multi-party protocols and increased quantum computing power.
Expanding beyond point-to-point links remains a major goal towards scalable quan-
tum networks.

2. Geographical scale: The Quantum Internet envisions a global quantum network.
The capacity to span long distances is essential for implementing applications such as
global quantum key distribution, quantum clock synchronization [78], and quantum-
enhanced long baseline telescopy [15]. The physical extent of a quantum network
is thus an important parameter to consider when evaluating its performance. Note
that, a network’s range is typically reported alongside an entanglement distribution
rate. The two values being intrinsically tied by the channel’s efficiency and described
via a entanglement distribution rate region [77].

3. Heterogeneity: As discussed in section 1.1.2, a scalable quantum network must sup-
port heterogeneity across various levels: quantum nodes, communication channels,
and network topologies. This encompasses the capacity to combine various quantum
hardware platforms such as solid-state emitters, superconducting qubits and trapped
ions into a single network. Significant research efforts are underway to ensure smooth
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interoperability between these modalities through efficient quantum interfaces and
transduction mechanisms [79, 80, 81]. Additionally, in order to accommodate vari-
ous use cases and deployment restrictions, a scalable quantum network must support
different topologies and hybrid architectures.

4. Resource cost: The economical cost is another important consideration. Resource-
efficient architectures that optimize quantum channel usage and reduce hardware
redundancy are more viable for real-world implementations. Consequently, it is es-
sential to minimize resource overhead and device complexity.

5. Security level: In principle, quantum key distribution is said to provide information-
theoretic security. Practically, trust assumptions between the device performance and
the theoretical model determine the security level of the protocol. A protocol is said
to be ϵ-secure if the probability it behaves differently from a perfect device is at
most ϵ [82]. When designing a quantum network, several vulnerabilities such as side-
channel attacks [83, 84, 85, 86], resistance to eavesdropping, and trusted nodes must
be taken into account.

6. Uptime: The availability of the network is a fundamental indicator of overall perfor-
mance. The uptime is particularly relevant when discussing satellite-enabled quan-
tum networks due to their sparse availability.

As QKD remains the most near-team application of quantum networks, its secure key rate
is often used to assess the performance of a quantum network architecture. In the following
section 1.3 we briefly review prepare-and-measure and entanglement-based quantum key
distribution.

1.3 Quantum Key Distribution

Classical encryption schemes are founded on the assumption that certain mathematical op-
erations are difficult to invert. However, the rapid advancement of computational power, in
particular the advent of quantum computers, poses a serious threat to the security of such
encryption methodologies [87]. Quantum key distribution harnesses quantum mechani-
cal principles to provide, in principle, information-theoretic security i.e. security against
adversaries with unlimited computing resources and time [88]. Quantum cryptography
leverages several quantum mechanics phenomena, including the inherent randomness of
quantum measurements and the no-cloning theorem [89]. In practice, the security of the
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protocol’s implementation depends on assumptions made about the physical devices, which
are often assumed to be flawless. However, realistically, these devices are imperfect, leading
to deviations from the idealized model assumed in the security proof. The implementation
security analyzes the gaps between the actual device, the quantum optical model and the
security proof to rectify any discrepancies that might weaken the security of the protocol
[90, 91].

QKD protocols are typically divided into two families: prepare-and-measure (PM) and
entanglement-based (EB) schemes. While the source-replacement scheme [92, 93] provides
an equivalence between PM and EB schemes from a security perspective (thus simplifying
the analysis of the former), their physical implementation can differ drastically. In both
scenarios, two remote users, traditionally named Alice and Bob, want to generate a secure
key that can then be used to protect their communication from an eavesdropper, usually
called Eve [89, 94]. We follow the security definition given in [82] where a protocol is
said to be ϵ−secure if the trace distance between the output state and the ideal state is
less than ϵ, i.e. 1

2
||ρrealKE − ρidealKE ||1 ≤ ϵ, where ρidealKE = 1

|S|(
∑

s∈S |s⟩ ⟨s| ⊗ |s⟩ ⟨s|) ⊗ ρE and

ρrealKE =
∑

s,s′∈S p(s, s
′)
(
|s⟩ ⟨s| ⊗ |s′⟩ ⟨s′| ⊗ ρs,s

′

E

)
. More intuitively, the ideal output of the

QKD protocol has the following properties:

1. KA = KB, where KA and KB denote Alice and Bob’s keys, respectively

2. All keys must be equally likely, in other words K is uniformly distributed p(K) = 1
|K|

3. Eve is uncorrelated from the key.

1.3.1 Prepare-and-measure quantum key distribution

For PM schemes such as BB84, the procedure is as follows.

1. Alice prepares single-photon quantum states in different polarization or phase states
and sends them over the quantum channel to Bob.

2. Bob then performs measurements in mutually unbiased randomly selected bases.

3. Once the photon transmission phase of the protocol is complete, Alice and Bob
reveal their prepare-and-measure bases, respectively, for every round of the protocol
by communicating over a classical authenticated channel. They then keep the results
of the photon exchange only if the preparation and measurement basis was the same.

6



4. Alice and Bob then compare a subset of the resulting sifted key to perform the
parameter estimation. In this step, they test a random subset of the sifted key e.g.
by estimating the quantum bit error rate (QBER). Supposing the measured QBER
is above a pre-defined threshold, determined by the parameters of the protocol, an
eavesdropper (Eve) is assumed to be strongly correlated to the sifted key and the
protocol is aborted.

5. Otherwise, Alice and Bob proceed with classical post-processing steps including error
correction and privacy amplification.

In PM schemes, the security arises from the notion that the measurement changes the
quantum states i.e. the eavesdropper’s inability to measure non-orthogonal states without
introducing detectable errors which lead to the abortion of the protocol. Note that while
the protocol requires single-photon sources, it is usually implemented using attenuated
lasers that produce weak coherent pulses (WCPs). WCPs offer easy implementation and
fast operation speed. However, they are vulnerable to photon-number splitting [95] and
side-channel attacks [96, 97, 98] that reduce the secure key rates. Decoy-state protocols
largely mitigate the effect of these attacks, for a more detailed discussion, the reader is
encouraged to consult Refs.[99, 100, 101].

1.3.2 Entangled-based quantum key distribution

In 1991, Artur Ekert proposed a novel protocol that directly uses entanglement to establish
a secret key between Alice and Bob [12]. In EB protocols, a source generates entangled
photon pairs and distributes them to Alice and Bob. Contrary to PM schemes, here we
assume that Eve prepares some arbitrary state ρABE, where the A and B systems are made
of N qubits. Eve distributes system A and B to Alice and Bob, respectively, and keeps
system E for herself. Alice and Bob each measure their respective N qubits in a randomly
selected basis. Alice and Bob pick a random subset of the N rounds of the protocol and
test the correlations between their measurement results. In practice, for the E91 protocol,
this test is implemented using the Clauser–Horne–Shimony–Holt (CHSH) non-local game
[102]. If Alice and Bob can statistically violate the CHSH inequality, then Alice and Bob
must share an entangled state. By monogamy of correlations [82, 103], Eve’s system must
then be uncorrelated, i.e. ρABE = ρAB ⊗ ρE, she thus cannot gain information from Alice
and Bob’s systems.
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Clauser-Horne-Shimony-Holt inequality

A convenient way to present Bell’s theorem is by playing non-local games [104]. More
specifically, let us consider the CHSH game in which we have two participants, which we
shall again refer to as Alice and Bob. Alice and Bob receive input bits, s and t and must
produce output bits a and b. Alice and Bob win the game if a+ b mod 2 = s · t. In other
words, if Alice and Bob are asked questions s and t, their goal is to provide answers a and
b such that a+ b mod 2 = s · t. Evidently, this game has some rules. First, the questions
sent to Alice and Bob are chosen with uniform probability, i.e. p(s = 0) = p(s = 1) = 1/2
similarly p(t = 0) = p(t = 1) = 1/2. Furthermore, while players can agree on a strategy
beforehand, once the game starts, players are no longer allowed to communicate. In a
classical setting, the optimal strategy consists of Alice and Bob answering a = b = 0 each
round, in which case they win with probability 3/4. This bound can be expressed as a
property of the output bits a0, a1, b0, b1, where ai = i corresponds to Alice’s answer and
similarly for Bob. The CHSH inequality then states that for any A0, A1, B0, B1 ∈ {−1, 1},
where Ai = (−1)ai , Bi = (−1)bi , it holds that [102, 105]:

S = A0B0 + A0B1 + A1B0 − A1B1 ≤ 2. (1.1)

Returning to the non-local game, it turns out that if Alice and Bob share some entangled
state, they can do much better. The idea is quite simple, Alice and Bob each apply some
rotation to their qubit depending on the question they are asked. They then measure the
qubit and answer the question based off the measurement outcome. Suppose, for instance,
the entangled state shared between Alice and Bob is the |Φ−⟩ = 1√

2
(|00⟩ − |11⟩) state.

After the rotations, the resulting state will be

R(θs) ⊗R(θt) |Φ−⟩ = cos(θs + θt) |Φ−⟩ + sin(θs + θt) |Φ+⟩ ,

where |Φ+⟩ = 1√
2
(|00⟩+ |11⟩). The probability then that a+ b mod 2 = 0 is cos2(θs + θt).

Similarly, p(a + b mod 2 = 1) = sin2(θs + θt). Consider now the following strategy: for s
(t) equal to 0 Alice (Bob) applies a R(− π

16
) rotation, whereas for s (t) equal to 1, Alice

(Bob) applies a R(3π
16

) rotation. The success probability is then given by cos2(π
8
) ≈ 0.85,

beating the classical bound. This strategy results in a violation of the inequality in Eq. 1.1
and has profound implications for nonlocality and quantum communication that will be
revisited in chapter 5.
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1.4 Outline

Over the past four years since I joined the Quantum Photonics Laboratory (QPL) led
by Professor Thomas Jennewein, I had the opportunity to contribute to research projects
focused on enabling technologies towards a Quantum Internet.

In September 2021, I joined the QPL and supported the demonstration of a fully pas-
sive, reference frame independent (RFI) time-bin QKD protocol over a moving free-space
channel led by Dr. Ramy Tannous [106]. In January 2022, I started working on the High-
Rate and Networkable Quantum entanglement Source (HiRaNQS) project in collaboration
with Dr. Duncan England, from the National Research Council, and Professor Chang-qing
Xu, from McMaster University. The goal of the project at the onset was to develop a com-
pact, chip-based entangled photon source with multichannel capability to overcome current
satellite-based quantum communication limitations by enabling high signal throughput and
simultaneous connectivity. My first task on the project was to develop a numerical sim-
ulation framework to benchmark the performance of different source designs for various
link scenarios. Once the source design was finalized in January 2023 [1], I began working
on its experimental demonstration [2]. I was fortunate to have the opportunity to visit
Professor Chang-qing Xu group at McMaster University, where I familiarized myself with
their waveguide coupling techniques and gained hands-on experience with their alignment
procedures. During this process, I also worked closely with and supervised undergraduate
researcher Garen Simpson, who contributed to the assembly and testing of the experi-
mental setup. From January 2022 to June 2025, I led the experimental demonstration of
a reconfigurable quantum network architecture, designed to integrate satellite links into
metropolitan quantum networks.

In June 2023, I joined the HyperSpace project, a joint Canada-EU collaboration, aim-
ing to distribute entangled photons between Canada and Europe. My role was to investi-
gate the feasibility and potential of frequency-bin quantum communication over free-space
channels. Together with Wilson Wu and Yujie Zhang, I demonstrate a proof-of-concept
implementation of frequency-bin quantum communication over free-space leveraging a field-
widened interferometers (FWI) to decode the frequency-bins without any spatial filtering
thereby enabling high-throughput quantum communication over turbulent, multi-spatial
mode channels [107]. From September 2024 to March 2025, visiting student Massimo Gi-
acomin and I built two FWIs for a frequency-bin entanglement distribution experiment.
Kaylee Sherk and Luke Neal also contributed to the design of the interferometers. After
characterizing the interferometers in Waterloo, we shipped them to the Università di Pavia,
where Marcello Bacchi, Dr. Marco Clementi and Professors Matteo Galli and Daniele Ba-
joni developed an integrated frequency-bin entangled photon source based on micro-ring
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resonators in silicon nitride (SiN). Massimo Giacomin and I traveled to Pavia in February
2025. Together with Massimo Giacomin, Marcello Bacchi, and Dr. Marco Clementi, I
demonstrated frequency-bin entanglement distribution over multi-mode channels exploit-
ing a novel time-resolved detection scheme paired with passive linear interferometry. Our
approach also enabled, to the best of my knowledge, the first measurement of the joint
temporal intensity (JTI) of frequency-bin entangled photons revealing rich temporal cor-
relations. Since March 2025, I have also supported the work of Dr. Ramy Tannous on a
Herriott cell interferometer which enables long time delays in a compact form factor while
remaining compatible with multi-spatial-mode input light—making it well suited for free-
space quantum communication channels. My experimental activities for this thesis ended
in April 2025.

A subset of these activities is presented in this thesis, and an outline of each chapter
is given below. Note that, in the remaining chapters, I will use “we” rather than “I”
in accordance with scientific writing conventions. The reader is kindly referred to the
Statement of Contributions for details regarding my contributions to each project.

Chapter 2 introduces a reconfigurable quantum network architecture to efficiently inte-
grate satellite links into metropolitan quantum networks. In chapter 3, we experimentally
demonstrate this adaptive quantum network using a correlated photon pair source specifi-
cally designed for the QEYSSat mission. Exploiting both frequency and time multiplexing,
we obtain a significant performance increase without additional resource overhead, thereby
showcasing the scalability potential of our approach.

In chapters 4-5 we then focus on frequency-bin quantum communication, a promis-
ing encoding scheme that offers unique advantages for quantum networking. Thus far,
frequency-bin demonstrations have been limited to single-spatial-mode operation. In chap-
ter 4 we propose and demonstrate a multi-mode compatible detection scheme leveraging
time-resolved detectors and field-widened interferometers. Our analyzer is purely passive
and does not require spatial filtering or adaptive optics, making it well suited for quan-
tum communication over fluctuating channels. Chapter 5 continues our exploration of
frequency-bin quantum communication, this time in the context of entanglement distribu-
tion. Compact, adaptable, and cost-effective technologies will be essential to scale quan-
tum networks toward global deployment. Using a simple time-resolved detection scheme,
we distribute entangled frequency-bins generated from a photonic integrated circuit over
multi-spatial mode channels and achieve high fidelity quantum state tomography and en-
tanglement certification.

We conclude with a summary in chapter 6, highlighting the main findings and suggesting
directions for future research. Please note that chapters 2-5 of this thesis correspond to
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work published in [1, 2, 3, 4].
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Chapter 2

A reconfigurable entanglement
distribution network suitable for
connecting multiple ground nodes
with a satellite

This chapter is based on reference [1] and overlaps with its text.

2.1 Introduction

As discussed in chapter 1, a primary objective of quantum communication is the distri-
bution of entanglement between distant parties [10]. In recent years, significant research
efforts have focused on expanding the scalability of quantum networks beyond two com-
municating parties. To this extent, multiple network architectures have been proposed,
notably trusted-node networks consisting of a mesh of point-to-point links, where each
node acts as a trusted relay to establish a complete two-party communication set-up
[30, 34, 49, 50, 108]. While such a scheme is compatible with heterogeneous quantum
links and can be used to increase the communication distance arbitrarily, it comes with a
significant security cost as one must ensure the privacy of every relay site. Alternatively,
active switch quantum networks [31, 109, 110, 111, 112] allow for dynamically reconfig-
urable networks, yet are vulnerable to device failure. Furthermore, the distribution rate is
limited by the switch’s operating speed. Hence, an all-passive solution is preferred where
all users can be connected simultaneously.
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Two main approaches have previously been considered to create fully connected quan-
tum networks relying either on high-dimensional entanglement or bi-partite entanglement
and multiplexing [49, 67, 113, 114, 115, 116, 117]. In the multipartite method, each user
pair shares a different subspace of the overall network’s Hilbert space, which is used to gen-
erate their keys. However, adding or subtracting users from the network requires changing
the dimensionality of the state produced by the source, making this approach impractical.
The multiplexing approach is described in the following section.

2.1.1 Multiplexing and hyper-entanglement

Multiplexing is a standard approach in classical communications to increase the commu-
nication rate and share resources,such as bandwidth, time, or physical paths (e.g. optical
fibres), between channels [118]. There are two main approaches to multiplexing exploit-
ing time division multiplexing (TDM) or wavelength division multiplexing (WDM). In
the former, different channels are encoded in different time slots, whereas in the latter,
different channels correspond to different wavelengths. In the quantum picture, multiplex-
ing exploits the inherent hyper-correlations produced by an entangled photon source and
can be used to increase the communication channel capacity or deterministically separate
correlated photon pairs to different users. Consider, for instance, a spontaneous spon-
taneous parametric down-conversion (SPDC) entangled photon source (EPS) producing
polarization entangled photons in the |Ψ−⟩ state [116]. Due to energy conservation of the
nonlinear process, the frequency domain is also entangled. Consequently, the output state
is hyper-entangled:

|Ψ−⟩ ≈
∫
α(ωs, ωi) |ωs, ωi⟩ ⊗

1√
2

(
|HV ⟩ − |V H⟩

)
dωsdωi, (2.1)

where ωs + ωi = ωp and α(ωs, ωi) is a continuous function characterizing the spectrum of
the SPDC source. As the spontaneous parametric down-conversion produces well-defined
correlations in discrete spectral regions, with proper filtering we can express the resulting
state as:

|Ψ−⟩MUX ≈ ΠN
k=1 ⊗

1√
2

(
|Hωs

k
Vωi

k
⟩ − |Vωs

k
Hωi

k
⟩
)
, (2.2)

where N is the total number of frequency pairs contributing independently to the overall
output. We can thus interpret the multiplexed source as effectively comprising N inde-
pendent entangled photon sources, as depicted in Fig. 2.1 each operating at a distinct
demultiplexed frequency pair (ωs

k, ω
i
k). This architecture eliminates the need to trust the
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Figure 2.1: Conceptual sketch for wavelength division multiplexing as described in
Eq. 2.2. Each color-coded EPS corresponds to a single correlated frequency channel.

service provider and is easily scalable as the number of users in the network can be mod-
ified without any change to the photon source. Nevertheless for an n-node network to be
fully connected, O(n2) multiplexed channels are required. Consequently, there remains an
important hardware requirement as each channel requires a decoder and detector module
to be fully distinguishable. Otherwise an increase in accidental counts will deteriorate the
performance of the network as was shown in [49, 116]. Recently, [48, 119, 120, 121] utilized
beamsplitters in addition to multiplexing to increase the scalability of their network, but
at the expense of the key generation rate. An interesting solution proposed by [49], uses a
pulsed source to recover the channel distinguishability despite limited detector resources.
This implementation requires an additional gating signal to be sent to each user, and re-
sults in noise reduction by a factor equal to the gating duty cycle. However, this scheme
is unsuitable for mobile nodes as the delays to every other node would need to be contin-
uously compensated by each user thus restricting the reach of these quantum networks to
metropolitan areas.

In this chapter we present a scalable quantum network architecture that includes a mo-
bile satellite node with minimal hardware requirements. To interface the fibre-optical net-
work with the satellite link, we consider a pulsed non-degenerate entangled photon source
in conjunction with a frequency-to-time mapping (FTM) [122, 123]. Using a medium with
a high group delay dispersion (GDD), one can carefully map the frequency distribution of
pulsed light onto temporal modes such that each frequency channel obtains a distinct time
delay within the resolution of the detector. The satellite node is then able to unambigu-
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ously separate the channels while using a single detector module. The rest of the chapter
is organized as follows. In Section 2.2, we introduce the reconfigurable quantum network
architecture. In Section 2.3 we analyze the performance of the proposed network config-
uration and benchmark its potential by studying its use case for the Canadian QEYSSat
quantum satellite mission [71]. A summary of our results and various extensions are given
in Section 2.4.

2.2 Network architecture

Figure 2.2: (a) Communication layer and wavelength allocation for a satellite pass over
two ground stations e.g. over Waterloo and Montreal. (b) Waterloo is in view of the
satellite and takes the multipoint-to-point satellite pass configuration whereas Montreal is
in a fully connected ground topology (c). At a later time, with the satellite now in view
of Montreal, the two cities will adopt the opposite topology by redistributing the
frequency-time correlated pairs {λi,Λi} between the nodes. During the satellite pass Alice
and Bob are connected by two frequency-time channels and thus enjoy a higher key rate.

The proposed network architecture is depicted in Fig. 2.2. It allows two reconfigurable
quantum metropolitan-area networks (QMAN), for example in Waterloo and Montreal,
Canada, to be connected by ground-to-satellite quantum links. As the satellite passes
over Waterloo in Fig. 2.2b, the network adopts a multipoint-to-point topology from the N
ground nodes to the satellite. Consequently, allowing for a substantive increase of the key
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generation during the satellite pass via multiplexing. Meanwhile, the Montreal network in
Fig. 2.2c is arranged into a pairwise configuration where every user is connected to each
other. As the satellite travels out of reach of Waterloo and within reach of Montreal,
each network reconfigures itself into the opposite topology to optimize its functionality
throughout the day. This rearrangement is enabled by the hybrid quantum network design
in Fig 2.3. For a satellite uplink, the idler is kept on the ground and distributed to
the network users. During the satellite pass, the signal is sent through a frequency-to-
time encoder τ(λ) to assign a time delay to each wavelength channel. This mapping can
be accomplished by wavelength-dependent group delay dispersion e.g. in a chirped fibre
Bragg grating (CFBG) [122, 124, 125], where different wavelengths are reflected at different
positions along the grating resulting in a wavelength-dependent time delay, or by using a
fibre Bragg grating (FBG) array with suitable spacing between each FBG to obtain the
desired time delay [123]. Outside of the satellite pass, the active switch, here implemented
using a flip mirror, redirects the signal to the ground nodes.

The minimal time separation between each channel for the frequency-to-time map-
ping is determined by the timing jitter of the satellite single-photon detector and readout
electronics which is typically on the order of ∼ 130 ps full-width at half-maximum for
Silicon Avalanche Photodetectors (Si-APD) [126, 127, 128, 129]. Thus, for a 80 MHz
pump repetition rate, the satellite network configuration is limited to a maximum of ∼ 95
frequency-time channels within the 12.5 ns pulse train. To ensure the channel distinguisha-
bility, the GDD must then be greater than ∼ 325 ps/nm. Additionally, guard bands can
be utilized to minimize cross-talk between the channels but at the expense of the achiev-
able channel density [130]. For a given device length, the GDD and the CFBG’s reflection
bandwidth are inversely proportional: a larger dispersion requires higher reflectivities, re-
sulting in a narrower resonance and bandwidth [131, 132]. However, this limitation can be
circumvented by using longer CFBGs or by using a CFBG array, i.e. inscribing or splicing
multiple CFBGs with adjacent reflection windows in succession [122].

While the number of channels depends on the entangled photon source’s brightness and
bandwidth, for simplicity we assume four nodes in each QMAN in Fig. 2.2. To create a
fully connected N-user communication network,

(
N
2

)
links are needed. Consequently, in

the satellite configuration shown in Fig. 2.2b the six channels are distributed to the users
such that Alice and Bob each receive two frequency-time channels and therefore attain
an increased secure key rate. For the pairwise fully connected topology in Fig. 2.2c, each
node receives 3 wavelength channels to allow communication with every other node. The
network connectivity and the wavelength allocation for the two different configurations:
satellite (flip mirror up) and ground (flip-mirror down) are summarized in Table 2.1.
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Figure 2.3: Conceptual physical layout of the hybrid quantum network. The EPS consists
of a nonlinear crystal (NC) pumped by a pulsed laser to create entangled photon pairs
via spontaneous parametric down-conversion. During the satellite pass (flip mirror (FM)
up) the signal is sent through a frequency-to-time encoder τ(λ) in an uplink to the
satellite (Sat) via the OGS. Outside of the satellite pass (flip mirror down) the signal is
rerouted with the idler through telecom fibre to the various ground nodes thus enabling a
fully connected topology.
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2.3 Performance estimation

We simulated the key rate for various quantum key distribution scenarios using the ap-
proaches introduced by Ma et al. [133] and Holloway et al. [134]. The simulation code
and a more detailed description are provided in the Appendix A. Our entangled state is
constructed from the following SPDC Hamiltonian:

H = iχ(a†Hb
†
V − a†V b

†
H) + H.c., (2.3)

where the subscripts H and V denote the horizontal and vertical polarizations, H.c. the
Hermitian conjugate and χ is the squeezing parameter, a coupling constant proportional
to the crystal nonlinearity and the amplitude of the pump beam [135]. We assume the
protocol is symmetric with respect to the σX and σZ bases, thus all calculations for the
rectilinear (σZ) basis can be applied to the superposition (σX) basis. Expectation values
for the detector operators applied to the SPDC state are used in a squashing model to
determine the two-fold coincidence rates and QBER [136, 137]. For practical computation,
we restrict the receiver’s (Bob) measurements to a finite Hilbert space. More specifically,
the quantum key distribution protocol we consider is designed for qubit systems, whereas its
implementation is carried out using optical modes described by infinite-dimensional Hilbert
spaces [138]. A squashing model addresses this discrepancy by inserting an additional
physical channel Λ between the quantum channel Φ and the receiver such that the infinite-
dimensional states are reduced to finite-dimensional squashed states. The receiver then
measures these states with a new set of measurements that reproduce the original statistics.
Note that, the adversary is assumed to have full control of this squashing map. For
a more detailed discussion of squashing maps, the reader is referred to Refs. [139, 140,
141]. We analyze the performance of both bucket detectors (Eq. 2.4) and photon-number
resolving (PNR) detectors (Eq. 2.5) whose positive operator-valued measure (POVM) are,
respectively, given by [142]:

Ê(click) =
∞∑

m=0

[1 −D(0)(1 − η)m] |m⟩ ⟨m| , (2.4)

and

Ê(n) =
∞∑

m=0

n∑
k=0

D(k)

(
n− k +m

m

)
ηn−k(1 − η)m |n+m− k⟩ ⟨n+m− k| , (2.5)

where η is the detector efficiency and D(k) the dark count distribution. We model the
detection probabilities of the signal and idler photons as independent such that the overall
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transmittance for an n photon pair is ηn = [1 − (1 − ηA)n][1 − (1 − ηB)n], where ηA and
ηB represent the channel transmittance for Alice and Bob (including both channel losses
and detection efficiency) [133]. For the satellite pass configuration, we assume the satellite
detector to be a Si-APD [143] with a detector dead time of 1 µs whereas we assume the
ground detector to be an superconducting nanowire single-photon detector (SNSPD) with
a dead time of 10 ns [144, 145].

Table 2.1: Proposed network connectivity and wavelength allocation. Wavelength
correlated pairs are denoted as {λi,Λi} for signal and idler respectively. The specific

wavelengths considered in Figs. 2.8-2.9 are provided in parentheses with their associated
ITU channel number.

Network Satellite configuration Ground configuration
Connection signal idler signal idler

Alice-Satellite λ1, λ5 Λ1,Λ5 - -
Bob-Satellite λ2, λ6 Λ2, Λ6 - -

Charlie-Satellite λ3 Λ3 - -
Dana-Satellite λ4 Λ4 - -

Alice-Bob - - λ1 (786.75 nm) Λ1 (Ch40 = 1545.32 nm)
Bob-Charlie - - λ2 (787.03 nm) Λ2 (Ch41 = 1544.53 nm)

Charlie-Dana - - λ3 (787.32 nm) Λ3 (Ch42 = 1543.73 nm)
Alice-Dana - - λ4 (787.63 nm) Λ4 (Ch43 = 1542.14 nm)

Alice-Charlie - - λ5 (787.93 nm) Λ5 (Ch44 = 1542.14 nm)
Bob-Dana - - λ6 (788.24 nm) Λ6 (Ch45 = 1541.35 nm)

Due to the dead time, the photon count rate is no longer linearly proportional to the
impinging photon flux but is given by:

Ncount =
Nideal

1 +NidealTD/TINT

, (2.6)

where TD corresponds to the dead time, TINT to the integration time, Nideal to the number
of photons impinging on the detector and Ncount the number of resolved photons [146].
The secure key-rate (SKR) for the entangled parametric down-conversion (PDC) protocol
[133] is then obtained via

SKR = q{Qλ[1 − f(δb)H2(δb) −H2(δp)]} (2.7)

where q is the basis reconciliation factor, the subscript λ denotes the expected photon
number per mode, Qλ is the overall gain, δb (δp) is the bit (phase) error rate, f(x) is the
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Table 2.2: Experimental assumptions for QKD modeling

Sat-APD dark count rate 1000 cps
Ground detector dark count rate 100 cps

Sat-APD timing jitter 130 ps
Sat-APD dead time 1 µs

Ground detector dead time 10 ns
coincidence time window 1 ns
Error correction factor 1.17

Satellite link loss 40 dB
Basis reconciliation factor (q) 1/2

bidirection error correction efficiency and H2(x) is the binary entropy function,

H2(x) = −x log2(x) − (1 − x) log2(1 − x). (2.8)

A summary of the experimental parameters assumed throughout the simulation can be
found in Table 2.2. At low ground link loss (< 10 dB) in Fig. 2.4a, detector saturation
at the satellite node partially limits the scaling performance. However, in the higher loss
regime one obtains a linear key rate increase whilst maintaining the same QBER. This
scaling stems from the deterministic separation of the multiplexed channels resulting in
independent communication channels with the same signal-to-noise ratio [49]. To achieve
this deterministic scenario, the frequency-to-time mapping τ(λ) plays a crucial role. This
is particularly apparent, in Fig. 2.4b where we only consider wavelength multiplexing. In
fact, in our initial network design shown in Fig. 2.5, the idler photons were demultiplexed
on the ground but the signal photons were recorded at the satellite detector without any
channel discrimination. Surprisingly, demultiplexing solely the idler at the ground stations
provides little advantage and, in fact, results in a maximal tolerable loss decrease compared
to the single channel scenario. This is due to an increase in accidental coincidences that
results in a loss of fidelity caused by the detection of several channels on the single satellite
detector [116]. Therefore, the signal-to-noise ratio decreases proportionally to the number
of users added. The squeezing parameter χ in Eq. 2.3 was optimized for every channel
setting to maximize the SKR using a sequential least squares programming (SLSQP) al-
gorithm, as shown in Fig. 2.6. At high losses, the dark count rate contribution to the
QBER becomes significant, ultimately leading to a sharp drop in the secure key rate. This
behaviour is visible in typical QKD key rate curves (see Fig. 2.7). For fixed squeezing,
the error ratio associated with multi-pair emissions remains constant. Consequently, the
effective maximum loss budget of the system is determined by the dark count rate. In our
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Figure 2.4: Scaling behaviour of the ground-to-satellite QKD scenarios for (a) with the
time-frequency mapping. The time and frequency multiplexing leads to a linear key rate
improvement. (b) Without the τ(λ) frequency-to-time encoder, there is no discrimination
made between the wavelength channels jointly recorded at the satellite resulting in an
increase in accidental counts and reduction in key rate. The squeezing parameter χ in
Eq. 2.3 was optimized for every channel setting to maximize the SKR as shown in
Fig. 2.6b. Realistic detector parameters were considered and can be found in Table 2.2.

Figure 2.5: Initial proposal for the physical layout of the hybrid quantum network. The
EPS is pumped by a continuous-wave laser and the idler photons are frequency
demultiplexed to the ground nodes. Without the FTM no temporal discrimination is
possible at the satellite node.
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(a) (b)

Figure 2.6: Optimized squeezing parameter for (a) a symmetric link where ηs = ηi and
(b) an antisymmetric link where the satellite link loss is fixed ηs = 40. The remaining
simulation parameters were chosen in accordance with Table 2.2.

simulation, the squeezing parameter is reduced at high losses, to suppress errors due to
multi-photon emissions and remain below the QBER threshold for positive key rate. In the
numerical simulation, the squashing map probabilistically assigns multi-photon events to
qubit outcomes. This probabilistic assignment leads to errors due to the detection of un-
correlated channels and constitutes the dominant error mechanism in the low-loss regime.
Consequently, at low loss (see Fig. 2.6b), the squeezing is also kept low to avoid detector
saturation and minimize the multi-photon contribution. Between these extremes, the op-
timal squeezing increases with channel loss to compensate for reduced transmission, until
it reaches a plateau. This plateau represents a trade-off between the multi-pair emissions
and the pair-production rate.

At low loss, the one-sided multiplexing approach yields a slight key rate increase due
to detector load management bypassing the dead time of the detector. Nonetheless, for
realistic loss scenarios detector saturation has negligible significance. We investigate in
Fig. 2.7 the use of PNR detectors at the ground user nodes. Interestingly, we find that
PNR detectors offer no significant key rate advantage compared to bucket detectors. This
can be readily seen in the high loss regime from considering the series expansion of Ê(1)

for D(1) ≪ 1, η → 0 at which point one finds that Ê(1) → Ê(click).

2.3.1 Quantum Encryption and Science Satellite mission

To further benchmark the potential of our network proposal, we analyze its performance
for the QEYSSat mission use case. For this purpose, we assume the entangled photon
source consists of a 15 mm long periodically poled magnesium-oxide doped lithium niobate
(PPLN) waveguide pumped by a mode-locked pulsed laser centered at 521.4 nm with a
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Figure 2.7: Secure key rate performance comparison between PNR and Bucket detectors
for the ground user nodes. The simulation parameters considered can be found in
Table 2.2.

bandwidth of 2 nm and a repetition rate of 80 MHz which produces polarization entangled
photon pairs at 787.5 nm (signal) and 1543.2 nm (idler) via spontaneous parametric down-
conversion with respectively 15 nm and 39 nm of bandwidth. These assumptions on the
entangled photon source are summarized in Table 2.3. The required wavelength channels

Table 2.3: Entangled photon source assumptions

Repetition rate 80 MHz
Pump central wavelength 521.4 nm

Pump bandwidth 2 nm
Signal central wavelength 787.5 nm

Signal bandwidth 15 nm
Idler central wavelength 1543.2 nm

Idler bandwidth 39 nm

for a hypothetical 4-node ground network and QEYSSat are illustrated in Fig. 2.8. The
color coding is done in accordance with the channel allocation depicted in Fig. 2.2. The
idler wavelength channels were chosen for compatibility with the standard International
Telecommunication Union (ITU) 100 GHz grid. The corresponding correlated signal chan-
nel around 787.5 nm was selected for low-loss transmission through the atmosphere and
compability with mature high-efficiency Si-APDs [51, 147]. Outside of the satellite pass,
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(a) (b)

Figure 2.8: The spectrum of the signal (a) and the idler (b) were calculated from the
Sellmeier equations for PPLN assuming a 2 nm pump bandwidth centered at 521.4 nm
and a 15 mm crystal [5]. Wavelength correlated pairs {λi,Λi} are denoted by the same
color in both spectrums and were chosen in accordance with Fig. 2.2. The idler channels
match the ITU DWDM 100 GHz grid.

the 787.5 nm signal is rerouted to the ground users through standard telecom infrastruc-
ture. Whilst the telecom fibre is slightly multimode for the 787.5 nm light, Meyers-Scott
et al. have shown that there is minimal crosstalk between the spatial modes over several
kilometers resulting in a well-preserved polarization state and timing signature [148]. In
spite of the greater fibre losses for the 787.5 nm light (∼ 3 dB/km), the 32 km range
shown in Fig. 2.9 is large enough to span a metropolitan area network. Furthermore, the
range for the ground configuration could be expanded with a telecom-band degenerate
entangled photon source [48] or via quantum frequency conversion of the signal to telecom
[149]. As the ground user nodes are not resource-limited, we can circumvent the detector
timing limitation via frequency demultiplexing to extend the linear performance increase
to the low-loss regime. Table 2.4 shows the estimated key produced per month between
ground users (ground configuration), and between a satellite and ground users (satellite
configuration). Assuming that over a one-month period, one would typically have around
10 satellite passes with a typical 100 seconds quantum link duration, we estimate the total
key generated monthly in both configurations by a user located 16 kilometres equidistant
from all other users in the network and the optical ground station (OGS). In the ground
configuration, the 95 channels can connect up to 14 users with two preferred connections.
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The average key generated by a given user pair is then ∼ 1.9 × 1011 bits. For the satellite
configuration, the link loss will vary throughout the pass. Based off of the link loss data
from [51], we compute a conservative estimate by assuming an upper quartile pass with
45 dB average link loss, which corresponds to a generated key of ∼ 4.1 × 107 bits. The
proposed design presents a considerable scaling potential as the entire SPDC spectrum can
be utilized. Assuming detector time resolutions as low as 35 ps [150], a 80 MHz repetition
rate and an ultra-dense WDM (UDWDM) with 12.5 GHz spacing, one could employ up
to ∼ 350 channels. The number of available frequency-time channels could be further in-
creased by reducing the pulse repetition rate but at the expense of the single channel key
rate.
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Figure 2.9: Scaling behaviour of the ground configuration ( Fig. 2.2c) for the QEYSSat
compatible scenario considered in Table 2.3 with the detector parameters given in
Table 2.2.

2.4 Summary

In this chapter, we proposed and analyzed a reconfigurable architecture suitable for serving
both metropolitan networks and ground-satellite links. Our approach is uniquely designed
to optimize the efficiency of satellite uplink scenarios such as QEYSSat, where the satellite
receiver is only available for a few minutes every 24 hours. During the satellite pass, the
secure key rate is improved through time and frequency multiplexing with no additional
hardware requirements on the satellite. Additionally, the network’s utility outside of the
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Table 2.4: Generated key rate over a one-month period for both network configurations

User-to-user ground distance 16 km
Number of ground users in the network 14

User to OGS distance 16 km
Average number of passes 10

Average satellite pass duration 100 s
Average satellite link loss 40 dB

Total key generated per ground user pair 1.9 × 1011bits
Total key generated between a ground node and satellite 4.1 × 107bits

satellite pass is optimized by rerouting the signal to form a ground-based metropolitan
network. The satellite can be exploited as a trusted node station to interconnect two
metropolitan areas and extend the reach of quantum networks to a global scale. Its scal-
ability and simplicity make our network architecture a good candidate for commercial
quantum communication networks.
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Chapter 3

Demonstration of a reconfigurable
ground to space quantum networking
scheme

This chapter is based on reference [2] and overlaps with its text.

3.1 Introduction

In this chapter, we experimentally demonstrate the network reconfiguration, introduced
in chapter 2, using correlated photon pairs generated from a PPLN waveguide specifi-
cally designed for the QEYSSat uplink scenario [56, 71]. In particular, non-degenerate
broadband photon pairs at 1550 and 785 nm are produced from spontaneous parametric
down-conversion to optimize both the ground-based optical fibre and the ground-to-space
free-space link. Moreover, by leveraging time multiplexing, we demonstrate a linear perfor-
mance increase for the up-link configuration with minimal satellite hardware requirements.
In particular, a pulsed pump in conjunction with a frequency-to-time mapping assigns a
distinct time delay to each spectral channel such that the signal can be demultiplexed
from a single detector channel thus significantly reducing the satellite payload overhead
[122, 151]. This resource alleviation extends to the ground configuration where only one
detector per user is required. Indeed, the pulsed pump allows for channel discrimination
by defining fixed time slots for the arrival of each channel at the detector thus reducing
the number of accidental coincidences [49].
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3.2 Experimental setup

The experimental setup is shown in Fig. 3.1. A mode-locked titanium-sapphire laser
(Tsunami Spectra-Physics) with a repetition rate of 80 MHz produces 1042 nm light, which
is upconverted in a BBO crystal (Castech Inc.) via second-harmonic generation and filtered
down to a ∼ 2 nm bandwidth centered around 521.4 nm. These upconverted photons then
pump a 15 mm long PPLN waveguide (HC Photonics Corp.) such that broadband photon
pairs at 787.5 nm (signal) and 1543.2 nm (idler) are produced via non-degenerate type-0
SPDC. PPLN waveguides offer high brightness, compactness, and compatibility with in-
tegrated devices [152]. After correction for losses, the brightness of the SPDC source was
estimated to be > 7.8×107 pairs/sec/mW. A temperature controller was used to maintain
the PPLN’s temperature at 30 ◦C so that the phase matching of the SPDC process is
optimized to maximize photon generation within the QEYSSat passband chosen for high
atmospheric transmission and compatibility with high efficiency space-ready detectors [69].
Signal and idler photons are separated at a dichroic mirror and coupled into polarization-
maintaining (PM) fibres. The signal fibre output is connected to two different detection
scenarios depending on the satellite’s availability. For a satellite uplink, the idler photons
remain on the ground and are routed to the various users. This is accomplished via WDM
using concatenated telecom FBGs (O/E Land Inc.) and optical circulators (OZ Optics).

For the satellite configuration shown in Fig. 3.1a, a FTM unit enables a time-resolved
detection of the distinct frequency channels on the same Si-APD detector. This FTM
is implemented using a fibre Bragg grating array that inscribes a distinct time of arrival
to each spectral channel, enabling multipoint-to-point communication with the satellite
as depicted in Fig. 3.1c. For the ground network shown in Fig. 3.1b, a fully-connected
topology between Alice, Bob and Charlie is established by WDM using individual FBGs,
while Dana is excluded due to experimental resource constraints. Although the connec-
tions in Fig. 3.1b are established asynchronously using an active switch, they could be
implemented simultaneously by adding an optical circulator to passively demultiplex all
three signal wavelengths. To optimize detection efficiencies around both 780 and 1550 nm,
Bob and Charlie were equipped with a Si-APD and SNSPD detector (Quantum Opus).
This requirement could be overcome by using a broadband detector [153], thus eliminat-
ing the need for multiple detectors tailored to specific wavelengths, thereby reducing the
system complexity. To demonstrate this scalable approach, the 1550 and 780 nm photons,
corresponding respectively to channels 1 and 2 in Fig. 3.1d, are combined into the same
single-mode fibre (Thorlabs SMF-28 ) using a 1550/780 nm wavelength division multiplexer
(Seagnol Photonics) and jointly recorded on Alice’s SNSPD detector. Although the 780
nm photons will be slightly multimode and suffer significant optical loss in the telecom
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fibre, Meyers-Scott et al. [148] demonstrated the high-fidelity transmission is nonetheless
possible and Vinet et al. [1] showed that positive nonzero key rates can be generated for
up to 32 km, enough to span a metropolitan area network.

3.2.1 Materials and methods

The total optical loss in the experimental setup arises from several distinct stages. At the
chip interface, light was coupled into and out of the waveguide with 532 nm and 1550 nm
polarization-maintaining flat cleaved and lensed fibres (OZ Optics) respectively, incurring
a coupling loss of approximately 4.5 dB. The waveguide coupling stage is shown in Fig. 3.3.
The input and output fibres were mounted on three-axis translation stages (MAX313D,
Thorlabs), each controlled by a piezo controller (BPC203, Thorlabs), to enable precise
positional adjustment. The input fibre was flat cleaved using a fibre cleaver (Vytran LDC-
400 ) and butt coupled to the waveguide. In other words, the fibre and waveguide facet
were end-to-end aligned such that the fibre core and waveguide were in direct contact (or
close proximity) as shown in Fig. 3.3c. To facilitate the alignment process, 1064 nm light
was backpropagated and up-converted via second-harmonic generation to 532 nm through
the waveguide. The upconversion was optimized by tuning the position of the output fiber
and monitoring the 532 nm power at the waveguide input. Once the placement of the
output fiber was optimal, the input cleaved fiber was introduced and carefully aligned to
maximize the overall throughput. The waveguide was mounted in its oven (HC Photonics)
and placed on a two-axis (vertical and horizontal) translation stage for precise positioning.
The coupling process was monitored via an overhead stereo microscope (Leica M125 C )
with a tunable magnification between 12.8 and 160X.

The waveguide used in the experiment was a PPLN ridge waveguide fabricated on a
z-cut substrate. The chip dimensions were 15×0.5×1.5 mm (length × width × thickness),
with the waveguide defined on the z-facet at a depth of approximately 2.8µm. The width
of the channel was 6µm and the mode field diameter were 4.83 and 4.16µm for the trans-
verse y- and z-directions respectively. Following the down conversion, a free-space bridge
separated the signal and idler photons, with measured coupling efficiencies of 44% (3.57
dB loss) for idler photons and 16% (7.96 dB loss) for signal photons. The reduced coupling
efficiency for the latter was due to spatial mode filtering from the PM780 fibre (Thorlabs)
as the ∼ 780 nm light is slightly multi-modal in the 1550 nm fibre at the output of the
waveguide. The FTM unit introduced a significant insertion loss of 10 dB, due to the loss
of 3 dB from the optical circulator and 7 dB attributed to the FBG array. On the idler
path, demultiplexing was performed using a cascaded assembly of circulators and FBGs,
as shown in Fig. 3.4, resulting in insertion losses of 4.86 dB, 7.73 dB, 10.48 dB, and 8.51
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Figure 3.1: Experimental implementation of the reconfigurable quantum network for (a)
the satellite configuration and (b) the ground configuration. A PPLN waveguide was
pumped by a pulsed laser with a repetition rate of 80 MHz to create highly correlated
photon pairs via type-0 spontaneous parametric down conversion. During a satellite pass,
a frequency-to-time mapping is implemented using a fibre Bragg grating array as a
dispersive component. Outside of the satellite pass, an active switch reconfigures the
network into a three node ground network formed via wavelength division multiplexing.
In both scenarios, the idler is frequency demultiplexed using off-the-shelf
telecommunication components such as optical circulators and fibre Bragg gratings. To
emphasize the differences between the two configurations, optical elements not used in
each configuration are depicted in grey. The quantum correlation layer for each scenario
is respectively shown in (c) and (d). (SHG: second-harmonic generation, DM: dichroic
mirror, HWP: Half-wave plate, BPF: band-pass filter, WG: waveguide, LPF: long-pass
filter, Circ: circulator, FBG: fibre Bragg grating, SNSPD: superconducting nanowire
single photon detector, Si-APD: silicon avalanche photodetector)
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(a) (b)

Figure 3.2: The measured spectrum of the signal (a) and idler (b) photons. Wavelength
correlated channels are denoted with the same color in both spectrums. 1 nm guard
bands are used between the signal channels to minimize cross-talk between the channels.

dB for the Alice, Bob, Charlie, and Dana channels, respectively. The 1550/780 WDM unit
used for the ground configuration in Fig. 3.1b had an insertion loss of 0.97 and 3.02 dB at
1550 and 780 nm respectively.

3.2.2 An alternative frequency-to-time mapping

Although we opted for a fibre-based inline FTM using a series of FBGs to optimize com-
pactness and ensure compatibility with standard telecom components, a free-space imple-
mentation could offer lower insertion loss, which may be advantageous in loss-sensitive
applications. In Fig. 3.5a, we outline an alternative FTM approach in free-space. A pulsed
laser diode produces an optical pulse which is sent through a grating. The grating spatially
separates the input pulse into multiple diffraction orders, labeled 0 to 3. Each diffracted
beam is directed toward a narrow bandpass filter (BPF) at a distinct angle of incidence
(AOI), resulting in angle-dependent spectral filtering. Indeed, the central transmission
wavelength (λθ) of the BPF exhibits a blue shift with increasing AOI, according to Eq. 3.1
[154], due to the change in effective optical path length (OPL) through the filter’s inter-
ference layers

λθ = λ0

√
1 − (n0n

−1
i sin θ)2, (3.1)

where λ0 is the nominal central transmission wavelength, n0 is the refractive index outside
the filter, ni is the effective refractive index of the filter and θ is the AOI. Consequently,
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(a)

(b)

(c)

Figure 3.3: Photographs of the waveguide coupling stage. (a)-(b) The waveguide coupling
setup. (c) An image of the input fibre-waveguide coupling taken with the Leica M125 C
stereo microscope.

each diffraction order experiences a different spectral selection after which the beams are
reflected by mirrors back to the grating, where they recombine into a single output mode.
By carefully selecting different OPLs for each diffraction order, we can create a FTM unit
where each frequency component has a distinct time delay. Consider, for example, four 0.25
nm pump channels ranging from 520.5 to 522.25 nm with 0.25 nm guard bands. Fig. 3.5b
shows the AOI required to tune a BPF with a central wavelength of 522.125 nm to align with
each of the four wavelength channels. Unfortunately, in our implementation, the narrow
angular separation required significant propagation distances to individually resolve each
diffraction order. Moreover, standard diffraction gratings exhibit a non-uniform intensity
distribution across diffraction orders, leading to unequal service quality across the quantum
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Figure 3.4: Photograph of the idler demultiplexing stage.

network. While diffractive beam splitters offer more uniform power distribution, they
produce equally spaced output angles, which are incompatible with the non-uniform AOI
tuning required for BPFs. Furthermore, fabricating 0.25 nm-wide BPFs is challenging.
Such narrow filters are typically custom-made and not readily available off-the-shelf. At
nonzero AOIs, the multilayer dielectric structure of the BPF causes Fresnel reflections
at the interface of each layer, resulting in polarization-dependent effects where s− and
p−polarized light undergo different effective optical paths. This polarization splitting leads
to transmission loss and distorted passbands at higher AOIs as illustrated in Fig. 3.5b
[155, 156]. These combined constraints rendered the free-space FTM bulky and impractical
for our intended application.

3.3 Experimental results

To demonstrate the multiplexing advantage, we measured the coincidence-to-accidental
ratio (CAR) in both scenarios (Fig. 3.1a-b) using up to four correlated channels specified
within the broadband spectrum of the SPDC source, see Fig. 3.2. The CAR was calculated
from CAR = Rm/Rum, where Rm and Rum are the coincidence rates at matched and un-
matched slots as defined in [157]. The former corresponding to true coincidences caused
by photons generated in the same pump pulse whereas the latter represents accidental
coincidences arising from multi-pair emissions or detector dark counts. Exploiting time and
frequency multiplexing at the satellite and ground nodes, accidental coincidences, due to
uncorrelated channel detections, are filtered leading to a CAR improvement in accordance
with the theoretical expectation as shown in Fig. 3.6a. More explicitly, one can calculate
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(a) (b)

Figure 3.5: (a) Alternative implementation of the frequency-to-time mapping in
free-space (b) Angle of incidence required to align a narrowband bandpass filter with
central wavelength 522.125 nm and 0.25 nm bandwidth to each of the four wavelength
channels spanning 520.5 nm to 522.25 nm.

the CAR from the correlated photon pair rate (µc), the transmittance of the signal (αs)
and idler channels (αi), and the average signal (cs) and idler (ci) count rate according to:

CAR =
µcαsαi

csci
+ 1. (3.2)

Assuming N multiplexed channels, CAR − 1
MUX

====⇒ (µc/N)αsαi

(cs/N)(ci/N)
= Nµcαsαi

csci
resulting in a

linear CAR improvement [158]. To limit the cross-talk between the channels, 1 nm guard
bands between the signal channels were used to limit their spectral overlap.

From the CAR, we approximate the two-photon interference visibility using the re-
lation V = CAR−2

CAR−1
derived in [159]. The multiplexing scheme enhances the visibility in

Fig. 3.6b, allowing increased coincidence rates at higher pump powers. To contextualize
these results for practical applications, we estimate the QBER according to QBER = 1−V

2

and the asymptotic SKR for the entanglement-based QKD protocol outlined in [133, 134].
These results are respectively presented in Figs. 3.6c-3.6d. Again, multiplexing allows for a
reduction of the QBER and a higher attainable secure key rate. This method thus presents
a scalable approach to enhance the entanglement generation rate in a multipoint-to-point
quantum link during the satellite pass. Moreover, additional users can be incorporated to
the ground network without compromising the quality of service or pairwise entanglement
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generation rate - and with minimal resource overhead. By allocating a distinct temporal
window to each channel within the pulse train [49], each user can unambiguously discrim-
inate between frequency channels using a single detector. Accordingly, coincidences, for
the ground configuration at high pump power in Fig. 3.6a, were measured with only one
detector channel per user. Despite the limited detection efficiency of the SNSPD at 780 nm
(η780 ∼ 6%), temporally resolving each channel still yields a twofold CAR improvement.
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Figure 3.6: Multiplexing scheme performance estimation. In (a), the
coincidence-to-accidentals ratio is measured as a function of the pump power. In (b),
(c), and (d) the two-photon interference visibility, QBER, and secure key rate are
respectively estimated from the measured CAR. For the ground DEMUX scenario shown
in (a), coincidences at low pump power were measured using a SNSPD and APD detector
per user, due to the SNSPD’s poor detection efficiency at 780 nm. At higher pump
power, signal and idler photons were jointly detected on a single SNSPD channel per user.
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3.4 Discussion

3.4.1 Scaling potential

Photon bandwidth and detector timing resolution underpin, respectively, the capacity for
wavelength and time multiplexing. Consequently, for the satellite configuration, the num-
ber of channels is bounded by (R × δtj)

−1, where R is the pulse repetition rate and δtj
is the timing resolution of the detection system, including synchronization-induced jitter.
There is a clear compromise between the pulsed laser repetition rate and the number of
available time-multiplexed channels. This trade-off is illustrated in Fig. 3.7 for our source,
assuming a pump power of 100 µW, channel loss of 30 dB, detector dead time of 1 µs, 1000
counts per second dark count rate and timing jitter of 130 ps.
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Figure 3.7: Trade-off between the number of frequency-time multiplexed channels and the
repetition rate.

Owing to the requirement for spectral compatibility with the QEYSSat payload, the
signal bandwidth of the ground configuration is restricted to the satellite acceptance win-
dow of 780–795 nm. Nevertheless, in contrast to the planned primary QEYSSat source
[160], which is limited by its intrinsically narrow spectral bandwidth and supports es-
sentially single-channel operation, our configuration leverages the full 15 nm acceptance
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window. Assuming 100 GHz spacing between channels, this allows for up to 72 paral-
lel channels, markedly enhancing the performance during the satellite pass. The network
could be further optimized by using flexible grid technology [161]: employing a wavelength
selective switch or reconfigurable optical add-drop multiplexer [162] would not only sim-
plify the experimental design but also enable adaptive bandwidth management beyond the
two configurations showcased in Fig. 3.1. Moreover, under flex-grid channel allocation,
entanglement distribution losses are fixed and independent of the number of users. This
provides a significant scalability advantage over the standard WDM approach.

Figure 3.8: Schematic for the proposed integrated networkable quantum source.

3.4.2 Integrated source design

Compact, adaptable, and cost-effective technologies will be essential to scale quantum net-
works toward global deployment. However, the current design has a large form factor, as
shown in Figs. 3.3 and 3.4. Recent work on integrated photonic entangled photon sources
has shown significant improvements in stability, energy efficiency, and miniaturization
paving the way toward scalable quantum networking systems [163, 164, 165]. Motivated
by these efforts, we propose in Fig. 3.8 an integrated entangled photon source design. The
design emphasizes practicality and compatibility with satellite-enabled quantum networks.
To minimize size and cost, the titanium-sapphire in Fig. 3.1 is replaced by a gain-switched
laser diode (LD) that produces broadband optical pulses. The frequency-to-time mapping
is applied on the pump field using a Y-branched digital optical switch [166] in combination
with a spiral waveguide containing an array of on-chip Bragg gratings. By encoding the
FTM on the pump photons, the insertion loss associated to its optical components can
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be compensated. After reflection, the temporally stretched pulse is directed through a
thermally tuned unbalanced Mach-Zehnder interferometer, where a coherent superposition
of early and late time-bins is encoded. The resulting pulse is then coupled into a PPLN
waveguide, where time-bin entangled signal and idler photon pairs are generated via SPDC.
These photon pairs are subsequently separated by a band-wavelength division multiplexer
(BWDM). A second optical switch toggles between the satellite and ground configurations,
rerouting the signal to a WDM for the latter. To evaluate the required guard bands for
suppressing cross-talk in the frequency-to-time mapping stage, Fig. 3.9 shows a simulated
joint spectral intensity (JSI) calculated from the SPDC process of the proposed integrated
entangled photon source. The simulation code is provided in Appendix B. Using param-
eters consistent with the demonstration presented in Section 3.2, a 1.75 nm pump was
divided into four frequency channels, each 0.25 nm wide. 0.25 nm spectral gaps were in-
serted between the Bragg grating reflection bands. This configuration was found to reduce
interchannel cross-talk to below −30 dB, ensuring that the down-converted photon pairs
generated from different pump channels remain spectrally and temporally well separated.
This design could easily be extended to additional channels by increasing the number
of Bragg gratings in the FTM unit. Such a source would enable quantum communication
nodes that are portable, power-efficient, and suitable for deployment in real-world settings.
The design consolidates the frequency-to-time mapping [167, 168], phase control, nonlin-
ear photon-pair generation [169, 170, 171], and demultiplexing onto a single photonic chip
[172, 173], significantly reducing size, alignment overhead, and sensitivity to environmental
noise.

3.5 Summary

To conclude this chapter, we revisit some of the benchmarking metrics outlined in Sec-
tion 1.2. In particular, our proposed network architecture integrates heterogeneous links
in the same quantum network with minimal resource cost whilst providing continuous
network uptime. Leveraging both time and frequency multiplexing, we demonstrate an
increased coincidence-to-accidental ratio without additional resource overhead. In partic-
ular, as all channels are defined within the same entangled source and each user requires
a single detector channel, the network scales linearly. To contextualize these experimen-
tal findings, we projected their performance in a quantum key distribution scenario and
outlined a feasible route towards field deployment. The network can be easily scaled to
accommodate numerous nodes and its range could be expanded using hollow core fibres
[174] or quantum frequency conversion of the 785 nm signal to telecom wavelengths [149].

39



Figure 3.9: Simulated joint spectrum intensity (JSI) for the entangled photon source
depicted in Fig. 3.8. Each JSI represents the spectral correlations between signal and
idler photons for a specific frequency-time channel.
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Chapter 4

Frequency-encoded quantum
communication

This chapter is based on reference [3] and overlaps with its text.

4.1 Motivation

Initially proposed by Mérolla et al. in 1999 [175, 176], frequency-bin quantum information
processing has garnered significant interest in the last decade due to its ease of implemen-
tation, compatibility with integrated photonic devices [177, 178, 179, 180], and its high
dimensionality which allows for large alphabets [181, 182, 183, 184]. This is particularly
beneficial for quantum communication as it increases the capacity of the quantum chan-
nel and enhances noise tolerance [185, 186, 187]. Frequency-bin states can be generated
from compact sources, are easily manipulated using standard optical components, and
the stability in their relative phase provides inherent resistance against mode mixing and
phase noise in long-distance propagation. Furthermore, frequency-bin encoding has shown
promise in overcoming challenges associated with solid state emitters, such as phonon de-
phasing and spectral diffusion, thus allowing for the generation of photonic cluster states
[188, 189] and facilitating scalable quantum information processing [190, 191, 192, 193].
In particular, frequency-bins are compatible with spectrally heterogeneous matter qubits
[180, 194] and support dense spectral multiplexing making them prime candidates for quan-
tum networking. Demonstrations of narrowband frequency-bin EPSs designed to interface
with atomic memories have already been reported [195, 196]. Moreover, combined with
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Figure 4.1: Multi-mode frequency-bin analyzer. The MM fibre input provides increased
coupling efficiency and enhanced robustness to pointing errors and distorted point spread
functions.

their low size, weight, and power (SWaP) footprint and vibration tolerance, frequency-bin
quantum sources form an attractive option for satellite-based quantum communication.

However, frequency-bin states are typically decoded via spectral filtering [178, 197,
198], electro-optic modulation [175, 177, 199], or pulse shaping [179, 182, 200]. These
techniques are lossy and require coupling into single-mode fibre hindering their applicability
with free-space channels unless adaptive optics are utilized. These limitations are directly
resolved by using a multi-mode (MM) analyzer as shown in Fig. 4.1. Due to their higher
numerical aperture and core size, MM fibres provide an enlarged field of view and drastically
increased coupling efficiency [201]. For example, with a 1-meter telescope with significant
turbulence (r0 = 1cm) [202], single-mode fibre coupling is limited to an efficiency of 0.04%
whereas for the step-index multi-mode fibre considered here a 96.7% efficiency is achievable
with tip-tilt-only corrections. Moreover, they are significantly more robust to pointing
errors [203, 204] and turbulence-induced wavefront distortions [205, 206, 207, 208]. In this
chapter, we propose a simple interferometric decoding method utilizing a field-widened
Mach-Zehnder interferometer (MZI) which requires no modal filtering or active elements,
thus providing a robust solution for spatially multi-mode channels and free-space quantum
communication [209]. This passive interferometric approach offers important advantages
over the established techniques for manipulating frequency-bin encoded quantum states
and can be readily applied to long-distance satellite links.
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4.2 Theory

4.2.1 Frequency-bin encoding

Frequency-bins are encoded in distinct spectral modes ωn such that a dual-rail qubit can
be defined from the two modes ω0 and ω1 as shown in Fig. 4.2 according to

|ψ⟩ = α |0⟩L + β |1⟩L , (4.1)

where the two modes are identical in all degrees of freedom except frequency. As the
Hilbert space contains an infinite set of modes with frequency ωn, Eq. 4.1 can naturally be
extended to qudits. Practically, high-dimensional quantum states can be efficiently encoded
using broadband frequency combs, with each spectral line serving as an information carrier
[180]. Arbitrary quantum states can also be created from the coherent superposition of
frequency-bins or from chip-scale micro-resonators, making them highly compatible with
integrated photonic platforms [181, 184, 198].

Figure 4.2: Dual-rail logical qubit encoding: a single photon corresponds to |0⟩ or |1⟩
depending on which frequency mode it occupies.

Yet, the ability to perform flexible and efficient operations on these states remains
limited. Traditional techniques rely on active nonlinear optics to modify photon frequen-
cies, e.g. through sum- and difference-frequency generation in χ(2) media, which requires
stringent phase-matching conditions and high pump powers that restrict both flexibil-
ity and scalability [210]. More recently, coherent control over frequency modes has been
demonstrated using electro-optic modulators in combination with phase-shaping techniques
[180, 192]. However, scaling these methods to manipulate multiple frequency modes re-
quires intricate setups involving cascaded modulators and pulse shapers, whose configu-
rations must be extensively optimized [200]. The disparity between the relative ease of
state generation and the complexity of manipulation underscores the need for alternative
strategies in frequency-domain quantum information processing.

43



Frequency-bin detection

Detecting frequency-bins in the computational (σZ) basis is straightforwardly realized ei-
ther by frequency demultiplexing or frequency-to-time mapping. However, these methods
provide no phase information and thus cannot resolve states in the superposition (σX)
basis. Discriminating between superposition states is thus typically achieved via nonlinear
or electro-optic mixing. This approach introduces significant losses due to the populating
of higher-order sidebands outside the desired frequency range [211]. The finite bandwidth
of modulators further exacerbates this issue, often introducing additional inefficiencies.
Moreover, this method relies on single-spatial-mode operation, which limits its applicabil-
ity in free-space channels unless adaptive optics are employed. Expanding frequency-bin
compatibility to ground and satellite-based free-space channels is crucial for enabling truly
global quantum networks, where atmospheric turbulence and pointing instability necessi-
tate robust multi-mode operation to maintain high-fidelity quantum communication. Con-
sequently in the following chapters 4-5, we will focus on a novel scheme based on passive
photonic components and time-resolved detectors. Rather than relying on nonlinear or
electro-optic mixing, we directly resolve the interference fringes of any given superposition
state. By mapping frequency-bin modes to distinct spatial channels via linear interferom-
etry, one can create arbitrary unitary gates on the frequency basis [211], where projective
measurements are then realized by time-resolved detection of each spatial output using
single-photon detectors with high temporal resolution.

For a superposition |Ψ⟩ of two frequency-bins, (A0â
†
0 +A1â

†
1) |0⟩, the intensity measure-

ment ⟨N̂(t)⟩, where N̂(t) = â†t ât, results in a beat note [212]

⟨N̂(t)⟩ =
1

(|A0| + |A1|)2

(
|A0|2 + |A1|2 + 2|A0||A1| cos(∆ωt)

)
.

If frequency spacing ∆ω is sufficiently small compared to the detector’s timing resolu-
tion δtj, orthogonal superposition states can be directly distinguished from the result-
ing interference fringes in the photon wavepacket. The corresponding beat visibility is
vX = 2|A0A1|

|A0|2+|A1|2 · vϵX , where vϵX corresponds to the visibility due to mode-mismatch and
experimental imperfections for the σX-basis measurement.

For the rectilinear (σZ) basis, an unbalanced Mach-Zehnder interferometer, with a path
length difference ∆L can act as a frequency demultiplexer (DEMUX) that directs specific
frequencies to designated output ports based on their relative phases. The phase shift
introduced by the unbalanced MZI is given by the product of the spatial frequency (ωi/c)
and the path length difference ϕi = ωi∆L/c leading to a phase difference at the output
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equal to ∆ϕ = ϕ1 − ϕ0 = ∆ω∆L
c

= π. Consequently, an unbalanced MZI with path length
different ∆L separates frequencies ωn and ωm according to Eq. 4.2:

∆ω =
πc

∆L
, (4.2)

where ∆ω = |ωm − ωn| is the DEMUX frequency separation. A more detailed derivation
of Eq. 4.2 is provided in Appendix C.1. This method extends naturally to qudits by
concatenating a series of optical interleavers [213, 214] or using cascaded interferometers
[215, 216].

Non-monochromatic frequency-bins

In practice, each frequency mode |ωi⟩ is not perfectly monochromatic but has a finite
bandwidth σi. Assuming Gaussian wave packets, each mode can be described as

|ωi⟩ =

(
1

2πσ2
i

)1/4 ∫
dµ exp

(
− (µ− ωi)

2

4σ2
i

)
â†µ |0⟩ (4.3)

with the creation operator â†µ for a monochromatic frequency mode µ as shown in Fig. 4.3.
Consequently, a realistic frequency-bin superposition state can be described as

|Ψ⟩ =

∫
dµ

[
A0

( 1

2πσ2
0

)1/4

exp
(
− (µ− ω0)

2

4σ2
0

)
+ A1

( 1

2πσ2
1

)1/4

exp
(
− (µ− ω1)

2

4σ2
1

)]
â†µ |0⟩

(4.4)

= A0 |ω0⟩ + A1 |ω1⟩ ≈ A0 |0⟩L + A1 |1⟩L ,

where |A0|2+|A1|2 = 1 and the approximation |Ψ⟩ ≈ A0 |0⟩L+A1 |1⟩L holds when ⟨ω0|ω1⟩ ≃
0. The inner product

⟨ω0|ω1⟩ =

√
2σ0σ1
σ2
0 + σ2

1

exp

(
− ∆ω2

4(σ2
0 + σ2

1)

)
has minimal overlap when the frequency separation ∆ω = ω1 − ω0 is much larger than
the frequency-bin bandwidth (i.e. ∆ω ≫ 2

√
σ2
0 + σ2

1). We now consider an intensity

measurement N̂(t) = â†t ât with ât =
∫
dµâµe

iµt on the state in Eq. 4.4 and obtain a
time-dependent beating signal

F (t) ∝ ⟨Ψ| N̂ |Ψ⟩ : =
1

2
(1 + v′X cos(∆ωt)), (4.5)
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Figure 4.3: Frequency-bin encoding. Photons are encoded in spectral bands |ω0⟩ (|ω1⟩)
with bandwidth σ0 (σ1) separated by ∆ω. For ⟨ω0|ω1⟩ = 0, |ω0⟩ (|ω1⟩) correspond to
logical bits |0⟩L (|1⟩L).

where v′X = vX · 2|A0A1|
|A0|2+|A1|2

( √
2σ0σ1e

−t2(σ2
0+σ2

1 )

σ0e
−2t2σ2

0+σ1e
−2t2σ2

1

)
and vX corresponds to the visibility due to

mode-mismatch and experimental imperfections.

In the σZ-basis, the phase shift introduced by the path length difference in the MZI
depends on the bandwidth of the frequency-bin according to δϕi = 2πσi∆L/c [217]. As-
suming the phase shift in each frequency-bin follows a Gaussian distribution, the total
phase shift variation across the two frequency-bins is then equal to δϕT =

√
δϕ2

0 + δϕ2
1 and

its impact on the MZI visibility corresponds to

v′Z = vZ exp

(
−2π4(σ2

0 + σ2
1)

∆ω2

)
,

where vZ is the visibility due to the experimental imperfections for the σZ-basis measure-
ment. For practical implementations, σ0 ≈ σ1 and the source’s linewidth σi ≪ ∆ω is
several orders of magnitude smaller than the frequency-bin separation. These bandwidth
contributions to both the σX- (v′X) and σZ-basis (v′Z) are thus negligible.

Consider frequency-bin-encoded photonic qubits, defined as: |ω0⟩, |ω1⟩ := |ω0 + ∆ω⟩,
and the superposition 1√

2
[|ω0⟩ + ei∆ωt |ω1⟩], corresponding to logical bits |0⟩ , |1⟩ , |+⟩ for

ei∆ωt = 1. For the superposition (σX) basis, different frequency-bins accumulate phases at a
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different rate leading to a time dependent relative phase. Consequently, in the Schrödinger
picture the time evolution leads to an oscillating beat note |Ψ(t)⟩ = 1√

2
[|ω0⟩ + ei∆ωt |ω1⟩]

around the equator of the Poincaré sphere as depicted in Fig 4.4 [211]. In spite of the phase

Figure 4.4: (a) Poincaré sphere. The time dependence, described in Schrödinger picture,
|Ψ(t)⟩ = 1√

2
(|ω0⟩ + ei∆ωt |ω1⟩) leads to an oscillation around the equator at angular

velocity ∆ω = ω1 − ω0 as depicted at times t = 0 and t = τ .

oscillation of the quantum state, Pennacchietti et al. have shown that when the temporal
resolution of the detection system is significantly smaller than the oscillation period, all
photons can be used in a quantum key distribution protocol for key generation [189].

4.2.2 Timing jitter

The phase oscillation of the superposition state shown in Fig. 4.4 constrains the resolvable
frequency spacing ∆ω due to detector timing jitter. Fig. 4.5a shows the maximal visibility
for a timing resolution of 100 ps as a function of ∆ω assuming vX = 0.95. Alternatively
for a given frequency spacing, this constraint reduces the beat note visibility as a function
of timing jitter as shown in Fig. 4.5b. To model timing jitter, the measurement outcome
F (t) can be described as a convolution of the beating signal f(t) = 1

2
(1 + vX cos(∆ωt))

with weight function g(t), where vX is the initial visibility of the state. Assuming Gaussian
g(t) with timing jitter standard deviation of δtj and adding sources of jitter in quadrature
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(δT =
√∑

j δt
2
j) the measurement outcome F (t) is

F (t) =

∫
g(τ)f(t−τ)dτ =

∫
f(t−τ)

1

2
√

2π
exp[− τ 2

2δT 2
]dτ =

1

2
[1+vXe

−(∆ωδT )2/2 cos(∆ωt)].

(4.6)
The visibility of the beating signal is degraded as vjitterX = vX exp[−(∆ωδT )2/2]. We
experimentally confirm this result by measuring a ∆f = 260 MHz beat note using the
experimental setup in Fig. 4.10 with four single photon detectors each with a different
timing resolution given in Table 4.1. As the photon count rate is significantly smaller than
the number of beat cycles Nb, we observe the beat note via statistical accumulation by post-
processing the time-tags, referencing each detection event (ti) to the latest synchronization
marker pulse (tm) according to

∆ti = ti − max
m

{tm|tm ≤ ti}, (4.7)

where the synchronization channel provides a marker pulse with frequency 1/TM . Each
time difference ∆ti is mapped into the beat period Tb = TM/Nb = 2π/∆ω via

τi = ∆ti mod Tb, (4.8)

effectively assigning a time relative to the beat period to each photon detection event.
Partitioning the beat period into K = Tb/δtbin time intervals, we calculate the number of
events falling within the k-th interval according to

Nk(T ) =
∑
i

1A(τi), (4.9)

where 1A is the indicator function and A = [kδtbin, (k + 1)δtbin] represents the k-th bin.
Summing over all intervals δtbin, we create a histogram of the total events per beat period

N(T ) =
K−1∑
k=0

Nk(T ) (4.10)

where the bin size δtbin is the resolution of the time-tagger. The analysis code is provided
in Appendix D.

4.2.3 Moving platforms

In non-static links, frequency-bin encoded quantum states can experience rapid phase
shifts, necessitating a fast compensation system. We describe the time-dependent change
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(a) Frequency spacing limitation (b) Timing resolution limitation

Figure 4.5: Limitations on the beat note visibility due to (a) the beat note’s frequency
spacing for a fixed timing resolution of 100 ps, (b) the detector’s time jitter for a fixed
frequency spacing of 260 MHz. We assume a laser linewidth of 300 kHz [6], and a
visibility of 95% at ∆t = 0.

in the Heisenberg picture, where an operator P̂ is time-dependent. Moreover, for fast
moving platforms such as satellites, the position-dependent phase shift and the Doppler
shift must be incorporated. For a distance R(t) between the source and receiver, the
operator P̂ (t) will be given as

P̂ (t) = |P (t)⟩⟨P (t)| |P (t)⟩ =
∑
i

pie
iω′

i
R(t)
c |ω′

i⟩ ≈
∑
i

pie
iωi(1+

1
c
dR(t)
dt

)
R(t)
c |ωi⟩ . (4.11)

The Doppler effect ω′
i = ωi

(
c+v
c−v

)1/2 ≈ ωi(1 + v
c
) = ωi(1 + dR(t)

cdt
) is negligible in satellite

systems. For a LEO satellite, dR(t)
cdt

≈ 2.6×10−5. For the frequency separation ∆ω = 1.634×
109 rad/s used in our experiment, the Doppler shift modifies the frequency separation by
4.2 × 104 rad/s – a negligible change compared with the frequency-bin bandwidth.

Moreover, on a nonstatic platform, take as an example a projector onto a two-dimensional
space spanned by {|ω0⟩ , |ω1⟩}. The explicit time dependence of the qubit measurement is

|P (t)⟩ = 1
2
(|ω0⟩ + ei∆ω(1+

dR(t)
cdt

)
R(t)
c |ω1⟩), where the projector evolves due to the transmit-

ter’s motion with a phase change ∆ω(1 + dR(t)
cdt

)R(t)
c

, and a phase change rate given by:

δf ≈ 1
2π

d
dt

(
∆ω(1 + dR(t)

cdt
)R(t)

c

)
. For a LEO satellite at perigee, approximating its distance

to first order as R(t) = vt, where the average velocity v ≈ 6km/s [39], a frequency-bin state
of ∆ω = 1.634×109 rad/s will experience a average phase change rate δf ≈ 1

2π
∆ω v

c
≈ 5kHz.
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Table 4.1: Detector models used in Fig. 4.5b and their corresponding nominal full width
at half maximum (FWHM) timing resolution (δtFWHM). The MPD and Excelitas

detectors were used in pair with a UQD Logic16 time-tagger with a resolution of 78.125
ps [7]. A conservative upper bound for the timing resolution of the LeCroy waveRunner
640Zi used in combination with a LeCroy OE425 [8] is provided. The total resolution of
the detection system (δTFWHM) is estimated from the summation in quadrature of each

component.

Detector Model δtFWHM (ps) δTFWHM (ps) Measured visibility
LeCroy waveRunner 640Zi [218] 25 34 94.4 ± 2.2%

MPD PDM Series NIM output [219] 50 93 92.7 ± 2.7%
MPD PDM Series TTL output 250 262 87.0 ± 2.0%

Excelitas SPCM [220] 350 359 77.0 ± 2.4%

Table 4.2: Comparing satellite-based quantum protocols using different degrees of
freedom (DOF), sensitivity quantifies how fast the compensation scheme should be.

DOF Sensitivity Compensation
Time-bin[228] < 1 Hz Phase Modulation
Frequency-bin ∼ 5 kHz GPS+ Fast Phase Modulation

A comparison with the time-bin degree of freedom is provided in Table 4.2. Without a
precise time reference and phase compensation system, the measurement P̃ (t) is a convolu-
tion between P̂ (t) with a rectangular function g(t) = 1/(2Tr) for t ∈ [−Tr, Tr], depending
on the resolution of t quantified by Tr,

P̃ (t) =

∫
P̂ (t− τ)g(t)dτ =

1

2Tr

∫ Tr

−Tr

P̂ (t)dt
Tr≫∞
====⇒ ∆(P (t)) (4.12)

where ∆(P (t)) =
∑

i |pi|2|ωi⟩⟨ωi| is the completely dephasing map. Consider, for instance,

the Uhlmann fidelity between the projectors P (t) and P̃ (t): F (t) =

(
Tr

√√
P (t) ˜P (t)

√
P (t)

)2

,

for ∆ω = 1.634 × 109 rad/s . To maintain fidelity F (ti) above 99.9%, in the worst case
scenario for the LEO orbit R(t), Tr ≈ 50µs is required, and thus a fast phase compensation
1
Tr

≈ 20 kHz is needed. Such a rapid phase shift can, however, be compensated using well-
established techniques such as Global Positioning System (GPS) tracking [221, 222, 223],
Satellite Laser Range (SLR) [224, 225], and more advanced laser phase tracing using fre-
quency combs with well-defined spectral lines [226, 227].

50



4.3 Field-widened interferometers

While we have shown in section 4.2.1 that unbalanced interferometers can be used as
frequency analyzers for the computational basis, such analyzers are typically considered
impractical for free-space channels. Indeed, mode distortions from transmission through a
multi-mode optical channel [229] introduce path distinguishability in the unbalanced inter-
ferometer. This is exacerbated for mobile links, as telescope pointing errors and turbulence-
induced angular fluctuations further degrade the interference quality. Moreover, spatial
filters cannot address these issues without introducing significant throughput losses. FWIs
have been demonstrated to function as multi-mode time-bin quantum receivers by exploit-
ing imaging optics, or carefully selected refractive indices, to correct induced phase shifts
and visibility reductions due to angular fluctuations [106, 209, 230, 231, 232, 228], which
we realize can be extended to the analysis of frequency-bin receivers. We will exploit both
of these techniques in sections 4.4 and 5.3.2 respectively and present both interferometric
designs in Fig. 4.6.

For the relay-optics enhanced interferometer shown in Fig. 4.6a, the differences in the
evolution of the spatial modes over the path length difference ∆L can be matched using
a 4f imaging system in both arms of the unbalanced Mach-Zehnder interferometer, thus
producing identical wavefronts when the paths recombine and ensuring indistinguishability
at the interferometer output regardless of the spatial mode or the AOI of the input beam.

Alternatively, the combination of the glass rod and the retroreflector, in the long arm
of the interferometer in Fig. 4.6b, creates a virtual mirror that appears closer to the in-
terferometer’s beam splitter. Thus by carefully selecting the glass’ refractive index and
length, we can match the distance from the beam splitter to this virtual mirror with the
actual distance to the real mirror in the short arm, effectively balancing the interferometer
[228, 233]. More specifically, consider a MZI with an input beam incident at an angle α.
We can approximate the OPL difference using Snell’s law and Taylor’s expansion for small
α, in which case [209, 234]:

∆L ≈
∑
i

[
nilLil − nisLis −

n2
0 sin2 α

2

(
Lil

nil

− Lis

nis

)]
, (4.13)

where l, s respectively denote the long and short arms of the interferometer and nis(l)

the different refractive indices. To cancel out ∆L’s angular dependence, we require that∑
i
Lil

nil
=

∑
i
Lis

nis
. Solving this condition simultaneously with Eq. 4.2, one can construct a

multi-mode frequency qubit analyzer. While the use of refractive index compensation can
introduce some chromatic dispersion, these interferometers are significantly easier to align
than relay-enhanced designs.
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(a) (b)

Figure 4.6: (a) Relay-optics enhanced and (b) field-widened interferometer designs. For
the former a 4f imaging system in each arm reproduces the field mode at the same
position in each arm thus removing the path distinguishability. For the latter, a 10 cm
BK7 glass rod is used to compensate for spatial distortions of the optical mode of the
frequency-bin qubit. In both cases, the interferometer performs the σZ−basis projection
by demultiplexing frequencies ω0 and ω1. The basis choice is implemented via an optical
shutter in the short arm of the interferometer.

For the implementation in chapter 5, we designed two symmetric interferometers based
off the design shown in Fig. 4.6b. The signal and idler f-bin analyzers in Fig. 5.3 differ only
in the input fibre: single-mode for the idler and multi-mode for the signal. Solving Eqs. 4.2
and 4.13 for our optical design we obtain the following condition for the required length
of glass Lg = πc

2∆ω
(ng − 1/ng)

−1, where ng is the refractive index of the glass rod. More
specifically, for the demonstration presented in Sec. 5.2, we utilized a 10 cm BK7 glass
rod (Edmund Optics TECHSPEC N-BK7 Light Pipe Homogenizing Rod) with a 1.5007
refractive index at 1550 nm. In the long arm of the interferometer, the beam propagated
in a double pass configuration through 1cm of air from the beam splitter to the glass
rod, then through the 10 cm rod, followed by another 1 cm air gap between the rod and
the corner cube retro-reflector for an optical path length of 34 cm. The short arm, in
comparison, had a physical length of 7.85 cm resulting in an OPL difference of ∆L ∼ 18.3
cm corresponding to a 609.8 ps time delay or equivalently a ∆ω = 2π · 820 MHz frequency
splitting. The alignment procedure used to synchronize the optical path length differences
of both interferometers is described in Sec. 5.2.1.

To characterize the polarization effects introduced by the BK7 glass rod, we performed
a polarization extinction measurement as depicted in Fig. 4.8. Setting two linear polarizers
(LPs) orthogonal to each other, we first measured the polarization leakage on a power meter
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(Thorlabs S122C ) and obtained a baseline of −43 dB. When the BK7 glass rod was inserted
into the optical path, the leakage increased to −20 dB, suggesting that the rod perturbs
the polarization state of the transmitted light. This perturbation is likely due to stress-
induced anisotropy within the glass. This is directly observed by looking at a polarized
light source, e.g. a computer screen in Fig. 4.7, where the screen appears uniformly blue
when viewed through a polarizer in Fig. 4.7a, whereas distinct white stress patterns emerge
at the mounting points of the glass rod in Fig. 4.7b. Further supporting this hypothesis,
loosening the glass rod in its mount improved the extinction ratio to −29dB.

(a) (b)

Figure 4.7: Stress-induced birefringence in the glass rod. (a) Image of polarized light
from a computer screen (b) same image but observed through the glass rod, revealing
stress-induced birefringence along the mounting screws.

Figure 4.8: Polarization extinction measurement for the glass rod. (LD: laser diode, LP:
linear polarizer)
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(a) (b)

Figure 4.9: Photographs of the (a) idler photon’s frequency-bin analyzer: the FWI has a
single-mode fibre input, (b) the signal photon’s frequency-bin analyzer: the FWI has a
multi-mode fibre input (CCR: corner cube retro-reflector).

4.4 Proof-of-concept demonstration

We implemented a proof-of-principle demonstration of frequency-bin quantum communi-
cation using the setup depicted in Fig. 4.10. A continuous-wave laser (Toptica DL-Pro)
produces a 780 nm signal, where a portion is detuned by ∆ω to a second frequency by an
acoustic-optical-modulator (G&H AOMO 3200-124 ) driven by an RF signal at a frequency
of 260 MHz. Two mechanical shutters encode the frequency-bins. To generate a balanced
superposition state (A0 ≃ A1), we recombine both frequency-bins at a fibre beam-splitter
with appropriately adjusted coupling efficiencies at each fibre port. The encoded signal is
attenuated to single photon level and sent over a two meter free-space channel to a multi-
mode frequency-bin analyzer [209]. The frequency-bin generation setup is shown in greater
detail in Fig. 4.11. Contrary to typical frequency-bin analyzers, our analyzer necessitates
no mode filtering nor adaptive optics thus significantly improving the collection efficiency
for free-space quantum channels. In the rectilinear basis, the Mach-Zehnder inteferometer
operates as a frequency demultiplexer where the channel spacing is determined by the path
length difference according to Eq. 4.2. The outputs are coupled into multi-mode fibres and
detected with Si-APDs. For the superposition basis, a shutter blocks the interferometer’s
long arm and a beat note is measured at each photon detector. To track the oscillation
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Figure 4.10: Simplified experimental setup: The DL-Pro generates 780 nm light which is
modulated into two frequency-bins via an AOM driven by an arbitrary waveform
generator at 260 MHz. Two mechanical shutters are used to encode the frequency-bins
which are spatially combined at a polarization-maintaining fibre beam-splitter and sent
across a 2 meter free-space bridge to the receiver. The frequency-bin analyzer consists of
a field-widened multi-mode interferometer which is used to demultiplex the
frequency-bins. The basis choice at the receiver is performed via a mechanical shutter in
the long arm of the interferometer. The outputs from the frequency-bin analyzer are
coupled into multi-mode fibres connected to Si-APDs. A 500 kHz marker pulse from the
AWG provides a time reference to the time-tagging unit.

of the beat note, a 500kHz marker pulse is sent from the encoder’s arbitrary waveform
generator (AWG) (Tabor Model WX1284C ) to the receiver’s time-tagger.

We demonstrate the feasibility of our scheme by encoding a repeated sequence of
{0,+, 1, vac}, depicted in Fig. 4.12a, via two mechanical shutters driven at 1 Hz by square
waves π/2 out of phase. The MZI demultiplexes |ω0⟩ and |ω1⟩ onto detector channels 0
and 1 respectively as can be seen in Fig. 4.12b-c. Despite strong spatial distortions (see
Fig. E.1a) and no active phase stabilization, we measured a visibility of 85.5% in the σZ
basis. From the V parameter of the Thorlabs M43L01 fibre, we can estimate the number
of modes M ≈ 1

2
V 2 to approximately 4300 modes [235]. A more detailed characterization

of the beam’s multi-mode properties is provided in Appendix E. While perfect visibility
is theoretically possible, the performance is limited due to imperfect overlap between the
interfering beams in the MZI which leads to crosstalk between the inteferometer’s output
ports. This leakage is visible in Fig. 4.12 in the slight difference with the vacuum floor for
detectors 0 (1) when only |ω1⟩ (|ω0⟩) is transmitted and was used to calculate the visibility
according to Vωi

= (Npeak−Nleak)/(Npeak+Nleak). The visibility could be further enhanced
through more precise interferometric alignment and improved thermal stability [209]. For
the superposition basis, the beat note shown in Fig. 4.13a was measured on a MPD PDM
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Figure 4.11: Photograph of the frequency-bin generation setup. A double-pass
configuration through the AOM was used to achieve a total frequency shift of 260 MHz
while driving the AOM at 130 MHz.

Figure 4.12: (a) Frequency-bin encoding scheme. A repeated sequence
{|ω0⟩ , 1√

2
[|ω0⟩ + ei∆ωt |ω1⟩], |ω1⟩ , |vac⟩} is encoded via two mechanical shutters driven by

squares waves π/2 out of phase. Frequency-bin decoding scheme for the rectilinear basis:
|ω0⟩ and |ω1⟩ are measured on detectors 0 and 1 in (b) and (c) respectively.
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series single photon Avalanche Photodetector (APD) paired with a UQD Logic16 time-
tagger. If the sender and receiver bases are mismatched, no beat note is observed as is
the case in Fig. 4.13b. The ∼ 93 ps timing resolution of the detection system limited
the σX-basis visibility, in Fig. 4.12, to 92.4 ± 2.7%. The experimental parameters for our
proof-of-concept demonstration are summarized in Table 4.3.

Atmospheric turbulence introduces phase noise through refractive index fluctuations
that affect the optical wavefront both spatially and temporally [236]. These effects can be
categorized into transverse distortions, which alter the AOI and the spatial mode profile
of the beam, and longitudinal fluctuations, which result in variations of the optical path
length. As demonstrated in Ref. [209], the field-widened interferometer can passively com-
pensate for AOI variations and spatial distortions. In contrast, longitudinal turbulence
causes fluctuations in the arrival time of the photons, contributing to the overall timing
jitter δT . In practice, atmospheric phase noise leads to negligible timing jitter, with typical
range errors of around 0.5 mm RMS (1.7 ps RMS) for ground-to-satellite measurements
at elevations above 30◦ [237]. Furthermore, although atmospheric turbulence evolves dy-
namically, its characteristic timescale is set by the Greenwood frequency fG [238, 239].
fG is typically on the order of 0.2 − 2 kHz for LEO satellite-to-ground quantum channels
[240], which is several orders of magnitude slower than the quantum beat frequency ∆ω.
Consequently, atmospheric phase fluctuations appear to be effectively static during any
given detection window and do not notably degrade the observed interference visibility.
Moreover, as the phase noise evolves slowly compared to the quantum signal, it will, in
principle, also be tracked and corrected in real time as the clocks are synchronized - simi-
larly to the phase shift induced by the motion of the satellite discussed in Sec. 4.2.3 - for
instance by transmitting a classical reference tone and adjusting the time delay between
the synchronized clocks at the sender and receiver [226, 227]. In addition to phase fluctu-
ations, atmospheric turbulence causes temporal variations in the intensity of the received
signal [241], while the background count rate remains relatively constant. These pertur-
bations in the signal-to-noise ratio can compromise the quantum bit error rate [242, 243].

To quantify this effect, we calculate the scintillation index σ2
I = ⟨I2⟩−⟨I⟩2

⟨I⟩2 from a 5-second
segment of our data by dividing it into 100 ms intervals. We obtained a scintillation index
of σ2

I = 0.012 ± 0.003 consistent with weak irradiance fluctuations in a laboratory setting.
Although scintillation is much stronger for satellite-to-ground links (σ2

I ∼ 0.1−1), it mainly
affects intensity and not phase coherence. As such, it does not degrade the visibility of the
single-photon interference of frequency demultiplexing.

The encoding rate could be easily improved up to 50 GHz using off the shelf electro-optic
intensity modulators or all-optical switches [244, 245]. While the method outlined in this
chapter leveraged a prepare-and-measure scheme, it is also compatible with entanglement
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(a) σX -basis encoding (b) σZ-basis encoding

Figure 4.13: Frequency-bin decoding scheme for the superposition basis. To evaluate the
integrity of the quantum channel, the receiver blocks the long arm of the interferometer
and measures a beat note at the photon detector. (a) If the sender prepared a state in
the σX basis, a beat note corresponding to 1√

2
[|ω0⟩ + ei∆ωt |ω1⟩] can be observed. (b)

Whenever the sender encoded in the rectilinear basis only one frequency is received and
no beat note is observed. The histogram bin size corresponds to the time-tagger
resolution.

distribution [198]. In fact, the resource requirement for the latter is reduced as spectrally
resolved coincidence counting removes the requirement for the synchronization channel.
Significant advancements have been achieved in generating two-photon frequency-bin en-
tanglement. Techniques such as operating an optical parametric oscillator below threshold
[246], filtering broadband parametric down-conversion [247], and more recently, the on-chip
generation of quantum frequency combs using microring resonators [181, 184, 248, 249] have
been explored. Yet these methods have typically been implemented with bin spacing of
tens of gigahertz and beyond due to the resolution of dense wavelength division multi-
plexing filters and wavelength-selective switches [192]. Using our approach, the resolvable
frequency spacing is constrained solely by the timing resolution of the detection system,
enabling dense spectral multiplexing for scalable quantum networks [1, 194].
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∆f 260 MHz
∆ω 1.634 × 109 rad/s

Timing pulse repetition rate 500 kHz
Shutter repetition rate 1 Hz

ω0 visibility 88.9 ± 2.8%
ω1 visibility 82.1 ± 3.4%

σZ-basis visibility 85.5 ± 2.2%
σX-basis visibility 92.4 ± 2.7%

Table 4.3: Experimental parameters for the prepare-and-measure demonstration.

4.5 Conclusion

Using a purely passive frequency-bin analyzer, we demonstrate the transmission and mea-
surement of frequency-bin encoded photons over a multi-modal free-space channel, observ-
ing quantum beats without the need for coupling into single-mode fibre. Our approach is
passive, requiring no spatial filtering or adaptive optics, while maintaining a high optical
throughout. The simple receiver design is well-suited for quantum communication over
fluctuating channels to moving platforms, including space-based quantum communication.
The compatibility of the frequency-bin encoding with solid state devices, combined with
their scalability to higher dimensional states, also supports long-distance quantum infor-
mation processing. Furthermore, time-resolved detection followed by active feed-forward
has enabled the entanglement swapping of different colored photons [250, 251], allowing
connectivity between heterogeneous network nodes. Alternatively, entanglement swapping
has also been demonstrated by interfering two photons at a beam splitter followed by
spectrally resolved detection [252]. In this configuration, orthogonal frequency-bin Bell
states can be heralded from the quantum beating observed in the two-photon interference.
Our work complements these efforts by advancing the compatibility of frequency-bin pho-
tonic qubits with realistic, multimode channels and lays the groundwork for global-scale
frequency-bin quantum networking with satellites.
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Chapter 5

Entanglement-based frequency-bin
quantum communication

This chapter is based on reference [4] and overlaps with its text.

In the preceding chapter, we demonstrated the feasibility of frequency-bin quantum
communication leveraging a prepare and measure scheme. This encoding warrants further
investigation. As discussed in section 4.1, one of the motivations for frequency-bin en-
coding stems from the development of on-chip scalable quantum light sources offering low
SWaP entangled photons easily deployable in satellite-based applications. In the following
chapter, we explore the entanglement distribution of frequency-bin-entangled photon pairs
generated from a silicon nitride integrated photonic circuit.

5.1 Time-resolved detection scheme

Recent advances in time-resolved measurements have enabled the characterization of frequency-
mode entanglement in narrowband biphoton sources [195]. As discussed in chapter 4,
one can directly measure the interference fringes in the single-photon wavepacket if the
frequency spacing ∆ω is sufficiently small relative to the jitter of the detection system
(δT ≪ 2π

∆ω
). In this chapter we extend this approach to the two-photon wavepacket.

The JTI captures the temporal correlations between the signal and idler photons and en-
codes their frequency-bin superposition state. By post-selecting on various relative time
delays, one can implement arbitrary projective measurements in the equatorial plane of
the Poincaré sphere. Beyond the equatorial basis, any projective measurement can be

60



implemented using high temporal resolution detectors in combination with linear inter-
ferometry, a notable development in this direction is presented in [211], where frequency
modes are effectively mapped to spatial modes, enabling arbitrary unitary transforma-
tions. As a special case, projections onto the computational σZ-basis can be performed
using standard demultiplexing techniques with an unbalanced MZI [3]. This approach is
purely passive, requires minimal resources, and naturally extends to higher dimensions.
Although, the measurement fidelity is ultimately limited by the timing jitter of the detec-
tion system, single-photon detector technologies have achieved timing resolutions as low
as 3 ps full width at half maximum (FWHM) in state-of-the-art demonstrations [253] and
20-30 ps jitter in commercially available detectors [254, 255], significantly mitigating this
constraint.

We here focus on implementing two simple qubit measurements using passive linear
optics and time-resolved detection. Specifically, we first discuss the realization of arbitrary
projective measurements in the equatorial basis via direct measurement of the joint tem-
poral intensity of the biphoton state. The implementation of projective measurements in
the σZ (frequency eigen-) basis using an unbalanced Mach-Zehnder interferometer is also
briefly reviewed.

5.1.1 Preliminary: joint temporal intensity measurement

We pump two spectrally well-separated, high-Q microrings, labelled as R0 and R1 in
Fig. 5.3a, at ωp1 and ωp2 , with mode spacing ∆ω = |ωp2 −ωp1|. After coarse-graining, each

ring contributes a single frequency mode, B̂n, obtained from the continuous frequency
mode creation operators â†s(ω) and â†i (ω):

B̂n =

∫∫
dωsdωiϕn(ωs)ψn(ωi)δ(ωs + ωi − 2ωpn)â†s(ωs)â

†
i (ωi), (5.1)

where the envelope functions ϕn(ω) =
√

γ
2π

1
ω−ωsn+iγ/2

and ψn(ω) =
√

γ
2π

1
ω−ωin+iγ/2

corre-

sponding to Lorentzian cavity modes of linewidth γ, centered at ωsn and ωin , respectively.
Under the approximation ∆ω ≫ γ, each envelope function defines an orthogonal mode:

â†s,n =

∫
dωsϕn(ωs)â

†
s(ω), â†i,m =

∫
dωiψm(ωi)â

†
i (ω),

such that [âν,n, â
†
µ,m] = δνµδnm. This condition is verified by the use of Si3N4 ring resonators

with loaded Q-factors of ∼ 1.2 × 106 and ∼ 1.3 × 106 for the signal and idler resonances,
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respectively, corresponding to an intrinsic Q-factor of ∼ 3 × 106, in addition to timing
resolutions ≤ 60 ps for the detection system.

In the Heisenberg picture, all dynamics sit in the field operators and the two-photon
state remains time-independent:

|Φθ⟩ ≃ B̂0 + eiθB̂1√
2

|vac⟩ ≃ |0s0i⟩ + eiθ |1s1i⟩√
2

, (5.2)

where |vac⟩ is the vacuum state and the phase θ is given by (twice) the relative phase
between the pump fields driving R0 and R1. A coincident click of two time-resolved
detectors on the signal arm at time ts and on the idler arm at time ti defines a projector:

|Ps,i(ts, ti)⟩ ∝
[(
â†s,0e

iωs0 ts + â†s,1e
iωs1 ts

)
|vac⟩

]
⊗
[(
â†i,0e

iωi0
ti + â†i,1e

iωi1
ti
)
|vac⟩

]
∝
(
|0s⟩ + ei∆ωts |1s⟩

)
⊗

(
|0i⟩ + ei∆ωti |1i⟩

)
, (5.3)

where ωs1 − ωs0 = ωi1 − ωi0 = ∆ω. In other words, a measurement performed at time ts
(ti) corresponds to a projective measurement upon a signal (idler) qubit state located at
the equator of the Poincaré sphere with azimuthal phase ∆ω ts (∆ω ti).

Applying the projector (5.3) gives the joint temporal intensity

J(ts, ti) = |⟨Ps,i(ts, ti) |Φθ⟩ |2 ∝ e−γ|ts−ti|
[
1 + cos

(
∆ω(ts + ti) + θ

)]
, (5.4)

where the oscillatory term cos
(
∆ω(ts + ti) + θ

)
generates fast fringes along the ts = ti

diagonal. This oscillation can be interpreted as a quantum interference analogous to that
observed in a Bell nonlocality experiment [256] or in Franson’s scheme [257]. A visual
representation of projectors |Ps,i(ts, ti)⟩ is given in Fig. F.1. The JTI also exhibits a decay
term related to the relative time delay |ts − ti|, which is associated with the resonator
ringdown time 1/γ. This decay results in an effective measurement described by a lossy
projector with time-dependent efficiency η(ts, ti) = e−γ|ts−ti|.

We show the joint temporal intensity for the limit where γ ≪ ∆ω, in Fig. 5.1a and
contrast it to the JTI obtained from the classical bichromatic pump in Fig. 5.1b. For
the latter, J(ts, ti) ∝ cos2(∆ωts) cos2(∆ωti) results in a checkered pattern. The diagonal
oscillatory behaviour of the JTI in Fig. 5.1a paired with the ⟨σZσZ⟩ correlations can serve
as an entanglement witness (for the classical pump ⟨σZσZ⟩ = 0).

5.1.2 Preliminary: interferometric σZ-basis measurement

As detailed in section 4.2.1, by carefully tuning the path delay of the unbalanced Mach–Zehnder
interferometer, we can effectively realize projections onto {|0s(i)⟩ , |1s(i)⟩}. By combining

62



(a) (b)

Figure 5.1: Joint temporal intensity for (a) frequency-bin entangled photons in the ideal
limit where γ ≪ ∆ω, (b) joint temporal intensity for the classical bichromatic pump.

Figure 5.2: Pictorial representation of the projections for (a) the equatorial basis
measurement presented in Sec 5.3.1, (b) the σZσZ-basis in Sec 5.3.2 and (c)-(d) the
cross-basis measurements presented in Sec 5.3.3.
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measurements in the equatorial- and σZ-bases, as shown in Fig. 5.2, we are able to per-
form full quantum state tomography and demonstrate violations of both Bell and steering
inequalities.

5.2 Experimental setup

Figure 5.3: The experimental setup is broken down into five different stages: (a) the
entangled photon pair generation, (b)-(d) representing three different detection scenarios,
and (e) a detailed schematic of the field-widened interferometer. (b) and (c) represent a
direct detection scheme for the equatorial basis measurement where the signal is detected
over single- and multi-mode fibre respectively. (d) σZσZ-basis measurement: the
field-widened interferometers demultiplex |0s(i)⟩ and |1s(i)⟩.

A conceptual schematic of the experimental setup is shown in Fig. 5.3. The light from a
tunable and continuous wave (CW) pump laser (Santec TSL-570 ) at 1550.06 nm is sent
through an electro-optic modulator (EOM) (Exail MPZ-LN-10 ) driven by a sinusoidal RF
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signal (AnaPico APMS20G) at a frequency ∆ω/2π = 820 MHz. The resulting bichromatic
field at the modulator’s output (neglecting the sidebands not used in the experiment) is
then coupled to a silicon nitride (Si3N4) photonic chip (insertion loss: 3 dB/facet). Here,
each frequency component excites a respective high-Q microring resonance previously, set
at ωp1 and ωp2 by thermo-optic tuning, provided by integrated resistive heaters placed above
each ring, with mode spacing adjusted to match ∆ω = |ωp2 −ωp1|. Photon pair generation
from spontaneous four-wave mixing occurs in both rings in a coherent superposition where
each ring, respectively, generates photon pairs in the state |0⟩s(i) and |1⟩s(i). The integrated
source design is based on a multiple-resonator approach [258, 181, 259, 198, 260], originally
developed to simultaneously provide high brightness and a moderate frequency-bin spacing,
accessible by commercial modulators. It consists of a sequence of two nominally identical
Si3N4 microring resonators, each associated with a state of the computational basis, coupled
to a single bus waveguide, with a cross-section 1.4×0.4 µm2. The structure is embedded in
a silica cladding and light is coupled in and out from the chip with Ultra High Numerical
Aperture (UNHA4) fibre array. The microrings spectral brightness is estimated to be
between 5 × 105 cps/mW2/GHz and 5.5 × 105 cps/mW2/GHz. The CAR∼ 4 is limited by
spontaneous Raman scattering in the silicon nitride and in the UNHA4 fibre.

A marker pulse at ∆ω/40π = 41 MHz provides a time reference to the time-tagging unit
(Swabian instruments Time Tagger X ). While this implementation relies on a shared timing
signal, the experimental configuration could be simplified by presharing a reference clock.
This could be achieved via GPS-based synchronization, by using high-precision local optical
clocks or via the bichromatic pump itself which could be used as a stable optical reference
for clock synchronization. In addition to simplifying the setup, such approaches could
reduce the overhead of the protocol, in particular, for long distance links. The modulation
index is adjusted to obtain sidebands that equalize the probabilities of generating a photon
pair in each ring. Assuming the pump power is sufficiently low to suppress multi-pair
emissions, the generated frequency-bin state can then be approximated by the Bell state
given in Eq. 5.2. A dense wavelength-division demultiplexer (WDM) separates the idler at
1548.5 nm (ITU channel 36) and the signal at 1551.7 nm (ITU channel 32) photons which
are then routed to three different detection scenarios.

Measurements for the equatorial basis, in Figs. 5.3b-c, were performed by time-resolved
detection of the interference fringes as described in Sec. 5.1.1. In Fig. 5.3b, the signal pho-
tons are coupled into single- (Thorlabs SMF-28 ) mode fibre and detected directly using a
SNSPD whereas for Fig. 5.3c, the signal photons are coupled into multi- (Thorlabs GIF625 )
mode fibre and detected on a multi-mode indium gallium arsenide (InGaAs) APD (MPD
PDM-IR). In both scenarios, idler photons are coupled into single-(Thorlabs SMF-28 )
mode fibre and detected on a SNSPD (PhotonSpot) channel. The third measurement,
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Figure 5.4: Experimental setup for the time-of-flight interferometric calibration.

in Fig. 5.3d, corresponds to the σZ-basis and is performed using a Mach-Zehnder inter-
ferometer (shown in Fig. 4.6) to demultiplex |0⟩s(i) and |1⟩s(i). In addition, cross-basis
measurements were performed, in which one qubit was measured in the σZ basis and the
other in the equatorial basis, although this configuration is not explicitly shown in Fig. 5.3.
To reduce the dark count rate, the InGaAs APD was operated in an externally gated mode,
triggered by the idler SNSPD.

5.2.1 Interferometric alignment

To calibrate the optical path length difference ∆L in both MZIs, we first performed a
time of flight (TOF) measurement in Waterloo. Pulses generated from a ID300 laser (ID
Quantique) were sent through a cascaded configuration of signal and idler interferometers.
By selectively blocking the short and long arm of each interferometer, we were able to
isolate the four possible path combinations: early-early (EE), early-late (EL), late-early
(LE), and late-late (LL). Each combination correspond to a different optical path and
produces a distinct arrival time at the SNSPD. The resulting time-of-flight distribution is
shown in Fig. 5.5. By post-processing the time-tags and calculating the delay between the
EL and LE pulses, we can estimate the ∆L mismatch between the interferometers. In this
case, we find a 2.68 ps delay between the centroid of Gaussian functions fitted to the EL
and LE pulses corresponding to a OPL difference of 0.8 mm.

The interferometers were then packaged and shipped for testing at the Università di
Pavia. We adopted a slightly different approach to recalibrate them in Italy. More specif-
ically, we operated the Santec TSL-570 laser in continuous linear scan mode to carefully
match the optical path length difference in both interferometers. Similarly to Fig. 5.4,
the laser output was injected through both MZIs sequentially. The interference signal
at the output was monitored on a fast mixed-domain oscilloscope (Tektronix MDO3034 ).
As the laser frequency was swept at a rate of 10 nm/s, each interferometer produced a
periodic transmission pattern corresponding to its individual free spectral range (FSR),
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Figure 5.5: Time-of-flight measurement for the two MZIs. Gaussian functions were fitted
to the early-early (EE), early-late (EL), late-early (LE) and late-late (LL) pulses.

determined by its path length difference ∆L. Consequently, by suppressing the resulting
beat note from mismatched FSRs, we were able to carefully match the optical delays in
both interferometers.

5.3 Source characterization

5.3.1 Equatorial basis measurement

We measured, to the best of our knowledge, the first joint temporal intensity for frequency-
bin entangled photons in Fig. 5.6b. The measured joint temporal intensity shows excel-
lent agreement with the theoretical expectation shown in Fig. 5.6a. The oscillatory term
cos

(
∆ω(ts+ti)+θ

)
along the diagonal of the JTI, shown in Fig.5.6c, has a beating visibility

of 91.9(9)%, calculated by integrating along the anti-diagonals with a range |ts − ti| ≤ 800
ps. Importantly, the temporal oscillation appears only in the coincidence counts, and
should therefore be regarded as a property of the two-photon state, while the single counts,
related to the marginal states, remain flat, thus highlighting the two-photon, non-classical
nature of the interference. The anti-diagonal profile of the JTI is shown in Fig. 5.6d and
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follows the exponential envelope e−γ|ts−ti|, with ringdown time 1/γ = 583.3(9) ps. The
analysis code is provided in Appendix F.

(a) (b)

(c) (d)

Figure 5.6: Joint temporal intensity. (a) Theoretical JTI for 1/γ = 581.4 ps, the counts
were scaled to match the experimental data, (b) Measured JTI over single-mode fibre,
with a fitted ringdown time 1/γfit = 581.3(9) ps−1, (c) diagonal profile of the measured
JTI, a biphoton temporal beating can be observed in the coincidences whereas the singles
exhibit no oscillation highlighting the non-local nature of the correlations, (d)
antidiagonal profile of measured JTI, the cavity lifetime leads to a double exponential
decay proportional to γ.
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Figure 5.7: Correlation function ⟨σϕσϕ⟩ as a function of the absolute time τ for different
relative time delays ∆t = ts − ti. Here ϕ denotes the azimuthal angle on the equator of
the Poincaré sphere. Due to the cavity lifetime, the amplitude of the oscillation decays
proportional to |ts − ti| suggesting under-corrections in our time-dependent detector
modeling. The time axis spans 0 to 610 ps, corresponding to one beat period Tb = π/∆ω.

Correlation fringes

For a fixed relative time delay ∆t = ts−ti, the two-photon correlation (as shown in Fig. 5.8a
for ts − ti = 0) is analogous to that obtained in polarization entanglement where the joint
detection time, τ mod Tb, Tb = π

∆ω
, defines the relative phase of the Bell-basis projection.

Alternatively, the phase setting can also be adjusted by tuning the relative arrival time of
the signal and idler photons with respect to the phase modulation signal. Using this latter
approach, the correlation fringes for different ∆t are plotted in Fig. 5.7. There is a drop
in fringe visibility with increasing ∆t due to an undercorrection of the decay induced by
the finite cavity lifetime.

We can then use these correlations between the detection times to test for quantum
nonlocality [195]. In particular, we consider the CHSH inequality [102] defined in Eq. 1.1.
Fig. 5.8 shows the CHSH parameter S and the Bell correlations ⟨AiBj⟩, (i, j ∈ {0, 1}) as
a function of detection time τ . Note that, we choose the measurement operators A0 =
σX , A1 = σY , B0 = 1√

2
(σX − σY ), B1 = 1√

2
(σX + σY ), i.e. all our measurements are in

the equatorial plane of the Poincaré sphere. To optimize the timing resolution of the
detection scheme, we first consider projections only onto SNSPD channels, and obtain
S = 2.53 ± 0.03, at τ = 340 ps, which violates the classical limit by ∼ 18σ. Note that due
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to the low CAR ∼ 4, we applied a background subtraction to the raw coincidence counts
to compensate for uncorrelated events and accurately estimate the CHSH parameter. We
also observe a ∼ 6σ violation over multimode fibre, with S = 2.32 ± 0.05. The primary
difference in this case is the reduced statistics, due to the low detection efficiency of the
InGaAs APD.

(a) (b)

Figure 5.8: CHSH Bell inequality for frequency-bin entangled photons. (a) Expectation
values ⟨AiBj⟩, i, j ∈ {0, 1} for ∆t = 0, and (b) Bell parameter S as a function of detection
time τ . The time axis spans 0 to 610 ps, corresponding to one beat period Tb = π/∆ω.
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5.3.2 σZσZ-basis

(a) C00 (b) C01

(c) C10 (d) C11

Figure 5.9: σZσZ-basis measurement. Counts Cij, for i, j ∈ {0, 1}, in (a) through (d)
correspond to the projections |00⟩ ⟨00| , |01⟩ ⟨01| , |10⟩ ⟨10| , |11⟩ ⟨11| respectively. Note
that detections Ci1 were taken with the InGaAs APD.

Fig. 5.9 shows the joint temporal intensitys for σZσZ-basis measurement, where the four
detection outcomes Cij, i, j ∈ {0, 1} correspond to the |ij⟩ projections. The corresponding
counts for each projection are given in Table 5.1. Despite significant spatial distortions
(see Fig. E.2a), the demultiplexing visibilities of the single- and multi-mode interferometers
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Projections |00⟩ ⟨00| |10⟩ ⟨10| |01⟩ ⟨01| |11⟩ ⟨11|
Cij 264897 11011 25411 270383

Table 5.1: σZσZ measurement statistics. The counts were normalized by the channel
efficiency and the integration time was 60 seconds. A detailed breakdown of the channel
losses is given in Table 5.2.

were, respectively, 92% and 83%. The optical throughput of the interferometers were
limited by optical surface losses to ∼ 5 dB (see Table 5.2). Although the optical shutter
in the short arm of each interferometer can implement an active basis choice between
the two measurements, the interferometers were circumvented for the equatorial basis,
as shown in Fig. 5.3b-c, to minimize the insertion loss and optimize the coincidence-to-
accidentals ratio (CAR). The throughput and visibility of the interferometers could be
improved through more careful optical design, including optimized spatial mode overlap,
symmetric mode-matching optics, and enhanced thermal stability. In our implementation,

Channel Interferometer loss (dB) Detector efficiency (%) ηT
SM MZI Output 1 5.1 0.85 0.2635
SM MZI Output 2 5.3 0.85 0.2499
MM MZI Output 1 10.7 0.85 0.07225
MM MZI Output 2 5.4 0.15 0.0429

Table 5.2: Channel efficiencies for the σZ-basis measurements.

both interferometers operated without active phase stabilization, which constrained the
measurement integration time. Indeed, the phase in each interferometer drifts randomly
according to environmental fluctuations. If both phase shifts follow a random walk, the
variance of the interferometers’ relative phase ∆ϕ(t) grows linearly over time which leads
to an exponential decay of ⟨σZσZ⟩ as observed in Fig. 5.10. Specifically, ⟨σZσZ⟩(t) decays
proportionally to ⟨σZσZ⟩(t = 0) × e−2Dt, where D is the diffusion constant reflecting the
phase noise introduced by the environment.
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Figure 5.10: ⟨σZσZ⟩(t) : phase fluctuations in both interferometers lead to an exponential
decay of ⟨σZσZ⟩.

Evidently, active phase stabilization would enable extended integration times sufficient
to compensate for the interferometers’ insertion loss without compromising the CAR.

5.3.3 Cross-basis (Equatorial-σZ-basis)

To be tomographically complete, we must also consider the cross-basis measurements be-
tween the equator and the poles of the Poincaré sphere (Fig. 5.2c-d). In this scenario, the
four projectors corresponding to measurements where only the idler or the signal photon
are demultiplexed can be defined as:

|ψ0i(ts)⟩ ⟨ψ0i(ts)| for |ψ0i(ts)⟩ =
(
|0s⟩ + ei∆ωts |1s⟩

)
⊗ |0i⟩ (5.5)

|ψ1i(ts)⟩ ⟨ψ1i(ts)| for |ψ1i(ts)⟩ =
(
|0s⟩ + ei∆ωts |1s⟩

)
⊗ |1i⟩ (5.6)

|ψ0s(ts)⟩ ⟨ψ0s(ts)| for |ψ0s(ti)⟩ = |0s⟩ ⊗
(
|0i⟩ + ei∆ωti |1i⟩

)
(5.7)

|ψ1s(ts)⟩ ⟨ψ1s(ts)| for |ψ1s(ti)⟩ = |1s⟩ ⊗
(
|0i⟩ + ei∆ωti |1i⟩

)
. (5.8)

Similarly to Sec 5.3.2, the JTI in this case is ∝ e−γ|ts−ti|, with no oscillation along the
diagonal. This can be readily seen from applying the projectors in Eqs. 5.5-5.8 to the state
defined in Eq. 5.2. We present the JTIs associated to these measurements in Figs. 5.11a-
5.11d. By post-selecting on detection times ti and ts we can implement projections in the
σZσX , σZσY , σXσZ , σY σZ bases as required for quantum state tomography.
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(a) (b)

(c) (d)

Figure 5.11: In (a) and (b) the equatorial-basis measurement was done with the MPD
and the Z-basis measurement was done with the SM-MZI for |0i⟩ and |1i⟩ respectively. In
(c) and (d) the MM-MZI implemented the Z-basis measurement (for |0s⟩ and |1s⟩
respectively) and the equatorial-basis measurement was done with an SNSPD detector.
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5.4 Results

5.4.1 Quantum State Tomography

To assess the performance of our time-resolved detection scheme, we performed quantum
state tomography. The temporal resolution of our detection scheme enables us to extract
the full set of time correlations required for complete state reconstruction using only four
physical measurement settings. Using a standard maximum likelihood estimation, we
reconstruct a density matrix, shown in Fig. 5.12, with an Uhlmann fidelity up to 91(1)%
to the Bell state |Φ+⟩ and a purity of 84(2)% over the single-mode channel. Over multi-
mode fibre, the reconstructed density matrix had a fidelity of 85(2)% with respect to |Φ+⟩
with a purity of 78(3)%. A summary of the quantum state tomography fidelities and the
CHSH values for the single- and multi-mode scenarios is presented in Table 5.3.

Figure 5.12: Quantum state tomography. A 91(1)% fidelity to the |Φ+⟩ state was
obtained.
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Idler detector Signal Detector S F(ρ, |Φ+⟩ ⟨Φ+|) Tr(ρ2)
SNSPD SNSPD 2.53 ± 0.03 91 ± 1% 84 ± 2%
SNSPD InGaAs APD 2.32 ± 0.05 85 ± 2% 78 ± 3%

Table 5.3: Quantum state tomography fidelities, purities and CHSH S-parameters
obtained using equatorial basis measurements performed over single-mode or multi-mode
fibre. All remaining basis measurements were performed over multi-mode fibre in both
configurations as depicted in Fig. 5.3d.

5.4.2 Steering inequality and entropic uncertainty relation

In the previous section, we showed that the joint-temporal intensity of our two-photon
state already certifies non-classicality through the violation of the CHSH inequality. In
this section, we combine the σZ measurement into the non-classicality certification.

The task that we consider in this section relies on all three Pauli correlations σX ⊗ σX ,
σY ⊗ σY and σZ ⊗ σZ . The test can be formulated in terms of linear steering inequalities,
defined in Eqs. 5.9-5.10, and originally implemented in [261] for polarization-entangled
photons.

1

2

(
|⟨σXσX⟩| + |⟨σZσZ⟩|

)
≤

√
2

2
, (5.9)

1

3

(
|⟨σXσX⟩| + |⟨σY σY ⟩| + |⟨σZσZ⟩|

)
≤

√
3

3
. (5.10)

This inequality allows us to verify entanglement in the presence of asymmetric trust sce-
narios by violating local hidden-state bounds. Steering inequalities are applicable in one-
sided device-independent settings. More specifically, suppose Bob has a trusted and well-
characterized measurement device. Alice’s device, on the other hand, is untrusted. If the
measurement correlations violate a steering inequality, it implies that Alice’s reported out-
comes cannot be explained by a classical model in which Bob’s system is merely responding
to a pre-existing local hidden state. Instead, Alice’s measurements must have non-locally
influenced, or steered, Bob’s system, thereby certifying entanglement under minimal trust
assumptions. The expectation values for the three bases considered in Eq. 5.9 are reported
in Table 5.4. In particular, we violate the classical bound in Eq. 5.10 (Eq. 5.9) by more
than 27σ (19σ) over single-mode fibre, and by more than 7σ (5σ) over multi-mode fibre.
Note that there is a slight discrepancy between the expectation values ⟨σXσX⟩ and ⟨σY σY ⟩
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for the equatorial basis. This asymmetry is also apparent as a parity dependent modu-
lation in Fig. 5.6b and we attribute it to contributions from uncorrelated pump photons
which introduce a sub-harmonic oscillation at ∆ω(ts + ti)/2. More interestingly, the same

Idler detector Signal Detector ⟨σXσX⟩ ⟨σY σY ⟩ ⟨σZσZ⟩ 1
3

∑3
i=1⟨σiσi⟩

SNSPD SNSPD -0.912 0.839 0.873 0.875 ± 0.011
SNSPD InGaAs APD -0.880 0.831 0.873 0.861 ± 0.039

Table 5.4: Steering inequality violation for the single-mode and multi-mode channels.
Note that the ⟨σZσZ⟩ was measured in both scenarios using the InGaAs APD detector.

quantities can be evaluated through the uncertainty relation studied in [262, 263], which
allows us to reveal the non-classical nature of our biphoton state through its violation of
the discrete entropic uncertainty relations. Consider the discrete observables σX ⊗ σX ,
σY ⊗ σY and σZ ⊗ σZ measured in our experiment, the entropic uncertainty relation are of
the form

H(σs
X | σi

X) +H(σs
Z | σi

Z) ≥ 1, (5.11)

H(σs
X | σi

X) +H(σs
Y | σi

Y ) +H(σs
Z | σi

Z) ≥ 2, (5.12)

where H(σs
Z | σi

Z) is the conditional Shannon entropy of the signal outcome given the
idler outcome, which quantifies the correlation in the σs

Z ⊗σi
Z measurements. More specif-

ically, we denote the experimentally determined joint probabilities as {p(asbi)}1as,bi=0, the
conditional Shannon entropy is then given as

H(σs
Z | σi

Z) = −
∑

bi∈{0,1}

p(bi)
∑

as∈{0,1}

p(as|bi) log2 p(as|bi) (5.13)

where p(bi) =
∑

as
p(as, bi), p(as|bi) = p(as,bi)

p(bi)
and p(as, bi) is the probability of getting

outcome as, bi in the correlated Pauli measurement. In our setup, the σZ basis corresponds
to energy (i.e. frequency-bin) measurements, whereas the equatorial Pauli bases σX and
σY are realized via joint temporal measurements. Equations (5.11)–(5.12) are therefore a
discrete version of the time–energy uncertainty relation: an entangled state can simultane-
ously render the conditional energy entropy and the conditional time entropy almost zero,
thus violating the classical bound imposed on any local hidden state model [263, 264, 265].
Here we summarize the experimental violation of the entropic uncertainty relation in Ta-
ble 5.5 where we find a violation of the classical bound in Eq. 5.12 by more than 12σ over
single-mode fibre, and by more than 3σ over multi-mode fibre.
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Idler detector Signal Detector H(σs
X | σi

X) H(σs
Y | σi

Y ) H(σs
Z | σi

Z)
∑3

j=1H(σs
j | σi

j)

SNSPD SNSPD 0.369 0.280 0.307 0.956 ± 0.082
SNSPD InGaAs APD 0.534 0.338 0.307 1.179 ± 0.247

Table 5.5: Entropic uncertainty relation for the single-mode and multi-mode channels.
Note that the H(σs

Z | σi
Z) was measured in both scenarios using the InGaAs APD

detector.

5.4.3 Quantum Key Distribution

Due to their low SWaP requirements [192], and qudit scalability, frequency-bin encoding
is especially well suited for quantum communication systems in resource-constrained en-
vironments, such as satellite payloads. There is a natural extension of this time-resolved
frequency-bin detection scheme to QKD, in particular in the context of RFI protocols.
While the equatorial basis can be used as an entanglement witness to estimate Eve’s infor-
mation, the σZ-basis is fixed and can be used for the key-map. To demonstrate feasibility,
we consider the 6-state 4-state protocol defined in [266], where the channel quality is eval-
uated using the following C-parameter:

C =
√

⟨σXσX⟩2 + ⟨σY σX⟩2, (5.14)

where C = 1 indicates a maximally entangled state or perfect channel. The QBER,
meanwhile, is given by

QBERZZ =
1 − ⟨σZσZ⟩

2
. (5.15)

Using the values calculated in Table 5.4, we have QBERZZ = 6.35%. We can then calculate
an asymptotic key rate, K according to

K ≥ qR[1 − fH2(QBERZZ) −H2(QBEREquatorial)], (5.16)

where QBEREquatorial = 1−C
2

, q is the basis reconciliation factor, R is the coincidence de-
tection rate, f the bidirection error correction efficiency, and H2(x) is the binary entropy
function. The main figure of merit, the C−parameter and the secure key rate are presented
in Fig. 5.13. We observe that the C− parameter, which quantifies the channel integrity,
exceeds the threshold required for a positive secret key rate. The number of secret bits per
coincidence detection at the asymptotic limit is estimated to be 0.058(3) bits/coincidence.
We emphasize that these QKD results are intended solely as a proof of concept to demon-
strate feasibility; they are not representative of the achievable performance, as the data
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have undergone post-processing including background subtraction as discussed in Sec. 5.3.
Nevertheless, these results indicate compatibility with practical quantum communication
protocols, which may not be constrained by the extrinsic limitations of this demonstration,
particularly the low CAR.

Figure 5.13: C-parameter and secure key rate calculated according to Eq. 5.14-5.16.

5.5 Summary and outlook

We conclude this chapter with a few remarks on our novel approach to measure frequency-
bin encoded photons with passive linear interferometry and time-resolved detection.

1. While we have discussed in Sec. 5.4.3, a RFI protocol that leverages both the σZ and
the equatorial bases, it is worth noting that an alternative protocol could be developed
using solely the equatorial measurements as mutually unbiased bases can be defined,
and a violation of the CHSH inequality can be achieved solely through post-selection
based on photon arrival times. This approach eliminates the need for interferometric
stability. The simplicity of this method, illustrated in Fig. 5.3c, enables a remarkably
compact and robust experimental implementation, making it especially well-suited
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for scenarios with constrained resources or limited infrastructure—such as satellite-
based or field-deployed quantum communication.

2. The scheme can be extended to higher dimensions via additional linear interferometry
[211, 267] and incorporating additional microresonator arrays [260]. By mapping the
frequency bins to spatial modes and recombining them on a single-photon detector
arbitrary qudit projectors can be implemented. For example, in Fig. 5.14 we present
a simulation of the JTI for a qutrit projection corresponding to

|Ps,i(ts, ti)⟩ ∝
(
|0s⟩+ei∆ωts |1s⟩+ei2∆ωts |2s⟩

)
⊗
(
|0i⟩+ei∆ωti |1i⟩+ei2∆ωti |2i⟩

)
. (5.17)

Optical interleavers offer a practical and scalable approach to demultiplexing and
recombining frequency bins with high extinction and low loss, enabling parallel pro-
cessing of multiple frequency modes.

3. In both our time-resolved detection scheme and the standard EOM-based approach,
where spectral interference between bins is induced using a fast modulator, accu-
rate measurement of frequency-bin phase information relies on ultra-fast devices. As
shown in Sec. 4.2.2, increasing timing jitter leads to dephasing in frequency-bin mea-
surements. However, ancillary-assisted strategies could mitigate this dephasing and
relax the requirement for ultra-fast devices.
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Figure 5.14: Simulated JTI for the qutrit projection defined in Eq. 5.17.
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Chapter 6

Conclusions

We conclude with a summary of the thesis’s results and an outlook for future research
directions.

6.1 Summary of results and research outlook

This thesis demonstrates multiple advances that support the development of satellite-
assisted quantum networks.

A reconfigurable architecture for satellite-assisted quantum network

In chapter 2, we outlined a vision towards a global quantum network relying on hetero-
geneous networks and satellite links to connect distant QMANs. Central to this vision
is our reconfigurable network architecture, which efficiently integrates satellite nodes into
terrestrial quantum networks while supporting continuous, around-the-clock operation. A
key advantage of this architecture is its resource efficiency enabled by a combination of
WDM and TDM. Not only does the architecture use the same entangled photon source for
both the ground and satellite configurations, it also requires only minimal hardware at each
node, including the satellite, thus reducing deployment costs and enhancing the scalability
of the system. Importantly, satellites extend the quantum communication range beyond
QMANs. Moreover, quantum frequency conversion could significantly extend the range of
the ground configuration [268, 269]. In fact, quantum frequency conversion from 780 nm
to the telecom band has already been demonstrated with a 57% conversion efficiency [270]
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paving the way for entanglement distribution in optical fibre over distances of hundreds of
kilometres [271].

After first demonstrating the network reconfiguration capabilities in a tabletop ex-
periment with up to 5 nodes, in chapter 3, we proposed an integrated version of the
EPS capable of supporting 72 users to further enhance the practicality of our network.
Paired with reconfigurable add-drop demultiplexers and adaptive bandwidth management,
the integrated source design offers dynamic and efficient photon routing beyond the two
topologies outline in Fig. 3.1c-d, to subgraphs tailored to the network’s real-time demands.
Our architecture functions as an entanglement distribution server: it distributes entangled
photon pairs between the users without requiring trust in the service provider. Network
clients can independently verify the security of their communication links through corre-
lation measurements as exemplified in Secs. 1.3.2 and 5.3.1. Although its demonstration
was designed for the QEYSSat mission, the network architecture is extendable to other
wavelengths. A particularly interesting case would be the use of a degenerate telecom EPS.
Not only would this scenario benefit from favorable loss scaling in optical fibres, it would
also maximize compatibility with the ITU grid, thereby enabling the use of cost-effective,
off-the-shelf telecom components. Although telecom wavelengths also exhibit good trans-
mission through the atmosphere [51], a key limitation for ground-to-space links remains
the lack of high-efficiency, space-qualified single-photon detectors in this band. Despite
recent progress [272, 273, 274], integrating SNSPDs onboard satellites remains extremely
challenging due to their important power requirements, most notably from the cryogenic
cooling systems.

Frequency-bin encoding

Although our proposed integrated source employs time-bin encoding, the network design is
flexible and compatible with different encoding schemes, such as polarization or frequency-
bin encoding. The latter is particularly promising for optical interfacing between het-
erogeneous network nodes [192], as bichromatic photons can interface quantum systems
operating at different wavelengths [195, 210]. Furthermore, spectral linear optical quantum
computation (LOQC) [180] offers favorable linear scaling of optical resources by decompos-
ing any matrix transformation into a sequence of EOMs and pulse shaping operations. A
key advantage of this approach is massive parallelization, as the EOM and pulse shaper can
act coherently across many frequency modes, thus allowing for a O(N) component scaling,
in contrast to the O(N2) scaling for typical spatial- or polarization-encoded LOQC. Unfor-
tunately, these methods are limited to single-spatial mode operation, thus restricting the
deployment of frequency-bin quantum communication over long distances. In chapter 4,
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we proposed an alternative method to process frequency-bin encoded quantum informa-
tion compatible with multi-mode channels. To correct for spatial distortions and pointing
errors arising from turbulent free-space links, we developed multi-mode frequency-bin an-
alyzers based on FWIs. Leveraging linear interferometry and time-resolved detection, we
demonstrated high-fidelity prepare-and-measure quantum communication and entangle-
ment distribution. Time-resolved detection serves as a powerful technique for controlling
quantum processes, enabling operations such as entanglement swapping and teleporta-
tion through heralding [252] and post-selection [29, 250]. Moreover, our approach is fully
passive, easily implementable, and scalable to higher dimensions. Whilst our numerical
analysis suggests frequency-bins are compatible with moving platforms including aircraft
and satellites, their performance must still be validated outside of the laboratory, in more
rigorous turbulent environments. To assess robustness under realistic deployment condi-
tions, work is currently underway to test frequency-bin encoding over outdoor free-space
links.

Our FWIs can be further optimized in the near future. The throughput could be
significantly improved by employing optics with anti-reflection (AR) coatings and using
glass rods with higher surface quality, as the current rods contributed noticeably to the
optical loss. Furthermore, interferometer visibility can be improved through more precise
alignment. Visibilities approaching unity were achieved in Waterloo before shipment to
Pavia. The improved throughput would significantly reduce the measurement acquisition
time, thus alleviating the phase stability requirements for the interferometers. Addition-
ally, improvements to the EPS, particularly in mitigating Raman scattering in the SiN
ring resonators, could boost the CAR, removing the need for background subtraction and
enabling higher-fidelity measurements.

Applications in quantum computing

Both quantum frequency comb sources and our FWIs are also compatible with time-bin
encoding, making them suitable platforms for exploring time-frequency entanglement and
hybrid encoding schemes. Recent proposals have suggested that single-photon frequency
combs, known as time-frequency Gottesman-Kitaev-Preskill (TFGKP) states, could en-
able universal LOQC without the use of any active devices [213]. More specifically, the
proposal leverages the same passive building blocks we demonstrated in chapter 5: op-
tical interleavers and time-resolved detectors. Furthermore, discretization in both time
and frequency degrees of freedom leads to inherent error robustness against both tempo-
ral and spectral errors for the TFGKP states. Another interesting research direction for
measurement-based quantum computation, is the generation of large linear cluster states.
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Novel approaches have demonstrated how frequency-encoded linear cluster states can be
generated with limited sensitivity to decoherence while exploiting the compatibility of fre-
quency modes with multiplexed architectures [188].

Scaling to qudits

To exploit the wide range of benefits of frequency encoding, our time-resolved detection
scheme must be extended to higher dimensions. This can be achieved through additional
interferometric stages. However, careful attention to the phase stability of the photonic
circuit is required as small drifts will degrade the interference visibility, leading to reduced
measurement fidelity in higher-dimensional Hilbert spaces [211]. Another key considera-
tion, especially in the context of satellite-based communication, is the form factor of the
analyzer. Although the frequency-bin source has low SWaP requirements, the free-space
analyzer becomes rapidly bulky for qudits. A possible solution lies in the use of Herriott
cells [275] or nested interferometers [276], which allow the implementation of unbalanced
interferometers with significantly reduced physical footprint, suitable for compact space-
based photonic systems.

Quantum interconnects

The narrow bandwidth of frequency-bin photons could enable efficient storage and retrieval
in quantum memories. Such memories are essential components of quantum networks.
They significantly improve the efficiency of key network tasks such as entanglement swap-
ping and quantum teleportation by allowing the synchronization of probabilistic processes.
By temporarily storing successful quantum states, memories ensure that independently gen-
erated or received photons can be coordinated in time, supporting high-fidelity operations
even when individual events occur asynchronously or with low probability. In addition,
memories can alleviate network congestion by providing temporary buffering of quantum
information. While several platforms have been proposed for the storage and retrieval of
frequency-bin qubits [190, 192, 277, 278, 279, 280, 281], significant work remains to be
done toward a first experimental demonstration. Key challenges include achieving spectral
compatibility between the memory bandwidth and the frequency-bin qubit, maintaining
coherence during storage, and integrating the memory with low-loss photonic interfaces.

Despite these open problems, we hope that the ideas, protocols, and applications pre-
sented in this thesis contribute a meaningful step toward the development of a global
quantum network.
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M. Legré, S. Robyr, P. Trinkler, L. Monat, J. B. Page, G. Ribordy, A. Poppe,
A. Allacher, O. Maurhart, T. Länger, M. Peev, and A. Zeilinger. Field test of
quantum key distribution in the Tokyo QKD Network. Optics Express, 19(11):10387,
May 2011.
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Appendix A

Quantum Key Distribution
Simulation

The quantum key distribution simulation code was written using the QuTIP toolbox in
Python [283]. It is based on a QKD code written by Catherine Holloway [134, 284].
We assume the protocol is symmetric with respect to the σX and σZ bases thus we find
that δb = δp

1. We calculate the detection probabilities for the σZ basis according to the
squashing model below with the following parameters:

χ : squeezing parameter
loss a: Efficiency of the ground quantum channel
loss b: Efficiency of the satellite quantum channel
n factor a: Dark count rate in ground detectors
n factor b: Dark count rate in satellite detectors
dim: Fock space dimension
N: number of multiplexed channels
τ : Detector dead time
f ec: error correction factor.

A.1 Squashing model

The following function calculates the measurement probabilities for an SPDC state using
a squashing model that accounts for non-ideal detectors and multi-photon events [295]. In

1This assumption is valid in the asymptotic limit, for the finite case one must consider the impact of
statistical fluctuations on δp [133].
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this framework, the receiver’s measurements are effectively performed on the Fock space
restricted to the vacuum and single-photon subspace ({|0⟩ , |1⟩}) by probabilistically assign-
ing multi-photon events — for instance, double-click events where both H and V detectors
click are randomly assigned to H or V with 50–50 probability.

Listing A.1: Squashing model

def measure 2 fo lds 4modes squash ing opt imized (dim , chi , proj , proj2 , tau ) :
vacc = b a s i s (dim , 0)
det exp = ze ro s ( ( 2 , 2 , 2 , 2 ) )

H sq = 1 j ∗ ch i ∗ ( t enso r ( c r e a t e ( dim ) , c r e a t e ( dim ) ) +
tenso r ( des t roy ( dim ) , des t roy ( dim ) ) )

U sq = H sq . expm ( )
spdc = U sq ∗ t enso r ( vacc , vacc )
p s i i = tenso r ( spdc , spdc )

o u t i = reshape (
t ranspose (

reshape ( p s i i . f u l l ( ) , (dim , dim , dim , −1)) ,
(0 , 3 , 2 , 1)

) ,
( dim ∗ dim ∗ dim ∗ dim , −1)

)
p s i i = Qobj ( out i , dims =[ [ dim , dim , dim , dim ] , [ 1 , 1 , 1 , 1 ] ] )

for i in range ( 2 ) :
for j in range ( 2 ) :

for k in range ( 2 ) :
for l in range ( 2 ) :

det exp [ i ] [ j ] [ k ] [ l ] = abs ( expect (
t en so r ( pro j [ i ] , p ro j [ j ] , p ro j2 [ k ] , p ro j2 [ l ] ) ,
p s i i

) )

HH = ( det exp [ 0 ] [ 1 ] [ 0 ] [ 1 ] +
0 .5 ∗ ( det exp [ 0 ] [ 0 ] [ 0 ] [ 1 ] + det exp [ 0 ] [ 1 ] [ 0 ] [ 0 ] ) +
0 .25 ∗ det exp [ 0 ] [ 0 ] [ 0 ] [ 0 ] ) / (

1 + tau ∗ ( det exp [ 0 ] [ 1 ] [ 0 ] [ 1 ] +
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0 .5 ∗ ( det exp [ 0 ] [ 0 ] [ 0 ] [ 1 ] + det exp [ 0 ] [ 1 ] [ 0 ] [ 0 ] ) +
0 .25 ∗ det exp [ 0 ] [ 0 ] [ 0 ] [ 0 ] ) )

VV = ( det exp [ 1 ] [ 0 ] [ 1 ] [ 0 ] +
0 .5 ∗ ( det exp [ 0 ] [ 0 ] [ 1 ] [ 0 ] + det exp [ 1 ] [ 0 ] [ 0 ] [ 0 ] ) +
0 .25 ∗ det exp [ 0 ] [ 0 ] [ 0 ] [ 0 ] ) / (

1 + tau ∗ ( det exp [ 1 ] [ 0 ] [ 1 ] [ 0 ] +
0 .5 ∗ ( det exp [ 0 ] [ 0 ] [ 1 ] [ 0 ] + det exp [ 1 ] [ 0 ] [ 0 ] [ 0 ] ) +
0 .25 ∗ det exp [ 0 ] [ 0 ] [ 0 ] [ 0 ] ) )

HV = ( det exp [ 0 ] [ 1 ] [ 1 ] [ 0 ] +
0 .5 ∗ ( det exp [ 0 ] [ 0 ] [ 1 ] [ 0 ] + det exp [ 0 ] [ 1 ] [ 0 ] [ 0 ] ) +
0 .25 ∗ det exp [ 0 ] [ 0 ] [ 0 ] [ 0 ] ) / (

1 + tau ∗ ( det exp [ 0 ] [ 1 ] [ 1 ] [ 0 ] +
0 .5 ∗ ( det exp [ 0 ] [ 0 ] [ 1 ] [ 0 ] + det exp [ 0 ] [ 1 ] [ 0 ] [ 0 ] ) +
0 .25 ∗ det exp [ 0 ] [ 0 ] [ 0 ] [ 0 ] ) )

VH = ( det exp [ 1 ] [ 0 ] [ 0 ] [ 1 ] +
0 .5 ∗ ( det exp [ 0 ] [ 0 ] [ 0 ] [ 1 ] + det exp [ 1 ] [ 0 ] [ 0 ] [ 0 ] ) +
0 .25 ∗ det exp [ 0 ] [ 0 ] [ 0 ] [ 0 ] ) / (

1 + tau ∗ ( det exp [ 1 ] [ 0 ] [ 0 ] [ 1 ] +
0 .5 ∗ ( det exp [ 0 ] [ 0 ] [ 0 ] [ 1 ] + det exp [ 1 ] [ 0 ] [ 0 ] [ 0 ] ) +
0 .25 ∗ det exp [ 0 ] [ 0 ] [ 0 ] [ 0 ] ) )

return [HH, HV, VH, VV]

Note that det exp effectively calculates:
∣∣⟨ψi|Πijkl |ψi⟩

∣∣, where Πijkl = Πi⊗Πj⊗Π′
k⊗Π′

l,
Πi(j) = proj[i(j)], and Π′

k(l) = proj2[k(l)] denote the projectors acting on the cor-
responding Alice and Bob’s subsystems. The probabilities associated to HH,VV,HV,VH
are then computed according to the detector outcomes with a normalization factor given
by the detector dead time (see Eq. 2.6).

A.2 Secure key rate calculation

From the detection probabilities calculated above (relabeled probs2f i[i] below), we
then calculate the two-fold coincidence rate and the quantum bit error rate, respectively,
according to twofolds =

∑
i probs2f i[i] and qber = Nerrors

Ntotal
= probs2f i[0]+probs2f i[3]∑

i probs2f i[i]
,
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where probs2f i[0] and probs2f i[3] correspond to detection outcome HH and VV
respectively. These detection outcomes contribute to the error rate for our input state
|Ψ−⟩. The secure key rate is then calculated using Eq. 2.7.

Listing A.2: Simulation of QKD with entanglement source

def simqkdentanglement (
chi , l o s s a , l o s s b , n f a c t o r a , n f a c to r b , dim , N
) :

vacc = b a s i s (N, 0)
q b e r l i s t = [ ]
t w o f o l d s l i s t = [ ]

for i in range (N) :
a det = B u c k e t D e t e c t o r r e a l i s t i c d e t e c t o r (N, l o s s a , n f a c t o r a )
b det = B u c k e t D e t e c t o r r e a l i s t i c d e t e c t o r (N, l o s s b , n f a c t o r b )

p r o b s 2 f i = measure 2 fo lds 4modes squash ing opt imized (
N, chi , a det , b det , tau
)

t w o f o l d s i =
p r o b s 2 f i [ 0 ] + p r o b s 2 f i [ 1 ] + p r o b s 2 f i [ 2 ] + p r o b s 2 f i [ 3 ]
t w o f o l d s l i s t . append ( t w o f o l d s i )

q b e r i = p r o b s 2 f i [ 0 ] + p r o b s 2 f i [ 3 ]
q b e r l i s t . append ( q b e r i )

two fo ld s = sum( t w o f o l d s l i s t )
qber = sum( q b e r l i s t ) / two fo ld s i f two fo ld s > 0 else 0

i f qber > 0 :
H2 = −qber ∗ l og2 ( qber ) − (1 − qber ) ∗ l og2 (1 − qber )

else :
H2 = 0

f e = f e c + qber
skr = −1.0 ∗ r e a l ( two fo lds ∗ 0 .5 ∗ (1 − (1 + f e ) ∗ H2) )
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return [ skr , qber , two fo lds ]

To maximize the secure key rate, we optimize the squeezing parameter χ for every channel
loss setting using a SLSQP algorithm.

Listing A.3: Optimization of squeezing parameter to maximize secure key rate

def Par funct ( x ) :
l o s s a = 10∗∗(−x / 1 0 . 0 )
l o s s b = 10∗∗(−x / 1 0 . 0 )
Param = [ l o s s a , l o s s b , n f a c t o r a , n f a c to r b , dim , tau ]

bounds = [ ( 0 . 0 , 1 . 0 ) ] # Bounds on squee z ing parameter
c h i i n i t = [ ch i ]
opt i ons = { ’ d i sp ’ : True , ’ maxiter ’ : 10000 , ’ f t o l ’ : 1e−30}
c o n s t r a i n t s = { ’ type ’ : ’ ineq ’ , ’ fun ’ : Constra int3 }

# Optimize s quee z ing parameter
r e s u l t = opt . minimize (

simqkdentanglement ,
c h i i n i t ,
method=’SLSQP ’ ,
args=Param ,
bounds=bounds ,
c o n s t r a i n t s=c o n s t r a i n t s ,
opt ions=opt ions

)
# Evaluate metr i c s a t optimum
[ skr ] = simqkdentanglement ( r e s u l t . x , Param)
[ qber , two fo ld s ] =
simqkdentanglement ( r e s u l t . x , Param , r e t u r n s t a t s=True )
s k r f i n a l = −skr / coinc window
q b e r f i n a l = qber ∗ 100
[ o p t c h i ] = r e s u l t . x

return [ s k r f i n a l , q b e r f i n a l , o p t c h i ]
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Appendix B

Joint Spectral Intensity Simulation

The JSI simulation is based on a phase matching code for spontaneous parametric down-
conversion written by Sungeun Oh [309], where the Sellmeier coefficients are calculated
from [5]. The pump ranges correspond to the pump wavelength channels considered in
Sec. 3.4.2. To calculate the cross-talk we calculate the overlap between each individual
(corresponding to a single pump channel) JSI.

Listing B.1: Joint spectral intensity simulation code

c l o s e a l l ;
PumpRanges = [ 521 .5 5 2 1 . 7 5 ; 522 5 2 2 . 2 5 ; 521 5 2 1 . 2 5 ; 520 .5 5 2 0 . 7 5 ] ;
ReferencePumps = mean(PumpRanges , 2 ) ;
l ambda s va l s = l i n s p a c e (780 , 795 , 2 0 0 ) ;
l ambda i va l s = l i n s p a c e (1520 ,1570 , 2 0 0 ) ;
[ LambdaSGrid , LambdaIGrid ] = meshgrid ( lambda s va l s , l ambda i va l s ) ;
CombinedJSI = ze ro s ( s i z e ( LambdaSGrid ) ) ;

f o r idx = 1 : s i z e (PumpRanges , 1)
PumpRangeFrom = PumpRanges ( idx , 1 ) ;
PumpRangeTo = PumpRanges ( idx , 2 ) ;
ReferencePump = ReferencePumps ( idx ) ;

% Constants and parameters
IncrementDecimal =2;
PumpPlotTickSize=10ˆIncrementDecimal ;
Re f e r enceS igna l =785;
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WavelengthEnd=2000;
A c c e p t a b l e V i s i b i l i t y =0.995;
PumpLinewidth=276000; % MHz
OpticAxisAngle=pi /4 ;
CrystalLength =15; % mm
Pol ingPer iod =7.1157; % um
CrystalTemperature =45; ( C e l s i u s )
ContourS igna lStart =750;
ContourSignalEnd =850;
c o e f f a c t o r =10ˆ(−6);
cLight =299792458;
cLightCONV=cLight / c o e f f a c t o r ;

% Al l o ca t e a r rays
NumPoints =
round ( ( PumpRangeTo − PumpRangeFrom) ∗ PumpPlotTickSize + 1 ) ;
ArraySignal = ze ro s ( NumPoints , 1 ) ;
Ar ray Id l e r = ze ro s ( NumPoints , 1 ) ;
ArraySignalBW = ze ro s ( NumPoints , 1 ) ;
ArrayIdlerBW = ze ro s ( NumPoints , 1 ) ;

% S e l l m e i e r c o e f f i c i e n t s
a1z =5.756; a2z =0.0983; a3z =0.2020; a4z =189.32; a5z =12.52; a6z =1.32e −2;
b1z =2.860e −6; b2z =4.700e −8; b3z =6.113e −8; b4z =1.516e −4;
ThermalExp1=1.54e −5; ThermalExp2=5.3e −9;

% Assign c o e f f i c i e n t s
Coa1=a1z ; Coa2=a2z ; Coa3=a3z ; Coa4=a4z ; Coa5=a5z ; Coa6=a6z ;
Cob1=b1z ; Cob2=b2z ; Cob3=b3z ; Cob4=b4z ;
Cea1=a1z ; Cea2=a2z ; Cea3=a3z ; Cea4=a4z ; Cea5=a5z ; Cea6=a6z ;
Ceb1=b1z ; Ceb2=b2z ; Ceb3=b3z ; Ceb4=b4z ;
CTemperature = CrystalTemperature + 2 7 3 . 1 5 ;
CTempEff = ( CTemperature − 297 .66 ) ∗ ( CTemperature + 5 7 0 . 8 2 ) ;

f o r n = 1 : NumPoints
Pump = (n + PumpRangeFrom∗PumpPlotTickSize − 1) / PumpPlotTickSize ;
PumpLambda = Pump ∗ 1e −9;
PumpLambdaCONV = PumpLambda / c o e f f a c t o r ;

128



% Compute r e f r a c t i v e index
neCPump = s q r t ( Cea1 + Ceb1∗CTempEff + . . .

( Cea2 + Ceb2∗CTempEff ) . / ( (PumpLambdaCONV. ˆ 2 )
−(Cea3 + Ceb3∗CTempEff )ˆ2) + . . .
( Cea4 + Ceb4∗CTempEff ) . / ( (PumpLambdaCONV.ˆ2) −Cea5 ˆ2) − . . .
Cea6∗PumpLambdaCONV. ˆ 2 ) ;

% S igna l and i d l e r computations omitted here f o r b r ev i ty . . .
% Assume Fina lS igna l , F i n a l I d l e r , SignalBW , IdlerBW are obtained

% Store r e s u l t s
ArraySignal (n) = F i n a l S i g n a l ;
Ar ray Id l e r (n) = F i n a l I d l e r ;
ArraySignalBW (n) = abs ( SignalBW ) ;
ArrayIdlerBW (n) = abs ( IdlerBW ) ;
f p r i n t f ( ’%d nm done\n ’ , Pump) ;

end

% Plot JSI c o n t r i b u t i o n s
f o r i = 1 : l ength ( ArraySignal )

lambda s = ArraySignal ( i ) ;
lambda i = ArrayId l e r ( i ) ;
s igma s = ArraySignalBW ( i ) ∗ 1e9 / 2 . 3 5 4 8 ;
s i gma i = ArrayIdlerBW ( i ) ∗ 1e9 / 2 . 3 5 4 8 ;
rho = −0.91;

i f
i snan ( lambda s ) | | i snan ( lambda i ) | | s igma s <= 0 | | s i gma i <= 0

cont inue ;
end

X = LambdaSGrid − lambda s ;
Y = LambdaIGrid − lambda i ;
exponent = −1 / (2 ∗ (1 − rho ˆ2)) ∗ . . .

( (X.ˆ2 / s igma s ˆ2) + (Y.ˆ2 / s i gma i ˆ2) − . . .
(2 ∗ rho ∗ X .∗ Y) / ( s igma s ∗ s i gma i ) ) ;
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CombinedJSI = CombinedJSI + exp ( exponent ) ;
end

end

130



Appendix C

Interferometric demultiplexing

C.1 MZI frequency demultiplexing

An unbalanced MZI can be described by two beam-splitters and a phase shifter corre-
sponding to the OPL difference. In this Appendix, we derive the interferometric condition
for frequency demultiplexing. The unitary can thus be described as B̂SP̂ B̂S, where B̂S
is the beam-splitter operator and P̂ is the phase shifter operator. More specifically, for a
50-50 beam-splitter

B̂S ==
1√
2

(
1 i
i 1

)
we can also represent the phase shifter as

P̂ =

(
eik∆L 0

0 1

)
where k = ω/c is the wave vector and ∆L is the OPL difference of the unbalanced MZI.
The overall unitary associated to the MZI is thus given by

ˆMZI =
1

2

(
1 i
i 1

)(
eiK∆L 0

0 1

)(
1 i
i 1

)
=

(
eik∆L + i ieik∆L + 1
ieik∆L + 1 −eik∆L + i

)
Let us denote the input ports of the MZI as 1 and 2 and the outputs as 3 and 4 and

the respective amplitude at each port as Ai. Suppose A1 = 1 and A2 = 0, then(
A3

A4

)
= ˆMZI

(
1
0

)
=

1

2

(
eik∆L + i
ieik∆L + 1

)
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From coupled-wave theory, we recall that The MZI’s transmittances are then given from
coupled-wave theory as [290]:

T1→3 =

∣∣∣∣eik∆L + i

2

∣∣∣∣2 =
1 + cos(k∆L)

2
= cos2

(
k∆L

2

)

T1→4 =

∣∣∣∣ieik∆L + 1

2

∣∣∣∣2 =
1 − cos(k∆L)

2
= sin2

(
k∆L

2

)
.

For the MZI to act as a frequency demultiplexer for ω1 and ω2 we require

cos2(ki∆L/2) =

{
= 1 for ωi = ω1

= 0 for ωi = ω2

we can rewrite this condition as

(
ω1∆L

2c
− ω2∆L

2c
) = nπ/2,

where n is an odd integer. Taking n = 1, we obtain Eq. 4.2.
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Appendix D

Frequency-bin post-processing
(prepare-and-measure scheme)

For the rectilinear basis, we simply create a histogram of the detection events for the
detectors D0 and D1 associated to projections |ω0⟩ ⟨ω0| and |ω1⟩ ⟨ω1|.

Listing D.1: Analysis code for the rectilinear frequency-bin basis

import matp lo t l i b . pyplot as p l t
import numpy as np

h i s t , b in edge s = np . histogram ( df1 , b ins =5000)
# df1 corresponds to the dataframe fo r d e t e c t o r 0
h i s t2 , b in edges2 = np . histogram ( df8 , b ins =5000)
# df8 corresponds to the dataframe fo r d e t e c t o r 1

p l t . subp lot (3 , 1 , 2)
p l t . s c a t t e r (78 ∗ b in edge s [ : −1 ] / 1e12 , h i s t , s =1, c o l o r=’ red ’ )
# 78 ps i s the r e s o l u t i o n o f our time−t a g g ing un i t
p l t . p l o t (78 ∗ b in edge s [ : −1 ] / 1e12 , h i s t , c o l o r=’ red ’ , l i n ew id th =0.5)
p l t . t i t l e ( ’ Detector  0 ’ )
p l t . y l a b e l ( ’ Counts ’ )
p l t . xl im ( [ 0 , 5 ] )
p l t . yl im ( [ 0 , 3 5 0 ] )

p l t . subp lot (3 , 1 , 3)

133



p l t . s c a t t e r (78 ∗ b in edges2 [ : −1 ] / 1e12 , h i s t2 , c o l o r=’ orange ’ , s=1)
p l t . p l o t (78 ∗ b in edges2 [ : −1 ] / 1e12 , h i s t2 , c o l o r=’ orange ’ , l i n ew id th =0.5)
p l t . t i t l e ( ’ Detector  1 ’ )
p l t . yl im ( [ 0 , 3 5 0 ] )
p l t . xl im ( [ 0 , 5 ] )
p l t . y l a b e l ( ’ Counts ’ )
p l t . x l a b e l ( ’Time  ( s ) ’ )

t = np . l i n s p a c e (0 , 6 , 1000)
s h u t t e r o f f s e t = −0.07

shut t e r1 = (np . s i n (2 ∗ np . p i ∗ ( t − s h u t t e r o f f s e t ) ) > 0 ) . astype ( int )
# Shut t e r 1 opens and c l o s e s
shut t e r2 = (

np . s i n (2 ∗ np . p i ∗ ( t − s h u t t e r o f f s e t ) − np . p i / 2) > 0
) . astype ( int )
# Shut t e r 2 phase−s h i f t e d by p i /2

p l t . subp lot (3 , 1 , 1)
p l t . p l o t (

t , shutter1 ,
l a b e l=” Shutter  0” ,
drawsty le=’ steps−post ’ ,
c o l o r=’ red ’

)
p l t . p l o t (

t , shutter2 ,
l a b e l=” Shutter  1” ,
drawsty le=’ steps−post ’ ,
c o l o r=’ orange ’

)
p l t . f i l l b e t w e e n (

t , 0 , shut t e r1 & ˜ shutter2 ,
c o l o r=’ red ’ ,
s t ep=’ post ’ ,
alpha =0.5 ,
l a b e l=r ”$ | \ omega 0\ rang l e$ ”

)
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p l t . f i l l b e t w e e n (
t , 0 , shut t e r2 & ˜ shutter1 ,
c o l o r=’ orange ’ ,
s t ep=’ post ’ ,
alpha =0.5 ,
l a b e l=r ”$ | \ omega 1\ rang l e$ ”

)
p l t . f i l l b e t w e e n (

t , 0 , shut t e r1 & shutter2 ,
c o l o r=’ grey ’ ,
s t ep=’ post ’ ,
alpha =0.5 ,
l a b e l=
r ”$\ f r a c {1}{\ s q r t {2}} ( | \ omega 0\ r ang l e

+e ˆ{ i \phi ( t )} | \ omega 1\ r ang l e ) $”
)

p l t . t i t l e ( ’ Shutte r s ’ )
p l t . xl im ( [ 0 , 5 ] )
p l t . y t i c k s ( [ 0 , 1 ] , l a b e l s =[ ’ Closed ’ , ’Open ’ ] )
p l t . t i g h t l a y o u t ( )
p l t . show ( )

For the superposition basis, we start by referencing each detection event (df1) to the last
synchronization marker (df7) as outlined in Eq. 4.7. We then apply a modulo of 49.235
time-tag units (each time-tag unit is equal to 78.125 ps) corresponding to the period of the
260 MHz beat note and generate a histogram as outlined in Eqs. 4.8-4.10.

Listing D.2: Analysis code for the superposition frequency-bin basis

t i m e d i f f s = [ ]
for idx , row in df1 . i t e r r o w s ( ) :
# Find the maximum timestamp in df7 t ha t i s l e s s than or equa l
#to the current timestamp in df1

max previous timestamp =
df7 [ df7 [ ’ timestamp ’ ] <= row [ ’ timestamp ’ ] ] [ ’ timestamp ’ ] .max( )

# Ca lcu l a t e the time d i f f e r e n c e
i f pd . no tnu l l ( max previous timestamp ) :
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t i m e d i f f = row [ ’ timestamp ’ ] − max previous timestamp
t i m e d i f f s . append ( t i m e d i f f )

else :
t i m e d i f f s . append (None )

df1 [ ’ t i m e s i n c e l a s t c l i c k d f 7 ’ ] = t i m e d i f f s

print ( df1 )
th ird co lumn1 = df1 . i l o c [ : , 2 ]
x = 49.235
t ime e lements1 = [num for num in th ird co lumn1 ]
r e s u l t 1 = [num % x for num in t ime e lements1 ]

f i f t h c o l u mn 1 = np . array ( [ ] )
for element in r e s u l t 1 :

i f element <= 49 ∗ y :
f i f t h c o l u mn 1 = np . append ( f i f th co lumn1 , element )

h i s t , b in edge s = np . histogram ( f i f th co lumn1 , b ins=49 ∗ y )
mod i f i ed b in edge s = 78.125 ∗ b in edge s

p l t . bar (
mod i f i ed b in edge s [ : −1 ] ,
h i s t ,
width=np . d i f f ( mod i f i ed b in edge s ) ,
a l i g n=’ edge ’

)
p l t . xl im ( [ 0 , 49 ∗ y ∗ 7 8 . 1 2 5 ] )
p l t . yl im ( [ 0 , None ] )
p l t . y l a b e l ( ’ Counts ’ )
p l t . x l a b e l ( ’Time  ( ps ) ’ )
p l t . show ( )
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Appendix E

Estimation of multi-mode
characteristics

To characterize the modal expansion at the receiver in both chapters 4 and 5, we first filter
the point spread function (PSF) using a Fast Fourier Transform (FFT) and retaining only
the dominant spatial frequency components. The PSF is then reconstructed in Fig. E.1b
(Fig. E.2b) from its modal decomposition into the first 100 (30) Hermite-Gaussian modes
for the beam profile in chapter 4 (5). The large number of modes required to accurately
reconstruct the PSF reflects the highly multi-mode nature of the beam.
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(a) Original PSF (b) Reconstructed PSF

Figure E.1: (a) Image, captured with a beam-profiling camera (WinCamD-UCD12), of
the multi-mode beam in the analyzer in Fig. 4.10, after propagation through 2 meters of
free space and a 1-meter long step-index multi-mode fiber (Thorlabs M43L01). (b)
Reconstruction of the point spread function from modal decomposition using the first 100
Hermite-Gaussian modes. Each pixel corresponds to 5.2µm.
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(a) Original PSF (b) Reconstructed PSF

Figure E.2: (a) Point spread function, imaged with a beam-profiling camera (New
Imaging Technologies WiDy SenS 640 ), of the multi-mode beam in the analyzer in
Fig. 5.3, after propagation through a 5-meter long graded-index (GRIN) multi-mode fibre
(Thorlabs GIF625 ). (b) Reconstruction of the point spread function from modal
decomposition using the first 30 Hermite-Gaussian modes.

E.0.1 Modal decomposition analysis code

The analysis code for the modal decomposition is provided below. Note that while we chose
Hermite-Gaussian modes, the analysis framework supports the decomposition of the PSF
into any orthonormal spatial mode basis. Prior to this step, we filter the PSF to retain only
the dominant spatial frequencies with amplitude above a given threshold relative to the
maximum spatial frequency. This filtering is implemented using the numpy.fft package to
compute the two-dimensional Fourier transform of the PSF.

Listing E.1: Hermite-Gaussian Mode Decomposition

import numpy as np
import matp lo t l i b . pyplot as p l t
import s c ipy . spa r s e . l i n a l g as sp l a
import pandas as pd
import time
from s c ipy . s p e c i a l import eva l he rmi t e
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f i l e p a t h = ”WinCamExcelData2 . csv ” # load data f i l e
df = pd . r ead c sv ( f i l e p a t h , sk iprows =3, header=None )
p s f = df . apply (pd . to numeric , e r r o r s=’ coe r c e ’ ) . va lue s
p s f = np . nan to num ( psf , nan =0.0 , p o s i n f =0.0 , n eg in f =0.0)
h , w = ps f . shape

max mode = 100 # number o f modes cons idered in the modal decomposi t ion
w0 = 1.0 # beam wai s t computed from a Gaussian f i t o f the beam p r o f i l e

def hermi t e gaus s i an (x , n , w0 ) :
norm = 1 / np . s q r t (2∗∗n ∗ np . math . f a c t o r i a l (n) ∗ np . s q r t (np . p i ) ∗ w0)
return norm ∗ eva l he rmi t e (n , np . s q r t (2 ) ∗ x / w0)

∗ np . exp(−x∗∗2 / w0∗∗2)

def compute mode (m, n , w0 ) :
x = np . l i n s p a c e (−1 , 1 , w)
y = np . l i n s p a c e (−1 , 1 , h )
mode = np . outer (
he rmi t e gaus s i an (x , m, w0) ,
he rmi t e gaus s i an (y , n , w0)

) .T
return mode . r a v e l ( )

def opt im i z e mode coe f f s v2 ( psf , max mode=max mode , w0=w0 ) :
b = ps f . r a v e l ( )
num modes = max mode∗∗2

def mv( x ) :
r e s u l t = np . z e r o s l i k e (b)
count = 0
for m in range (max mode ) :

for n in range (max mode ) :
mode = compute mode (m, n , w0)
r e s u l t += x [ count ] ∗ mode
count += 1

return r e s u l t

def rmv( x ) :
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r e s u l t = np . z e r o s ( num modes )
count = 0
for m in range (max mode ) :

for n in range (max mode ) :
mode = compute mode (m, n , w0)
r e s u l t [ count ] = np . dot (x , mode)
count += 1

return r e s u l t

# We use a l e a s t square s o l v e r to f i nd the mode c o e f f i c i e n t s
s t a r t t i m e = time . time ( )
A = sp la . LinearOperator (
(b . s i z e , num modes ) ,
matvec=mv,
rmatvec=rmv ,
dtype=np . f l o a t 6 4
)
c o e f f s , ∗ = sp la . lsmr (A, b)
e l apsed t ime = time . time ( ) − s t a r t t i m e
print ( f ” Optimizat ion  Time :  { e l apsed t ime : . 2 f }  seconds ” )

mode keys = [ (m, n) for m in range (max mode) for n in range (max mode ) ]
return {mode keys [ i ] : c o e f f s [ i ] for i in range ( len ( mode keys ) )}

def r e c o n s t r u c t p s f v 2 ( o p t i m i z e d c o e f f s , max mode , w0 ) :
r e con s t ruc t ed = np . z e r o s (h ∗ w)
count = 0
for m in range (max mode ) :

for n in range (max mode ) :
mode = compute mode (m, n , w0)
r e cons t ruc t ed += o p t i m i z e d c o e f f s [ (m, n ) ] ∗ mode
count += 1

return r e con s t ruc t ed . reshape ( ( h , w) )
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Appendix F

Frequency-bin post-processing
(entanglement-based scheme)

The full analysis code is provided in [298]. We here highlight some relevant sections.

Listing F.1: Antidiagonal correction due to the exponential decay

import numba
#H here i s the his togram matrix o f the p r e v i o u s l y computed JTA
@numba . j i t ( nopython=True )
def c r e a t e c o r r e c t i o n m a t r i x a n t i d i a g o n a l (

shape , s t e p s i z e , a , b , c , max correct ion ) :
c o r r e c t i o n = np . ones ( shape )
rows , c o l s = shape
d i agona l va lu e = a + c

# compute co r r e c t i on f a c t o r s based on an t i d i a gona l d i s t ance
for i in range ( rows ) :

for j in range ( c o l s ) :
i f i != j :

dt = ( j − i ) ∗ s t e p s i z e
re sponse = a ∗ np . exp(−b ∗ np . abs ( dt ) ) + c
i f re sponse > 0 .05 ∗ d i agona l va lu e :

c o r r f a c t o r = d iagona l va lu e / response
c o r r e c t i o n [ i , j ] = min( c o r r f a c t o r , max correct ion )
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for k in range(−( rows − 1) , c o l s ) :
a n t i d i a g i n d i c e s = [ ]
for i in range ( rows ) :

j = k + i
i f 0 <= j < c o l s :

a n t i d i a g i n d i c e s . append ( ( i , j ) )

i f not a n t i d i a g i n d i c e s :
continue

max correc ted va lue = 0 .0
for i , j in a n t i d i a g i n d i c e s :

p o t e n t i a l v a l u e = H[ i , j ] ∗ c o r r e c t i o n [ i , j ]
i f p o t e n t i a l v a l u e > max correc ted va lue :

max cor rec ted va lue = p o t e n t i a l v a l u e

max diag value = 0 .0
for i , j in a n t i d i a g i n d i c e s :

i f H[ i , i ] > max diag value :
max diag value = H[ i , i ]

i f j < rows and H[ j , j ] > max diag value :
max diag value = H[ j , j ]

i f ( max cor rec ted va lue > max diag value and
max correc ted va lue > 0 ) :

s c a l e f a c t o r = max diag value / max cor rec ted va lue
for i , j in a n t i d i a g i n d i c e s :

c o r r e c t i o n [ i , j ] ∗= s c a l e f a c t o r

return c o r r e c t i o n

After accounting for the e−γ|ts−ti| decay from the cavity lifetime, we compute the pro-
jections |Ps,i(ts, ti)⟩ ⟨Ps,i(ts, ti)|. To help visualize these projections, we shown overlaid a
subsection of the joint temporal amplitude (JTA) depicted in Fig. F.1. Each colored square
represents a specific equatorial basis used in the quantum state tomography in Sec. 5.4.1.
Although only one dashed square per color is shown in the figure for clarity, the corre-
sponding projectors are periodically applied throughout the JTA to improve the collected
statistics. As an example, in the code given below, we calculate the expectation values for
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Figure F.1: Conceptual representation of the projectors defined in Eq. 5.3 shown overlaid
on a subsection the joint temporal amplitude (JTA) in Fig. 5.6b for illustrative purposes.
Each color defines a different equatorial basis considered for the quantum state
tomography.

the four bases depicted in Fig. F.1 (⟨XX⟩, ⟨XY ⟩, ⟨Y X⟩, ⟨Y Y ⟩).

Listing F.2: Projections and expectation values for the equatorial bases depicted in
Fig. F.1

P = 61 # pe r i o d i c i t y in number o f b in s
Delta = int (np . f l o o r (P / 2) )
Del = int (np . f l o o r ( Delta / 2) )
XX list , XY l ist , YX l ist , YY l i s t = [ ] , [ ] , [ ] , [ ]
XX err , YY err , XY err , YX err = [ ] , [ ] , [ ] , [ ]

for x in range (P) :
s e l e c t e d i n d i c e s = range (x , len ( d iag ) , P ∗ 2)
pp values , mm values = [ ] , [ ]

for i in s e l e c t e d i n d i c e s :
i f ( i + Del < H correc ted . shape [ 1 ] and

i + P < H correc ted . shape [ 0 ] and
i + P + Del < H correc ted . shape [ 1 ] ) :
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pp va lues . append ( H correc ted [ i , i + Del ] )
mm values . append ( H correc ted [ i + P, i + P + Del ] )

pp = np .sum( pp va lues )
mm = np .sum( mm values )
tota l sum = pp + mm

pm values , mp values = [ ] , [ ]
for i in s e l e c t e d i n d i c e s :

i f ( i + Del < H correc ted . shape [ 1 ] and
i + P < H correc ted . shape [ 0 ] and
i + P + Del < H correc ted . shape [ 1 ] ) :
pm values . append ( H correc ted [ i + P, i + Del ] )
mp values . append ( H correc ted [ i , i + P + Del ] )

pm sum = np .sum( pm values )
mp sum = np .sum( mp values )

S = tota l sum
C = pm sum + mp sum
numerator = S − C
denominator = S + C

i f denominator > 0 :
V = numerator / denominator

sigma V = (1 / denominator ) ∗ np . s q r t (
abs ( numerator ) + ( numerator ∗∗2) / denominator

)
else :

V, sigma V = 0 , 0

XX l i s t . append (V)
XX err . append ( sigma V )

# XY and YX terms
pL values3 , mR values3 = [ ] , [ ]
for i in s e l e c t e d i n d i c e s :

i f ( i + Del < H correc ted . shape [ 1 ] and
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i + P < H correc ted . shape [ 0 ] and
i + P + Del + Delta < H correc ted . shape [ 1 ] ) :
pL values3 . append ( H correc ted [ i , i + Delta + Del ] )
mR values3 . append ( H correc ted [ i + P, i + Delta + Del + P ] )

pR values3 , mL values3 = [ ] , [ ]
for i in s e l e c t e d i n d i c e s :

i f ( i + Del < H correc ted . shape [ 1 ] and
i + P < H correc ted . shape [ 0 ] and
i + P + Del + Delta < H correc ted . shape [ 1 ] ) :
pR values3 . append ( H correc ted [ i + Delta + Del + P, i ] )
mL values3 . append ( H correc ted [ i + Delta + Del , i + P ] )

Rp values2 , Lm values2 = [ ] , [ ]
for i in s e l e c t e d i n d i c e s :

i f ( i + Del < H correc ted . shape [ 1 ] and
i + P < H correc ted . shape [ 0 ] and
i + P + Del + Delta < H correc ted . shape [ 1 ] ) :
Rp values2 . append ( H correc ted [ i + Delta , i + Delta + Del ] )
Lm values2 . append (
H correc ted [ i + Delta + P, i + Delta + Del + P]
)

Rm values2 , Lp values2 = [ ] , [ ]
for i in s e l e c t e d i n d i c e s :

i f ( i + Del < H correc ted . shape [ 1 ] and
i + P < H correc ted . shape [ 0 ] and
i + P + Del + Delta < H correc ted . shape [ 1 ] ) :
Rm values2 . append ( H correc ted [ i + Delta + P, i + Delta + Del ] )
Lp values2 . append ( H correc ted [ i + Delta + P, i + Delta + Del ] )

# XY
S3 = np .sum( pL values3 ) + np .sum( mR values3 )
C3 = np .sum( pR values3 ) + np .sum( mL values3 )
numerator3 = S3 − C3
denominator3 = S3 + C3

i f denominator3 > 0 :
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V3 = numerator3 / denominator3
sigma V3 = (1 / denominator3 ) ∗ np . s q r t (

abs ( numerator3 ) + ( numerator3 ∗∗2) / denominator3
)
else :

V3 , sigma V3 = 0 , 0

XY l i s t . append (V3)
XY err . append ( sigma V3 )

# YX
S2 = np .sum( Rp values2 ) + np .sum( Lm values2 )
C2 = np .sum( Rm values2 ) + np .sum( Lp values2 )
numerator2 = S2 − C2
denominator2 = S2 + C2

i f denominator2 > 0 :
V2 = numerator2 / denominator2

sigma V2 = (1 / denominator2 ) ∗ np . s q r t (
abs ( numerator2 ) + ( numerator2 ∗∗2) / denominator2
)
else :

V2 , sigma V2 = 0 , 0

YX l i s t . append (V2)
YX err . append ( sigma V2 )

# YY
RR values , LL values = [ ] , [ ]
for i in s e l e c t e d i n d i c e s :

i f (
i + 3 ∗ Delta < H correc ted . shape [ 0 ] and
i + Delta < H correc ted . shape [ 0 ]

) :
RR values . append ( H correc ted [ i + Delta , i + Del ] )
LL values . append ( H correc ted [ i + Delta + P, i + Del + P ] )

RL values , LR values = [ ] , [ ]
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for i in s e l e c t e d i n d i c e s :
i f (

i + 3 ∗ Delta < H correc ted . shape [ 0 ] and
i + Delta < H correc ted . shape [ 0 ]

) :
RL values . append ( H correc ted [ i + Delta , i + Del + P] )
LR values . append ( H correc ted [ i + Del + P, i + Delta ] )

S4 = np .sum( RR values ) + np .sum( LL values )
C4 = np .sum( RL values ) + np .sum( LR values )
numerator4 = S4 − C4
denominator4 = S4 + C4

i f denominator4 > 0 :
V4 = numerator4 / denominator4

sigma V4= (1 / denominator4 ) ∗ np . s q r t (
abs ( numerator4 ) + ( numerator4 ∗∗2) / denominator4
)
else :

V4 , sigma V4 = 0 , 0

YY l i s t . append (V4)
YY err . append ( sigma V4 )
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