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Tremendous progress in experimental quantum optics during the past decades enabled the ad-
vent of quantum technologies, one of which is quantum communication. Aimed at novel methods
for more secure or efficient information transfer, quantum communication has developed into
an active field of research and proceeds toward full-scale implementations and industrialization.
Continuous-variable methods of multi-photon quantum state preparation, manipulation, and co-
herent detection, as well as the respective theoretical tools of phase-space quantum optics, offer
the possibility to make quantum communication efficient, applicable and accessible, thus boosting
the development of the field. We review the methodology, techniques and protocols of continuous-
variable quantum communication, from the first theoretical ideas, through milestone implemen-
tations, to the recent developments, covering quantum key distribution as well as other quantum
communication schemes, suggested on the basis of continuous-variable states and measurements.
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I. INTRODUCTION

Quantum communication (Gisin and Thew, 2007) is
the research field at the intersection of quantum physics
and information science that studies and develops meth-
ods for distribution of quantum states and for informa-
tion exchange using those states. While mostly associ-
ated with quantum-based information security, enabled
by quantum cryptography (Pirandola et al., 2020), quan-
tum communication also provides the basis for other com-
munication tasks, which rely on the principles of quan-
tum physics. Naturally based on the quantum states of
light due to their relatively low coupling to the environ-
ment and long coherence times, quantum communication
was boosted by immense advancements in experimental
quantum optics, achieved in the past decades. Being an
integral part of the second quantum revolution (Dowling
and Milburn, 2003), quantum communication became a
quantum technology, which revolutionized the communi-
cation itself by enabling essentially new principles and
properties of information exchange.

In the current review, we present the field of quantum
communication based on continuous variables of light,
which can be effectively manipulated using practical
quantum-optical techniques and measured by means of
highly efficient coherent detection. Contrary to discrete-
variable (DV) quantum communication, which typically
relies on direct photodetection and which is largely based
on the corpuscular treatment of light, ideally using single-
photon states, continuous-variable (CV) can be seen as
utilizing wave-type properties of light through manipu-
lation and coherent detection of generally multi-photon
quantum states (see illustration in Fig. 1). Being com-
plementary to the DV approach, CV quantum commu-
nication can offer certain advantages, both quantitative
and qualitative, particularly concerning efficiency, cost
or scalability. During more than two decades of its exis-
tence, CV quantum communication has developed from
basic ideas to practical realizations and even industrial
implementations. Yet it remains an active field of re-
search, aimed at making CV quantum communication
more efficient, mature, useful and cost-effective. In the
current review we therefore discuss principles, applica-
tions, practical aspects, limitations and perspectives of
CV quantum communication, providing an overview of
this modern and dynamic field of research.



FIG. 1 CV quantum communication uses wave properties of
generally multi-photon light to transmit information by en-
coding it into conjugate observables of electromagnetic field
in the transmitter A and obtaining it from the results of co-
herent detection in the receiver B, enabling, e.g., stronger in-
formation security than in classical communication and with
potentially higher efficiency compared to single-photon DV
quantum communication.

The review is structured as follows: in Sec. II we re-
capitulate the methods of quantum communication, his-
torically developed on the basis of DV states, starting
from quantum key distribution (QKD) protocols, then
describing protocols beyond QKD, and we also provide a
brief overview of CV systems, covering CV states, includ-
ing the broadly used Gaussian ones, respective Gaussian
operations, and coherent detection methods; in Sec. III
we review CV-QKD, which is the most advanced and
developed branch of CV quantum communication, cov-
ering its protocols, theoretical security proofs, tools for
its practical implementation and security aspects of the
implementation, post-processing algorithms used in CV-
QKD, and the recent advancements in the field; in Sec.
IV we discuss the methods of CV quantum communi-
cation beyond QKD, which are less advanced, but are
promising for further development; and we conclude the
review with a summary and future outlook. Our review
is the first one, to the best of our knowledge, covering all
major methods of CV quantum communication, present-
ing principles, modern trends and recent developments
in CV-QKD as well as CV protocols beyond QKD. Sev-
eral review articles, related to CV quantum communica-
tion, were published earlier. Quantum cryptography us-
ing DV states and measurements was discussed in (Gisin
et al., 2002), introducing basic principles and concepts,
also used in CV-QKD. Practical security of QKD was
reviewed in (Scarani et al., 2009), which was largely fo-
cused on DV-QKD, but also briefly discussed CV pro-
tocols. A CV quantum information review (Braunstein
and Van Loock, 2005) covered the underlining principles
and methods behind CV quantum communication, such
as CV quantum entanglement, described several quan-
tum communication methods, including QKD, dense cod-
ing, and quantum teleportation, as well as other appli-
cations of CV information, e.g., quantum computation.

The Gaussian quantum information review (Weedbrook
et al., 2012a) described tools of quantum information pro-
cessing using Gaussian states, such as covariance matrix
formalism, which largely remain relevant for the field of
CV quantum communication, and covered many of the
ongoing developments in the field, such as finite-size secu-
rity analysis or discretely-modulated protocols, while also
describing quantum computation with Gaussian states.
The review on CV quantum information (Adesso et al.,
2014) presented mathematical structures behind Gaus-
sian quantum information and quantification of CV cor-
relations. Security of CV-QKD and its state-of-the-art
experimental implementations were covered in the re-
view (Diamanti and Leverrier, 2015). The review on
QKD with practical devices (Xu et al., 2020) reported
relevant topics for QKD security, e.g., quantum side
channels or quantum hacking, while briefly discussing
how they apply to CV-QKD. The review on advances in
quantum cryptography (Pirandola et al., 2020) described
modern trends in the field of QKD with much attention to
CV-QKD protocols, their security analysis and practical
implementation. The recent review on CV-QKD (Zhang
et al., 2024a) contains practical details of CV-QKD im-
plementations. For convenience, in Table I we present
the list of abbreviations, used in the review.

Il. PRELIMINARIES

As historically most of the quantum communication
methods were first developed on the basis of DV tech-
niques, we start our review with an introduction to DV
quantum communication.

A. Quantum key distribution

QKD (Gisin et al., 2002; Pirandola et al., 2020; Scarani
et al., 2009) is one of the most mature and important di-
rections within quantum communication, having its goal
in the development of protocols for provably secure distri-
bution of secret cryptographic keys. Together with clas-
sical encryption algorithms, it provides legitimate users
with the methods of secure communication. Such meth-
ods are then based on the principles of quantum physics
and generally do not rely on mathematical complexity
assumptions, which can be overturned either by devel-
opment of quantum computing or progress in classical
computations.

QKD was first suggested as BB84 protocol (named so
after its authors, Bennett and Brassard) in (Bennett and
Brassard, 1984) using polarization states of single pho-
tons as qubits (quantum bit states, generally being in
superpositions of the two basis states). By using non-
orthogonal states and relying on the no-cloning theo-
rem, which forbids perfect copying of unknown quantum
states (Wootters and Zurek, 1982), the protocol enables
the trusted (honest) parties to ensure the security of



Abbreviation Meaning
1sDI One-sided device-independent
AEP Asymptotic equipartition property
BB8&4 Bennett-Brassard-1984
(04 Continuous-variable
CW Continuous-wave
DI Device-independent
DM Discrete modulation
DR Direct reconciliation
DSP Digital signal processing
DV Discrete-variable
E91 Ekert-1991
EAL Evaluation assurance level
EAT Entropy accumulation theorem
EB Entanglement-based
EOM Electro-optical modulator
EPR Einstein-Podolsky-Rosen
FER Frame error rate
FFT Fast Fourier transform
GGO02 Grosshans-Grangier-2002
GKP Gottesman-Kitaev-Preskill
GM Gaussian modulation
i.i.d. Independent and identically distributed
InP Indium phosphide
1Q In-phase and quadrature
KTP Potassium titanyl phosphate
LDPC Low-density parity-check
LHL Leftover hashing lemma
LLO “Local” local oscillator
LO Local oscillator
MD Multi-dimensional
MDI Measurement-device independent
NLA Noiseless linear amplifier
OPA Optical parametric amplifier
OPO Optical parametric oscillator
P&M Prepare-and-measure
PDC Parametric down-conversion
PIA Phase-insensitive amplifier
PLOB Pirandola-Laurenza-Ottaviani-Banchi
PP Protection profile
PQC Post-quantum cryptographic
PSA Phase-sensitive amplifier
QA Quantum authentication
QAM Quadrature amplitude modulation
QBER Quantum bit error rate
QDC Quantum dense coding
QDS Quantum digital signatures
QKD Quantum key distribution
QOT Quantum oblivious transfer
QPSK Quadrature phase-shift keying
QSDC Quantum secure direct communication
QT Quantum teleportation
RCI Reverse coherent information
RF Radio-frequency
RR Reverse reconciliation
SDP Semi-definite programming
SNR Signal-to-noise ratio
SNU Shot-noise unit
TMSV Two-mode squeezed vacuum
UD Uni-dimensional
WDM Wavelength division multiplexing

TABLE I Abbreviations used in the review.

the key, obtained from polarization encoding and mea-
surements, and processed over an authenticated classi-
cal channel. By randomly switching the preparation and
measurement bases, the trusted parties accumulate the
so-called raw key, which is then sifted during the bases
reconciliation stage and is further classically processed to
obtain the secret key.

The entanglement-based (EB) E91 QKD protocol was
suggested in (Ekert, 1991) almost a decade later and uses
entangled-photon pairs (hence, entangled qubits) so that
each of the photons is measured by one of the trusted
parties. By randomly switching between three bases set-
tings, the trusted parties can either verify the violation
of Bell inequalities (in the incompatible bases) (Aspect
et al., 1982) or obtain already the sifted key, once the
bases coincide. The security of the scheme relies on the
fact that an eavesdropper attempting to intercept the key
would break the nonlocal correlations and stop the Bell
inequality violation. This reasoning was later extended
to the notion of device-independent security, discussed
further in this subsection. It was later shown in (Ben-
nett et al., 1992¢) that entangled photon pairs can be
equivalently used to implement the BB84 protocol with-
out the need for Bell inequality violation, hence randomly
switching between two detection bases. This equivalence
between prepare-and-measure (P&M) version of the pro-
tocol, when Alice prepares the states, and Bob performs
their measurement, and EB version became an impor-
tant feature of QKD protocols, enabling their formal
information-theoretical security analysis.

The first experimental test of QKD using the BB84
protocol was reported in (Bennett et al., 1992a) using
weak coherent pulses for emulating single-photon states.
However, it was pointed out that such realization is vul-
nerable to photon-number splitting attack (also known
as beam splitting attack) allowing an eavesdropper to
exploit multi-photon pulses for error-free interception of
key bits. It was later shown (Brassard et al., 2000) that
such an attack in combination with limited detection effi-
ciency and dark counts (when a photo-detector, working
in the Geiger mode, produces a fake click in the absence
of an incoming photon), strongly limits the practical ap-
plicability of QKD. To overcome the limitation, modified
QKD protocols were proposed, such as SARG (Scarani
et al., 2004), in which every key bit is encoded into a
pair of non-orthogonal states, hence reducing the effi-
ciency of photon-number splitting attack for an eaves-
dropper, or the decoy-state protocol (Hwang, 2003), us-
ing additional multi-photon states to detect the split-
ting. These developments enabled numerous experimen-
tal realizations of QKD in long-distance fibers (Korzh
et al., 2015) and in free-space (Ursin et al., 2007) or inter-
continental satellite-based channels (Liao et al., 2018).

The security analysis of QKD protocols is largely de-
fined by the set of assumptions on the protocol imple-
mentation and on the capabilities of a malicious eaves-
dropper. One major assumption and necessity to achieve
a secure QKD protocol is that the classical communi-



cation of the QKD protocol is transmitted through an
authenticated channel to prevent an eavesdropper from
performing a man-in-the-middle attack on either the clas-
sical channel or jointly on the classical and the quantum
channel. An authenticated classical channel can be es-
tablished from a non-authenticated one by using message
authentication codes that in turn consume short keys.

The analysis of attacks on the quantum channel alone
is typically based on evaluating the Devetak-Winter
rate (Devetak and Winter, 2005) for the achievable secret
key, which characterizes the information advantage of the
trusted parties over an eavesdropper, capable of storing
probe quantum states in a quantum memory. While not
generally relying on particular attack models, this ap-
proach has to be extended towards the finite-size regime,
when statistical aspects of limited data sets have to be
taken into account (Tomamichel et al., 2012). The se-
curity of a QKD protocol can then be quantified in the
context of composable security (Portmann and Renner,
2022), allowing us to evaluate the security of a whole
cryptographic system, which contains the given protocol.

However, gaps between theoretical security and prac-
tical implementations are always possible and can be ex-
ploited by an eavesdropper as, for example, in the blind-
ing attack on the single-photon detectors (Lydersen et al.,
2010). To rule out such quantum hacking attacks the as-
sumptions on the devices used for QKD can be waived
in the device-independent approach.

An important feature of the E91 protocol was the re-
liance of its security on the violation of Bell inequalities.
While this effect is not required for the EB implemen-
tation of BB84 and similar QKD protocols, it can be
used to waive the assumption on the trusted nature of
the devices, namely source and detectors. The resulting
device-independent (DI) protocol (Acin et al., 2007; Vazi-
rani and Vidick, 2014) can in principle be secure without
making assumptions on the internal working of the de-
vices. In practice this means that the trusted parties
do not need to fully characterize and calibrate the de-
vices, relying solely on the loophole-free violation of Bell
inequality (typically its CHSH version (Clauser et al.,
1969)) from the measurement statistics, which can be
seen as a part of the more general device self-checking
approach (Mayers and Yao, 1998). However, implemen-
tation of DI QKD protocols remains demanding in terms
of highly pure entanglement, required for their security,
and high sensitivity to practical imperfections, which par-
ticularly limits the distances at which DI QKD can be
implemented.

It is also possible to remove only the trust assumption
on the measurement devices, which can rule out quantum
hacking attacks on the detectors. Such attacks are more
likely to happen since the detectors are susceptible to
incoming light, potentially manipulated by an attacker.
In this intermediate approach, called measurement-device
independent (MDI) QKD, the trusted parties only send
their modulated states to a middle station, which then
performs a Bell-type measurement and announces the

outcomes, allowing the trusted parties to establish cor-
relations on their data, sufficient for distilling a secret
key (Braunstein and Pirandola, 2012; Lo et al., 2012).
The detection can then be assumed to be under the full
control of an eavesdropper because tampering with the
detection outcomes can be revealed by the trusted par-
ties. While managing to rule out the attacks on the mea-
surement devices, the MDI protocols also generally offer
higher robustness and better performance compared to
DI QKD.

Another intermediate scenario is possible, when only
one of the trusted parties trusts their measurement appa-
ratus, which is the case of one-sided device-independent
protocols (1sDI) (Branciard et al., 2012)

B. Quantum communication beyond QKD

While QKD is the most commonly developed applica-
tion of quantum communication, the field offers several
more directions, in which quantum effects bring enhance-
ments (particularly, physics-based security instead of the
computational one) to communication methods (mainly
cryptographic primitives), and we further give a brief
overview on the major ones, which are also being de-
veloped within CV quantum communication.

The goal of quantum secure direct communication
(QSDC) is the family of the protocols, aimed to ensure
the security of the directly transmitted information so
that its acceptably small part is gained by an eavesdrop-
per, while not relying on QKD. This allows trusted users
to directly and deterministically share their secret mes-
sages while making the protocols more technically de-
manding compared to QKD (see (Pan et al., 2024) for the
recent review on QSDC). The first QSDC protocol was
proposed in (Long and Liu, 2002) as the deterministic
QKD of a pre-generated key with no information leak-
age. The deterministic secure quantum communication
was proposed in (Beige et al., 2002) using single-photon
states to simultaneously encode two qubits in different
bases, accompanied by a classically shared secret key.
Another deterministic secure direct communication pro-
tocol was proposed on the basis of entangled pairs and a
quantum memory on the sender side (Bostrom and Fel-
binger, 2002). A protocol for directly sharing a secret
key encoded in the sequences of single-photon states, sent
back and forth between the trusted parties and stored in
quantum memories, was suggested in (Deng and Long,
2004). Tt was later extended to EB realization (Deng
et al., 2003) with reportedly higher performance. QSDC
was then experimentally tested using single-photon (Hu
et al., 2016) or entangled states (Zhang et al., 2017) with
atomic quantum memories.

Quantum dense coding (QDC, also referred to as quan-
tum super-dense coding) allows communicating parties to
share more classical bits of information with fewer shared
qubits. QDC was first theoretically proposed in (Ben-
nett and Wiesner, 1992), based on an entangled pair,



distributed between two parties, so that after an opera-
tion on one particle, its transfer and joint measurement
on the other side of the channel, two classical bits (en-
coded into one of four possible qubit operations) become
known to both the parties. QDC was further combined
with QSDC in (Wang et al., 2005) and experimentally
tested using atomic qubit states (Schaetz et al., 2004) or
photonic qubits distributed over optical fibers (Williams
et al., 2017).

Quantum digital signature (QDS) protocols are the
quantum counterpart of the classical digital signature
methods, which are used to verify the authenticity of
communicated messages. Similarly to the classical pro-
tocols, the quantum digital signature supposes the use
of private and public secret keys. The keys are related
through a quantum analog of the classical one-way func-
tions. The QDS principles were first described in (Gottes-
man and Chuang, 2001), showing that multiple remote
receivers can validate the signature of a message sender.
This is achieved by each of the receivers having a copy
of the sender’s public quantum key (also referred to as a
quantum signature), created, using a quantum one-way
function, from a classical private key. The QDS pro-
tocol with a sender and two receivers was experimen-
tally demonstrated in (Clarke et al., 2012) using phase-
encoded coherent states of light. The signed messages
were shown secure against forging and repudiation by
considering typical attack scenarios. The receiver how-
ever requires a long-term quantum memory for storing
the public quantum key. The signed message is then ver-
ified by interfering the stored key with a set of states cre-
ated according to the classical description of the sender’s
private key, sent along with the message. This require-
ment was waived in (Dunjko et al., 2014) by allowing the
remote receiver to measure the public quantum key in-
stead of storing it in the quantum memory. The classical
measurement outcomes are then used to verify the mes-
sages, which is however probabilistic. The protocol was
realized experimentally (Collins et al., 2014) using only
linear-optical components and photodetectors, enabling
a more efficient measurement technique with higher prob-
abilities of success.

Quantum authentication (QA) is a family of quan-
tum protocols for verification of the identity of a mes-
sage sender and/or the integrity of the message. In this
regard, it is closely related to QDS, which can be seen as
multi-user authentication, and to QKD, which requires
authentication in the key post-processing stage but can
also provide authentication once the secret key is dis-
tributed. Furthermore, QA schemes can vary depending
on whether a message is classical or quantum (i.e. if it is
a sequence of classical data or quantum states). The pos-
sibility of using quantum resources for message authenti-
cation was first discussed in (Crépeau and Salvail, 1995),
where two trusted parties were shown to be able to verify
their mutual knowledge of a classical data string, without
revealing the data itself (this way the QA scheme is re-
lated to the oblivious transfer protocols discussed in the

next subsection). Quantum protocols for the identifica-
tion of classical messages, combining classical identifica-
tion and QKD, were proposed and experimentally tested
in (Dusek et al., 1999), depending on whether the public
channel between the trusted parties is fully controlled by
an eavesdropper or not. Quantum enhancement of clas-
sical message authentication was shown in (Curty and
Santos, 2001) with one-qubit key reportedly being a suf-
ficient resource for proving the integrity of a classical bit.
Furthermore, the efficiency of QA of classical messages
was improved to two bits by one qubit (Hong et al., 2017).
Authentication of quantum messages by their encryption
was addressed in (Barnum et al., 2002), where an asymp-
totically optimal protocol for authenticating one qubit
with two classical bits was presented along with the proof
of impossibility to digitally sign quantum states.

Quantum oblivious transfer (QOT) is the quantum
version of a communication scheme, in which a send-
ing party transfers one or more of many possible mes-
sages to a receiver, while not knowing which (and if
any) messages were sent. This essential cryptographic
primitive was shown to provide security of multipar-
tite computation (Kilian, 1988). Typically the so-called
1 — out — of — 2 scheme is studied, when one message is
communicated out of two, with possible generalizations
to the schemes, when k out of n messages are communi-
cated. The 1 —out — of —n case is commonly referred to
as the private database query. Development of QOT pro-
tocols was first largely based on reduction to quantum bit
commitment (Bennett et al., 1992b) until the latter was
shown insecure against quantum attacks (Lo and Chau,
1997; Mayers, 1997). Furthermore, it was shown that un-
conditionally secure QOT is also impossible (Lo, 1997).
The QOT protocols are therefore developed either impos-
ing limitations on the eavesdropping, e.g., noisy storage
model, when qubits, stored by a dishonest receiver, un-
dergo decoherence (Wehner et al., 2008), or allowing par-
tial information leakage to an eavesdropper (Chailloux
et al., 2010). More recently, a so-called simulation-based
security framework was also introduced for QOT, show-
ing that it is possible to construct a practical protocol
for QOT only with minimal assumptions, in particular
one-way functions (Diamanti et al., 2024).

In the schemes described above, classical information
is communicated using quantum states. Differently to
that, quantum teleportation (QT) offers a possibility to
communicate a quantum state (hence, quantum infor-
mation, e.g., a quibt) between remote parties (Bennett
et al., 1993), assisted by classical communication. This
is achieved by pre-sharing a quantum resource (an en-
tangled state), performing joint Bell measurement on the
input state and the local part of the entangled state (pro-
jective measurement in the Bell basis) at the side of one
of the parties, and classically communicating the out-
comes to another party, which performs respective oper-
ation on the other part of the entangled state to obtain
ideally an exact copy of the teleported quantum state.
The quantum state is then transferred without directly



sending the physical system that realizes it, while the
original quantum sate is destroyed by the measurement,
hence not violating the no-cloning theorem. Since the
sending and receiving parties generally do not know the
teleported state, QT is closely related to QKD and can
be seen as a quantum encryption (Gisin et al., 2002).
In practice, when entangled resource and device perfor-
mance are not perfect, the receiver obtains an imperfect
copy of the teleported state and the quality of QT is
characterized by fidelity (overlap) F between the states.
Successful (true) QT then should demonstrate fidelity
higher than what can be achieved by the best classical
strategy, e.g., by quantum state measurement and recon-
struction, in the qubit case limited by F = 2/3. QT was
first tested using polarization photon states (Boschi et al.,
1998; Bouwmeester et al., 1997) and later extensively de-
veloped and advanced (see (Hu et al., 2023; Pirandola
et al., 2015a) for recent reviews), also toward CV realiza-
tions, which can offer unconditional teleportation, as we
discuss in Sec. IV.

There are many more protocols and cryptographic
primitives, reportedly enabled or enhanced by quantum
effects compared to their classical counterparts. The in-
terplay between some of the protocols is yet to be fully
clarified in the ongoing development of quantum com-
munication. The above-given introduction nevertheless
provides a basis for discussion of the major CV quantum
communication schemes in the next sections. Before we
proceed, we first recapitulate the basic notions from CV
quantum information along with the major properties of
the CV quantum states that are useful for quantum com-
munication protocols.

C. Continuous-variable quantum systems

CV quantum systems are defined on infinite-
dimensional Hilbert spaces, and described by observ-
ables with continuous eigenspectra (see (Braunstein and
Van Loock, 2005) and (Weedbrook et al., 2012a) for re-
views). A radiation mode k of the quantized electromag-
netic field is represented by a harmonic oscillator with
frequency wy, and the Hamiltonian Hy, = hwk(dzdk—l—l/Q),
where dL and aj are the creation and annihilation oper-
ators of the mode k. Setting h = 2, we define the di-
mensionless quadrature operators &) and pr of the field
in the mode k as the real and imaginary parts of the
creation and annihilation operators, ar = (& + ip)/2
and al, = (& — ip)/2, from which follows 2y = a, + ay
and pr = z(dl — ag). Following the commutation rela-
tions for the bosonic operators, [&lT, dm] = dm, We obtain
[Z1, Pm] = 2id1m. The conjugate quadrature operators
I, Pr of mode k then have the meaning of position and
momentum of the harmonic oscillator associated with
this mode.

By introducing the variance of an operator as
V(A) = ((AA)?) = (A?) — (A)?, where AA = A — (A)

is deviation from the mean, we obtain the Heisenberg
uncertainty principle for quadrature operators in mode
k as V(2r)V(pr) > 1. In our notations the quadrature
variance of a vacuum state is equal to 1, which defines
the shot-noise unit (SNU).

For an N-mode state we can arrange the
quadrature  operators into a column  vector
t = {&1,p1,-.-,2n,0n} . The commutation rela-
tions can be then expressed as [#;,7;] = 2i§);; through
the elements of the symplectic form

a-oit(° 4). (1)

A CV quantum state with a density matrix p can be
represented in phase space by means of the Wigner func-
tion, which is the (quasi-)probability distribution for the
dimensionless quadrature observables introduced earlier
and can be written through the eigenstates of the quadra-
ture operators as

W(e.p) = oy [ (@ —sldle+9)ea¥y (2

for z,p € RY. The first statistical moments (mean
values) of quadratures define the displacement vector
F = (&) = Tr[pr]. The second moments form the co-
variance matriz v with elements

Yo = 5 UARARY), 3)

where {-} is the anti-commutator. The diagonal elements
of the covariance matrix then give the quadrature vari-
ances of a particular mode i as v;; = (#2) — (f;)?, while
the off-diagonal elements represent the quadrature cor-
relations between the modes. The uncertainty principle
can be generalized in terms of the covariance matrix as
v 4+ 42 > 0, which can be seen as a condition on the
physicality of a state represented by a covariance matrix
.
Alternatively, to the phase-space representation, the
CV states can be represented in the Fock (number) ba-
sis, composed by the eigenstates of the photon-number
operator, 7 = a'a, such that 7i|n) = n|n). The number
basis {|n)}5° then spans the infinite-dimensional Hilbert
space of a given mode.

1. Gaussian quantum states

An important class of CV states are the states for
which the Wigner function is Gaussian (see (Weedbrook
et al., 2012a) for a review on Gaussian quantum informa-
tion) and can be then represented through the displace-
ment vector T and the covariance matrix v as

1 )Ty~ (r—F)

W)= o e ¢



for r € R?V and where det stands for determinant
of a matrix. Importantly, Gaussian states are then
explicitly described by the first (displacement vector)
and second (covariance matrix) moments of quadratures,
which largely simplifies the analysis of those infinite-
dimensional states.

The typical example of a Gaussian state, commonly
used in CV quantum information, is the coherent state,
which is an eigenstate of the annihilation operator,
dla) = ala), with a generally complex eigenvalue «. In
the Fock basis, a coherent state is then represented as

Z fln (®)

Coherent states are characterized by the quadrature
mean values Teon = {2Re(),2Im(a)} and the 2 x 2
diagonal covariance matrix yeon = diag(1,1). The vac-
uum state can be then seen as the zero-mean coherent
state with Teon = {0,0} yet the same covariance matrix
YWae = diag(1l, 1), containing variances of 1 SNU for ei-
ther of the quadratures. Note, that a coherent state is
a minimum-uncertainty state, saturating equality in the
Heisenberg principle, V(Zx)V (px) = 1. The mean pho-
ton number of a coherent state, obtained as the mean of
the photon-number operator 7 = a'a, is (A)con = |af?.

A Gaussian (quadrature-)squeezed state is also a
minimum-uncertainty state, but with different quadra-
ture variances, which is reflected in the covariance ma-
trix vsq = diag(e 2", e%*"). Assuming r > 0 so that
the Z quadrature is squeezed and denoting the squeezed
quadrature variance Vg = e~ ", Vg < 1, we obtain the
covariance matrix ysq = diag(Vg,1/Vg), where the p
quadrature with variance Vg > 1 is anti-squeezed (the op-
posite situation with p quadrature squeezing is obtained
at r < 0). The displacement of squeezed states can be
zero (squeezed vacuum states) or non-zero (squeezed co-
herent states).

A thermal state is a Gaussian state with a diagonal
covariance matrix vy, = diag(V, V') so that the variances
of both quadratures are V' > 1 and the state does not
have the minimum uncertainty. The quadrature variance
V is related to the mean photon number of a thermal
state as V' = 2(f)tn, + 1. A thermal state with zero mean
photons reduces to the vacuum state with V' = 1.

Introducing the Gaussian purity, expressed through
the determinant of the covariance matrix as pu =
1/+/det~y (Paris et al., 2003), we notice that coherent
and squeezed states are pure with y = 1, while a thermal
state is not.

The two-mode squeezed vacuum state (TMSV) is an
entangled two-mode Gaussian state, which, in the Fock
representation, is given by

oo

M=V Y (-

n=0

A)"[n, ), (6)

where the state parameter )\ is expressed through the
squeezing as A = tanhr and |n, n) represents the number

state with the same number of photons n in each of the
two squeezed vacuum modes. TMSV states have zero
displacement and their two-mode covariance matrix reads

. VI VV2Z—1Z (7)
YTMSV = VVIZ-1z VI )

where the quadrature variance V' = cosh 2r. Each of the
two modes of a TMSV state is in a thermal state (after
tracing out another mode), which is mixed, yet the over-
all two-mode state is pure with det(yrmsy) = 1. It can
be therefore seen as a purification of a single-mode ther-
mal state. TMSV states are quadrature-entangled, pro-
viding maximum entanglement for the given mean pho-
ton number. In the limit of infinite squeezing r — oo
with perfect correlation (anti-correlation) between & (p)
quadratures in each of the modes, TMSV states become
equivalent to an EPR pair in quantum mechanics (named
after the famous Einstein-Podolsky-Rosen paradox) and
are sometimes also referred to as CV EPR states.

2. Gaussian operations

In the description and analysis of CV quantum commu-
nication, we will largely rely on the physical operations
on CV Gaussian states that preserve their Gaussianity
(hence, the Gaussian character of the Wigner function).
Those operations, referred to as Gaussian ones (Weed-
brook et al., 2012a), are described in the Heisenberg pic-
ture by affine maps of the form (S,d) : &+ — St + d with
d € R?YN and S being a 2N x 2N real matrix. Preserva-
tion of the commutation relations implies that the trans-
formation is symplectic, hence SQST = Q. Then the ac-
tion on the quadrature moments is given by ¥ — ST 4+ d
and v — SvST.

Displacement operation is a single-mode Gaussian uni-
tary defined as the Bogolyubov transformation a —
a + «. It transforms the quadrature operators accord-
ingly as r — T 4 d, through the displacement vector
do = {2Re(®),2Im()}, therefore shifting the quadra-
ture mean values by the elements of the displacement vec-
tor and leaving the covariance matrix unchanged (hence
the transformation matrix S, = I is the 2 x 2 identity
matrix, I = diag(1,1)). The coherent state can be ob-
tained by a displacement operation acting on a vacuum
state.

Phase rotation, another single-mode Gaussian unitary,
being the Bogolyubov transformation @ — e?a, trans-
forms the quadratures as & — Spf and is characterlzed
by zero displacement and the transformation matrix

S, — (_coge Sin9> . ()

sinf cos 6

Single-mode squeezing is represented by the transforma-
tion @ — a cosh r—a' sinh r with the squeezing parameter
r € R, which is equivalent to mapping ¥ — S, with

S, — <60r f) )



Squeezed states can then be obtained by the action of
the single-mode squeezing operation on a vacuum or a
coherent state.

Beam splitter transformation is a two-mode Gaussian
unitary, characterized for the modes 1 and 2 with opera-
tors a1 and as by the Bogolyubov transformation

ar\ VT V1=T)\ (di (10)
do —1-T T as )’
where the coupling ratio VT defines the transmittance T
and reflectance 1 — T of the beam splitter. Equivalently,
the two-mode quadrature vector #12 = {&1,p1, %2, P2}’

is transformed as ri5 — Str12 with the transformation
matrix

VTT /1= T]I) ' (11)

St = <—mﬂ VT

Finally, the two-mode squeezing operation on the modes
1 and 2 is defined by a4; — a1 coshr + dg sinhr and
G — agcoshr + dJ{ sinh 7 through the two-mode squeez-
ing parameter r € R. The respective transformation for
the quadrature vector ri5 then reads 15 — So,T'12 with
the transformation matrix for the two-mode squeezing

coshrl sinhrZ
Sor = (sinh rZ cosh r]I> ’ (12)

where the Pauli matrix Z = diag(1,—1). TMSV states
can then be obtained by the two-mode squeezing opera-
tion acting on a two-mode vacuum state.

3. Gaussian channels

In CV-QKD, the most typical communication scenario
is an optical fiber, which is a specific type of bosonic
Gaussian channel. A Gaussian channel is a completely-
positive trace-preserving map & transforming Gaussian
states into Gaussian states. In particular, a single-mode
Gaussian channel can be represented by the following
transformations on the first two statistical moments, T
and -y, of an input Gaussian state

f—Tr+d, v— TyTT +N, (13)

where d is a 2-dimensional displacement vector, while the
2 x 2 transmittance matrix T and noise matrix N satisfy
the properties N7 = N > 0 and det N > (det T — 1)2.
A single-mode Gaussian channel can be reduced to a
‘canonical form’ for which d = 0 and the matrices above
take diagonal expressions (Weedbrook et al., 2012a). The
most important form is certainly the thermal-loss chan-
nel, which is characterized by T = V7TI and N =
(1 -T)(2an + 1)I. Here the transmittance T represents
the fraction of photons surviving at the output of the
channel, while the thermal noise 7y describes extra ther-
mal photons that are injected into the channel from the

external environment (this noise is often rewritten in the
form of excess noise as we discuss later).

The dilation of a thermal-loss channel is a beam split-
ter transformation with the same transmittance T', where
the environmental port is used to inject ny thermal pho-
tons. By purifying the environmental thermal state, it is
further dilated into an entangling cloner, where one mode
of a TMSV state is injected into the beam splitter. This
is what forms the entangling cloner attack, discussed in
Sec. II1.B.2.

Other relevant canonical forms of a single-mode Gaus-
sian channel are the quantum amplifier and the additive-
noise channel. However, these forms play a minor role in
QKD communications, where loss is always present. In
general, any canonical form can be dilated into a collec-
tive Gaussian attack (Pirandola et al., 2008a).

4. Coherent detection

The quadrature observables are measured by means of
coherent detection, which, for a single-quadrature mea-
surement, is called homodyne detection and is the major
detection type used in CV quantum information. This is
in contrast to the DV protocols, which are largely based
on direct photodetection either using avalanche photo-
diodes, working in the Geiger mode, and registering the
presence of an incoming signal on a single-photon level, or
using photon-number resolving detectors. Homodyne de-
tection results in the value x or p of the & or p quadrature
respectively and is therefore a projective measurement
on the infinitely-squeezed eigenstates of the quadrature
operators, |z) or |p). The quadrature probability distri-
butions are the marginal integrals of the Wigner function
over the complementary quadrature,

P(x) Z/RW(JC,p)dp,P(p)=/RW($U,p)dw- (14)

In practice, homodyne detection is realized by coupling
an incoming signal mode s with another mode, which
is in a strongly displaced coherent state (referred to as
the local oscillator, LO), on a balanced beam splitter
(hence, T' = 1/2), see Fig.2(a). The two output modes
of the beamplitter are individually measured by two pho-
todetectors, which produce photocurrents proportional
to the number of incoming photons. Those photon num-
bers are then subtracted and the resulting quantity is
proportional to the value of a quadrature, defined by
the phase of the LO. Indeed, by transforming the field
operators of the signal mode as and the LO apo after
the balanced beam splitter (10) as a’ = (a, + aro)/V2,
aLo = (—as+aro)/v/2 and parametrizing the strong co-
herent LO as a0 = ar,0e'®, where a0 € R and ¢ is the
LO phase, we obtain that the photon number difference
between the beam splitter outputs is d’ld’s — c{’}:od’Lo =
ataroe’® + aaroe . Hence, by setting either ¢ = 0
or ¢ = 7/2 one can detect either & or p quadrature ob-
servables of the single mode, thereby compensating the
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FIG. 2 Left (a): homodyne detection of an incoming signal in
mode s, based on a balanced coupling with the local oscillator
LO and subsequent subtraction and scaling of the signals from
the photodetectors (given in grey), resulting in the measured
value of an &5 or ps quadrature observable of the signal; Right
(b): heterodyne (double homodyne) detection of an incoming
signal in mode s, based on a generally unbalanced splitting
coupling to a vacuum mode vac with transmittance Thet and
subsequent measurement of the Znet and pret quadrature ob-
servables, being the linear combinations of the quadratures in
modes s and vac, by the homodyne detectors on the outputs
of the beam splitter (given in blue). The LO modes and the
structure of each of the two homodyne detectors (balanced
coupling to LO, photocurrent difference scheme), are omitted
for simplicity.

photon-number fluctuations of the signal and the LO.
Moreover, by continuously changing the phase of the LO
one can perform state tomography and reconstruct the
Wigner function (2). In the case of an N-mode system
the probability distribution of a measured quadrature
(14) is obtained by integrating the Wigner function over
the complementary quadrature in the same mode and the
quadratures of all other N—1 modes. The covariance ma-
trix of the conditional state of the residual N — 1 modes
of system A after knowing the outcome ¢p € {zp,pp} of
a g € {#p,Pp} quadrature measurement on the single-
mode system B is given by (Eisert et al., 2002; Fiurasek,
2002)

Valgs =4 — 0a,58(QvQ)M ok 5, (15)

where 74 and yp are the covariance matrices of the sub-
systems A and B, 04 p is the correlation matrix between
the subsystems A and B before the measurement, so that
the state of the overall N-mode system AB before the
measurement is characterized by the covariance matrix

ap = ( " “AB) (16)

OA,B B

(note, that the covariance matrix can be always rear-
ranged so that a single-mode system B resides in mode
N), M P stands for the Moore-Penrose (pseudo-)inverse
of a generally singular matrix, and matrix @ = diag(1,0)
for the Zp quadrature measurement and @ = diag(0,1)
for the measurement of the quadrature ppg.

A homodyne measurement yields the value of the mea-
sured quadrature, while being fully uninformative about
the complementary one. As an alternative, the hetero-
dyne detection (also referred to as the double homodyne
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detection), which projects the measured state on a coher-
ent one, yields information on both of the complementary
quadratures in the measured mode, while being limited
by the uncertainty principle. In practice, the heterodyne
measurement is realized by a balanced splitting of a sig-
nal mode on a beam splitter with 7' = 1/2 and then & and
p quadrature homodyne measurements on the outputs of
the beam splitter (set by the phases of the respective LO
beams). The conditional state of a subsystem A of a
generally N-mode system AB after the heterodyne mea-
surement on the single-mode subsystem B is then given
by (Weedbrook et al., 2012a)

Yalzp,ps = YA — 04,B(VB + ]I)MPUE’B. (17)

Heterodyne measurement can be generally unbalanced,
which is set by the beam splitter transmittance Tiet,
as shown in Fig. 2(b). The quadratures measured
on the beam splitter outputs are then the linear com-
binations of the input quadratures according to (10)
and read fneq = VThet-%s +v1- ThetTvac and ﬁhet =
V1 —=ThetPs + VIhetPvac, Where Zyac, Prvac are the
quadratures of the vacuum mode. The variances of the
measured quadratures are then equal to Thet V¥ +1—Thet
and (1—Thet) VP 4 Thet, where Vs{z’p 4 are £ and p quadra-
ture variances of the signal, combined with the frac-
tions of vacuum noise, which can be seen as a penalty
for the simultaneous measurements of the complemen-
tary quadratures. The covariance matrix of a generally
N-mode state conditioned on the generally unbalanced
heterodyne measurement can be obtained by introducing
the vacuum state in mode N + 1, splitting the measured
mode N with this vacuum mode with the ratio Tje¢ and
double application of the conditioning (15) on &- and p-
quadrature measurements in modes N, N + 1.

D. Continuous-variable quantum information theory

The outcomes of the measurements on continuous-
variable states are typically discretized and repre-
sented by discretely distributed classical random
variables. Information contained in such variable
X, which takes values from the support (encoding
alphabet) X with the probability distribution p(X)
is well known to be defined by the Shannon en-
tropy H(X) = = yexpP(X)logp(X). We omit
the logarithm base here, but further, with no loss
of generality, we take logarithms for the entropic
measures base two and quantify the information in
Shannon units or bits. Similarly, joint H(X,Y) =
=22 xexyeyP(X,Y)logp(X,Y) and  conditional
H(X]Y) = _ZZXGX,YEYP(X» Y)log [p(X,Y)/p(Y)]
entropies can be defined by adding the random
variable Y with support Y and with individ-
ual p(Y) and joint p(X,Y) probability distribu-
tions. The mutual entropy H (X Y), which we
will refer to as the mutual information Ixy =

=2 2 xexyey P(X,Y)log (p(X,Y)/[p(X)p(Y)]) =



HX)-HX|Y)=H(Y)-HY|X)=H(X)+H(Y) -
H(X,Y) quantifies the capacity of a classical channel
with discrete input and output X and Y.

Theoretical evaluation of properties of continuous-
variable states can be efficiently performed by consider-
ing the observables as continuously distributed random
variables. For such a variable X with the probability
density function f(X) on support X, the information
contained in this Variable is characterized by the differ-
ential entropy h = — Jx f( log f( )d:z: Similarly,
the conditional h X|Y = —fXY x,y)log f(x|y)dxdy
entropy can be defined with continuous variable Y
on Y with f(y) and conditional density function
flzly) = f(x,y)/f(y), expressed through the joint
density function f(z,y). The mutual information be-
tween the continuous variables X,Y is then Ixy =
— [ fla,y) log [ (@, y)/ [ (@) f ()] ddy.

For a Gaussian- dlstributed random variable X with
variance Vx the integration of differential entropy sim-
plifies to H(X) = 3 log Vx + C, defined up to a constant
C'. Similarly, the conditional entropy on variable Y with
variance Vy becomes H(X|Y) = $log Vyy + C, where
the conditional variance Vyy = Vx — C%y /Vy is ex-
pressed through the correlation (covariance) Cxy = (xy)
between the values x,y of the variables X,Y. Then the
mutual information for two Gaussian random variables
Ixy = %log [(VxVy)/(VxVy — C%y )] is independent of
the scaling and can be equivalently expressed as

Vx 1 Vy
log = —log —. 18
Vxiy Wy ix (18)

Ixy =

The amount of information contained in a quantum
state with density matrix p is given by the (quantum) von
Neumann entropy S(p) = —Trplog p. The von Neumann
entropy of a pure state is then 0, while a thermal state
maximizes the von Neuman entropy at the given mean
photon number. The quantum entropy can be extended
to definitions of conditional, joint and mutual entropies,
similarly to the classical case.

If a classical discrete random variable X with support
X and probability distribution p(X) is encoded by the al-
phabet of quantum states p(X), then the information on
X, which can be extracted from the measurements of the
resulting quantum ensemble with outcomes Y is upper
limited as Ixy < x(P(X),p(X)) by the Holevo bound
(also referred to as the Holevo information or Holevo
quantity):

X(P(X), p(X (Zp X)) = p(X)S((X)).
X
(19)

For continuously distributed classical random variables
the sums in the expression (19) turn into integrals over
the continuous support of the random variable X.

If we consider a classical, generally noisy channel A,

which maps the input X to the output Y, X ﬂ> Y, then
the channel capacity is given by the mutual information
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Ixy maximized over all possible input sets X. Similarly,
the classical capacity of a memoryless quantum channel
M, independently mapping quantum input states to the
output ones, p(X) M, M[p(X)], is given by the Holevo
bound x(P(X), M[p(X)]), maximized over all possible
sources p(X), p(X).

By choosing the orthogonal basis |¢), in which the den-
sity matrix of a state is diagonal, p = >, A;[)(¢], the
von Neumann entropy can be expressed as the Shannon
entropy of the eigenvalues \;, S(p) = — >, A;log A;. For
Gaussian states such diagonalization can be performed
in terms of the covariance matrix v by applying a sym-
plectic transformation S such that

R

k=1

S~yST

where {A;} are the symplectic eigenvalues of the covari-
ance matrix v and the diagonal matrix v® is referred to as
the Williamson form of the covariance matrix (following
the Williamson theorem (Williamson, 1936), proving that
the diagonalization is always possible for any 2N x 2N
real positive-definite matrix). The symplectic eigenval-
ues can be found as the eigenvalues of the matrix |i{2y|
and define the von Neumann entropy of a state with the
covariance matrix v as (Serafini et al., 2004)

N
w:ZG(Ai;l), (21)

where G(z) = (x + 1)log (x + 1) — xlog « is the bosonic
entropy function (Serafini et al., 2005). A symplectic
transformation therefore represents a Gaussian state as a
direct product of thermal states with variances \;, whose
entropies are then expressed through the mean photon
numbers 7; and sum up to the von Neumann entropy of
the whole state.

Having defined the CV quantum states, their observ-
ables, typical measurements, operations, and information
quantities, we can proceed to the description of CV quan-
tum communication, starting with the major application
of quantum key distribution.

I1l. CONTINUOUS-VARIABLE QUANTUM KEY
DISTRIBUTION

The idea to use quadrature observables measured by
homodyne detection for QKD was first stated in (Ralph,
1999b) using simple binary encoding and analyzed in
terms of the quantum bit error rate (QBER) introduced
by an eavesdropper while intercepting the key bits. While
using coherent signal states was shown inefficient within
this framework, the EPR correlations obtained by cou-
pling two displaced squeezed states, subsequently sent
to the remote trusted party after a random time delay
on one of the beams, can be advantageous in protecting
the key bits against practical attacks, resulting in higher



QBER for each intercepted bit. The use of modulated
single-mode squeezed vacuum states for CV-QKD was
suggested in (Hillery, 2000) to overcome the vulnerability
of the binary-encoded coherent-state protocol to practical
attacks such as the beam splitting or intercept-resend at-
tack, when an eavesdropper measures the incoming signal
and then re-sends the modulated signal according to the
measured results. The security of the scheme was gener-
alized in (Gottesman and Preskill, 2001) using quantum
error-correcting codes for encoding qubits in the infinite-
dimensional Hilbert space of the CV quantum systems.
The possibility of using entangled CV states prepared
using modulated coherent states entering a nondegen-
erate parametric amplifier and measured separately by
the trusted parties for binary CV-QKD was discussed
in (Reid, 2000) considering practical eavesdropping at-
tacks.

The distribution of continuous Gaussian keys was first
proposed using squeezed states in (Cerf et al., 2001).
This all-continuous CV-QKD protocol allowed evalua-
tion of information shared between the trusted parties
and leaking to an eavesdropper upon Gaussian individ-
ual attacks (which we discuss in Sec. II1.B) using the
above-described formalism of Gaussian quantum infor-
mation. The Gaussian CV-QKD protocol using experi-
mentally more feasible coherent states was subsequently
proposed in (Grosshans and Grangier, 2002), known as
GGO2 protocol, and was also shown secure against in-
dividual attacks at channel transmittance above 50%.
To overcome this limitation, the coherent-state CV-QKD
protocol using post-selection was proposed in (Silberhorn
et al., 2002b). Alternatively, the use of reverse reconcil-
iation was shown to provide theoretical security of the
coherent-state protocol at any level of channel attenua-
tion in (Grosshans et al., 2003b). This result indicated
the practical feasibility of CV-QKD and led to its rapid
development and implementation, while defining the ba-
sic principles of Gaussian CV-QKD. However, the appli-
cability of the protocols was still largely limited by the
post-processing (error correction) efficiency for Gaussian-
distributed data (Lodewyck et al., 2007), which we dis-
cuss in detail in Sec. III.LE. In order to overcome this
limitation, discrete-modulated (DM) CV-QKD was pro-
posed in (Leverrier and Grangier, 2009). The subsequent
development of CV-QKD then continued along the lines
of Gaussian/DM protocols, toward improving their appli-
cability and security, as we discuss in the next sections.

A. CV-QKD protocols

A generic CV-QKD protocol between two trusted par-
ties, which are traditionally denoted as Alice (A) and Bob
(B), consists of the following major steps, as illustrated
in Fig. 3:

1. State preparation. Alice generates random
data sequences (strings) xn1, pm, containing key
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values to be encoded in the modulated quan-
tum states!. Those random values are either
taken from the zero-centered Gaussian distribu-
tions N(0,V,),N(0,V,) in case of the Gaussian
protocols, or follow a discrete modulation profile
(binary, quaternary or more complex constellations
with different probability distributions). Alice then
prepares a signal state (coherent or squeezed) and
applies displacement to one or both of the quadra-
tures, depending on a particular protocol. In
a standard Gaussian scheme (e.g., GG02), Alice
modulates the signal up a symmetrical thermal
state, but asymmetrical modulation profiles are
also possible as we discuss below. Alice verifies
the modulation by monitoring the modulated signal
(tapping off a part or switching to fully measuring
it with her local detector).

2. State distribution. The modulated states are
sent to the receiving party, Bob, through a quan-
tum channel, which is assumed to be fully con-
trolled by an eavesdropper, Eve.

3. State measurement. The remote (receiving)
party, Bob, performs the detection of the incoming
signal, using homodyne or heterodyne detection,
hence obtaining data sequences xg, pg. In case of
the homodyne detection, Bob randomly switches
between measuring & and p quadratures. This case
implies the necessity of a key sifting (bases rec-
onciliation) procedure, where Alice and Bob keep
the data, encoded in and decoded from the same
quadratures. The state measurement concludes the
quantum phase of the protocol.

4. Post-processing. In the post-processing stage,
the trusted parties perform all necessary procedures
with the classical data encoded and obtained from
the measurements. This typically includes error
correction, when a reference trusted party sends
the correcting trusted party the syndromes of their
data, which are compared and the respective data
is discarded in case of mismatch or kept otherwise.
The case, when Alice, who is the sender of the
quantum signals, is also the reference side of the
error correction, sending her syndromes to Bob, is
called direct reconciliation (DR). The opposite sit-
uation, when Bob is the reference side of the error
correction, is referred to as the reverse reconcilia-
tion (RR). Further in the post-processing stage the
trusted parties also typically perform the parame-
ter estimation, by estimating the relevant parame-

1 We omit discussion of random number generation for QKD and
other quantum communication tasks as it goes beyond the scope
of this review. Quantum random number generators (particu-
larly, based on continuous variables) can be used for this purpose,
as reviewed in (Herrero-Collantes and Garcia-Escartin, 2017)
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FIG. 3 Generic P&M CV-QKD scheme. Alice generates a
signal state using the Source, applies the displacement ac-
cording to the pre-generated data xas, pas on the Modulator,
and sends the modulated states through the Quantum chan-
nel to the remote party Bob, who performs the heterodyne
detection with balancing Thets, obtaining his data from the
measurement of Zp,pp. The trusted parties then use the au-
thenticated Classical channel to perform error correction and
privacy amplification.

ters of their states and the quantum channel. This
allows the trusted parties to bound the information
leaked to the eavesdropper Eve. Depending on the
protocol and implementation, the parameter esti-
mation can be performed either after or before the
error correction. The trusted parties can also ap-
ply post-selection on their data, as we discuss in
Sec. III.E.3. Finally, they perform privacy amplifi-
cation in order to minimize the information on the
key, which is available to Eve. This procedure re-
sults in the secret keys, which are ideally identical
and completely unknown to the eavesdropper. We
discuss the post-processing procedures in detail in
Sec. IILE.

The scheme, described above, in which Alice prepares the
modulated signal states according to her pre-generated
data, and Bob performs the detection, to obtain his mea-
sured data, is the P&M version of CV-QKD. Alterna-
tively and equivalently, Gaussian CV-QKD protocols can
be implemented so that both of the trusted parties are
measuring respective parts of a bi-partite entangled state
- typically a TMSV in the case of symmetrical modula-
tion, while a more advanced entangled state preparation
is needed for asymmetrical modulations, as we discuss
below and summarize in Table III. Such EB realization
of CV-QKD is shown in Fig. 4 for the standard (generic)
Gaussian protocols. In this case, the state preparation
consists of generating an entangled state and Alice is also
performing a measurement (homodyne or heterodyne) on
her side to obtain her data sequences. The non-Gaussian
DM protocols can be equivalently approximated by the
EB schemes. Since Eve ideally cannot distinguish be-
tween P&M and EB versions of the protocols, the lat-
ter became not only a technical alternative, but also an
ansatz for theoretical security analysis, as we discuss in
Sec. III.B.

While being harder to implement in practice, EB CV-
QKD can have several advantages. First of all, there is
no need to pre-generate the random keys in the case of
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Classical channel

FIG. 4 Generic EB CV-QKD scheme. Alice generates a two-
mode entangled state using the source EPR (a TMSV state in
practice), performs the heterodyne detection on her mode A
with balancing Theta, obtaining her data from the measure-
ment of £4,p4 and sends the mode B through the Quantum
channel to the remote party Bob, who performs the hetero-
dyne detection with balancing Thets, obtaining his data from
the measurement of g, pg. The trusted parties then use the
authenticated Classical channel to perform error correction
and privacy amplification.

an EB protocol, as the data sequences are obtained from
the measurements and their randomness is provided by
the stochastic nature of the quantum measurement. Sec-
ond, the trusted parties directly characterize the bipartite
state, shared over the quantum channel, which simplifies
the parameter estimation and the evaluation of the in-
formation leakage. Otherwise, in the P&M protocol, the
trusted parties generally have to derive an equivalent en-
tangled state in order to perform the security analysis of
the protocol, as we discuss in Sec. II1.B. Finally, strongly
nonclassical features of the entangled states can provide
better efficiency and robustness of the protocols, com-
pared to the P&M realizations based on coherent states,
as we discuss in Sec. II1.C.4. Nevertheless, coherent-state
P&M protocols remain more technically feasible and are
a standard choice for current CV-QKD implementations.

Note, that the schemes in Fig. 3 and 4 represent the
conceptual design of the CV-QKD protocols. They omit
essential technical details, in particular, the signal mon-
itoring on the sender side and the LO beams needed for
the homodyne detectors. The details of the practical re-
alization are discussed in Sec. III.C.

1. Coherent-state protocols

The aforementioned GG02 protocol (Grosshans et al.,
2003b) is based on symmetrical Gaussian modulation in
both quadratures of coherent states and subsequent ho-
modyne detection on the receiving side, hence Bob is ran-
domly switching between the quadrature measurements
by choosing Thets = {0,1}. This implies key sifting
to be performed by Alice and Bob. The no-switching
protocol (Weedbrook et al., 2004) is similarly based on
symmetrical Gaussian modulation of coherent states and
heterodyne detection at Bob’s side (Thetp = 1/2) and
does not require key sifting, as key bits are obtained
simultaneously from both of the quadratures. Impor-
tantly, the phase-space symmetries of the no-switching



protocol enable the most general security proofs for this
type of protocol (finite-size composable security against
general attacks) (Leverrier, 2015), while most of the
other CV-QKD protocols rely on the security against
collective attacks, taking into account some finite-size ef-
fects, as we discuss in Sec. III.B. The uni-dimensional
(UD) coherent-state CV-QKD protocol (Usenko and
Grosshans, 2015) uses Gaussian modulation in one of the
quadratures and homodyne detection of the same (note,
that measurement of the unmodulated quadrature is still
needed for parameter estimation). The DM coherent-
state protocols (Leverrier and Grangier, 2009) assume
a whole plethora of discrete, non-Gaussian modulation
profiles and homodyne or heterodyne modulation. The
security and performance of those schemes will be dis-
cussed in detail in Sec. III.B.

2. Squeezed-state protocols

The first Gaussian CV-QKD protocol (Cerf et al.,
2001) is based on the symmetrical Gaussian modula-
tion of squeezed states, when Alice randomly switches
between squeezing of two orthogonal quadratures and
applies Gaussian modulation to the squeezed one. Bob
then performs homodyne detection by switching between
Thets = {0, 1} and the trusted parties perform bases rec-
onciliation, keeping those elements of the key that were
modulated and measured in the same squeezed quadra-
ture. With certain adaptations and thanks to the intrin-
sic symmetry, the squeezed-state homodyne-detection
protocol also enables composable security against gen-
eral attacks (Furrer et al., 2012), as we discuss in Sec.
III.B. The squeezed-state protocol with heterodyne de-
tection is also possible, but was shown to be theoreti-
cally sub-optimal (Garcia-Patron, 2007) in the asymp-
totic regime, as it does not benefit from measurement
of the anti-squeezed quadrature, while containing the
vacuum noise from the balanced coupling of the het-
erodyne detection. However, heterodyne detection may
become useful in the finite-size regime, where measure-
ment of the anti-squeezed quadrature may improve the
parameter estimation and the resulting key rate (Oru-
ganti et al., 2025). The Gaussian UD protocol can also be
extended to squeezed signal states (Usenko, 2018). Signal
squeezing was shown helpful to improve the robustness of
the protocols to channel noise (Garcia-Patron and Cerf,
2009), especially when additional modulation of squeezed
states beyond the level of anti-squeezing is used (Madsen
et al., 2012) (as we discuss in detail in Sec. III.C.4), and
to inefficient post-processing (Usenko and Filip, 2011).
Squeezed signal states can also be used to perform DM
CV-QKD (Denys et al., 2021), but this avenue, up to the
best of our knowledge, has not been explored in practice.
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3. Entanglement-based protocols

Entanglement-based Gaussian CV-QKD protocols as
shown in Fig. 4 are generally equivalent to the P&M
ones (Grosshans et al., 2003a). A conceptual difference
occurs when an entangled source is placed in the middle
of the channel (Weedbrook, 2013) (the scheme, accord-
ingly referred to as entanglement-in-the-middle). How-
ever, the presence of the channel in both arms of the
entangled state makes the protocol effectively combine
DR and RR scenarios and limits the tolerable channel
transmittance, as we discuss in Sec. III.B.6.

4. Two-way protocols

CV-QKD can be extended to the two-way protocols
when one of the trusted parties (e.g., Bob) prepares the
modulated coherent or squeezed state, and sends it to
another trusted party (respectively, Alice) through an
untrusted quantum channel, Alice then performs addi-
tional modulation on the state and sends it through the
same quantum channel back to Bob, who performs homo-
dyne or heterodyne detection. The main variants of the
two-way CV-QKD protocols, both P&M and EB, were
introduced in (Pirandola et al., 2008c). Later extensions
involved its realization at different wavelengths (Weed-
brook et al., 2014). These protocols enable higher robust-
ness to channel noise compared to one-way protocols.

5. Measurement-device independent protocols

CV quantum states and homodyne detection can be
used to implement MDI protocols, as first demonstrated
in (Pirandola et al., 2015b) (see Fig. 5). Alice and Bob
independently perform state preparation (signal state
generation and modulation) on their sides, encoding their
key data. The modulated signal travels through the
quantum channels to a middle station (relay), where the
signals are interfered, and detected in complementary
quadratures (this is also known as CV Bell measurement,
first proposed in the context of CV quantum teleporta-
tion (Braunstein and Kimble, 1998) as discussed in Sec.
IV.F). The detection results are broadcast, which al-
lows Alice and Bob to establish correlations between their
data and perform error correction, parameter estimation,
and privacy amplification. The measurement in this case
can be fully controlled by Eve, because its imperfections
are attributed to the channel. Simultaneously, this makes
the protocol sensitive to device imperfections and the
configuration with the relay in the middle is the least
optimal as we discuss in Sec. II1.B.6.

6. Thermal-state protocols

In CV-QKD, while typically pure coherent states are
used, studies have shown that “noisy” thermal states are
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FIG. 5 CV-MDI-QKD scheme. Alice and Bob generate their
signal states using each their own source (SA and SB) and
perform modulation to encode their data on a respective mod-
ulator (MA and MB). The modulated signal travels through
the quantum channels (QCA and QCB) to the middle sta-
tion, where they are coupled on a balanced beam splitter with
transmittance 1/2, the outputs Z_ and p; are measured and
classically broadcasted. The trusted parties then use the au-
thenticated classical channel to perform error correction and
privacy amplification.

also viable. Initial research (Filip, 2008; Usenko and
Filip, 2010) demonstrated their effectiveness with RR
and signal purification. Other studies (Papanastasiou
et al., 2018; Papanastasiou and Pirandola, 2021; Weed-
brook et al., 2014, 2010, 2012b) showed that thermal
states could be directly employed in CV-QKD (with-
out input purification). This led to extending CV-
QKD to longer wavelengths. In this context, (Otta-
viani et al., 2020) explored the use of the terahertz spec-
trum for short-range terrestrial communications. Finally,
the composable finite-size security of microwave wireless
communications was shown in (Pirandola, 2021a).

B. Theoretical security

Theoretical security of QKD protocols relies on the set
of assumptions, made about the protocol implementation
and the capabilities of an eavesdropper. The underlying
assumption of any security proof is that the trusted par-
ties properly follow the protocol steps. However, devia-
tions from a perfect implementation are unavoidable in
practice and should be properly taken into account as we
discuss in Sec. III.D. Theoretical security then first fo-
cuses on eavesdropping attacks in the quantum channel,
which is assumed to be fully controlled by an eavesdrop-
per. In addition, implementation-specific attacks can tar-
get and exploit practical device imperfections and side
channels. The attacks in the quantum channel follow the
general scenario of Eve preparing her ancillary states,
performing interaction of the ancillae with the quantum
signal states, sent through the channel, and measuring
the ancilla states to obtain the information on the key.
The task of the theoretical security analysis is then to
evaluate the upper bound on Eve’s information based on
the disturbance introduced to the signals.

The most basic type of eavesdropping attack in the
quantum channel is the individual attack, when Eve in-
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dividually (one by one) prepares her ancillae and also in-
dividually measures them after the interaction with the
signal. In the asymptotic limit of infinitely many signals,
exchanged by Alice and Bob, which implies perfect pa-
rameter estimation, Eve’s information on the key is then
bounded by the classical (Shannon) mutual information
between her data and the data of the reference side of the
post-processing (Alice in DR scenario and Bob in RR).
The Csiszar-Korner theorem for classical secure commu-
nication (Csiszar and Korner, 1978) can be then applied
to QKD (Maurer, 1993) so that the amount of secret key
that can be extracted from the data shared between Alice
and Bob is lower-bounded by their information advantage
over Eve:

AIQZIAB—IAE,AIF:IAB_IBE (22)

in either of the reconciliation scenarios, denoted as — for
DR and < for RR.

In the case of more advanced collective attacks, Eve is
able to store her ancilla states in a quantum memory and
later apply an optimal collective measurement after the
bases reconciliation, reaching the amount of information
given by the Holevo bound (19) between Eve’s system
(set of ancilla states) and the subsystem measured by
the trusted party, which is the reference side of the post-
processing. The secret key is then lower-bounded by the
Devetak- Winter rate (Devetak and Winter, 2005), in the
asymptotic regime for either of the reconciliation scenar-
ios given by

R =1Iap — Xag,R™ =1Iap — XBE (23)

The most general case of coherent (also called general)
attacks implies that Eve is able to not only collectively
measure her ancilla states, but to also collectively op-
timally prepare them. In the asymptotic limit, coherent
attacks on CV-QKD are usually reduced to the collective
ones as the signal states are independent and identically
distributed (i.i.d.) and collective preparation does not
bring any advantage to Eve, but if this is not the case
or the data ensembles are limited, a rigorous treatment
of coherent attacks is required, as we discuss in the next
sections.

In the finite-size regime, the efficiency of parameter es-
timation is limited and should be taken into account. The
most general security analysis of QKD then also takes
into account the fact that key distribution is part of a
more complex cryptographic system and should be de-
scribed in a composable way, allowing to quantify the
security of the key.

1. Notions of composable security

The primary purpose behind generating cryptographic
keys lies in their application within larger cryptographic
settings, such as in conjunction with one-time pad en-
cryption. Consequently, the security of the generated



key must be guaranteed, regardless of its subsequent use.
Composable security, in essence, leverages the security of
subprotocols to establish the security of the entire crypto-
graphic scheme. Historically, early QKD security proofs
relied on a non-composable security definition, e.g., (Shor
and Preskill, 2000), where the information gathered by
an adversary was quantified. However, this approach was
shown to be insecure when applied within a larger frame-
work (Konig et al., 2007). Inspired by the development
of composability in classical cryptography (Canetti, 2000,
2001; Pfitzmann and Waidner, 2001), this notion was ex-
tended to the quantum realm by (Ben-Or et al., 2005;
Ben-Or and Mayers, 2004; Renner, 2006; Unruh, 2004).
In the subsequent discussion, we will loosely follow (Port-
mann and Renner, 2022) and direct interested readers to
this review for a more detailed exploration of compos-
ability.

In contrast to earlier security definitions, for compos-
able security, we do not aim to quantify the amount of
information an adversary has gathered, but rather ‘avoid’
defining security directly by instead comparing the real
protocol with the ideal version of the protocol. This ap-
proach is known as the real-world-ideal-world paradigm.
It can be illustrated as a virtual game, where the adver-
sary is presented with two black boxes, one containing the
real and the other containing the ideal protocol, without
any indication of which box corresponds to which pro-
tocol. The adversary’s task is to act as a distinguisher,
attempting to tell apart the real protocol from the ideal
one. They may choose inputs and receive all outputs that
are not private to Alice or Bob according to the proto-
col, randomly (with probability ) either from the box
containing the real or the ideal protocol.

Within this paradigm, a real cryptographic system is
called perfectly secure if the adversary cannot distinguish
the black box containing the real protocol from the one
containing the ideal protocol, i.e. if their guessing prob-
ability is exactly %, which is equal to the probability of
random guessing.

To describe this idea in a mathematical framework,
suppose we have two protocols Py and P; and assume
a distinguisher D is provided with the outputs of both
protocols with equal probability. The distinguisher then
makes a guess G € {0,1}, and C = 0 or C = 1 denotes
which protocol produced the output. The distinguisha-
bility then is defined as

d(Py,P1) :==sup |Pr[G =0|C =0] - Pr[G =0|C =1]|,
D

(24)
where the supremum is taken over all distinguishers D. It
can be shown that for quantum states the right measure
to capture the notion of distinguishability is half the trace
norm (see, for example, (Barnett, 2009, Chapter 4) for
an explanation),

1 .
d(POaPI) = 5 "pllgia}l(BE - p&?’ilKBEHl ) (25)

where the key of an ideal protocol is completely ran-
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dom, uniformly distributed, and completely decoupled
from the adversary’s knowledge, hence in tensor-product
structure with Eve’s system,

ideal o
PKAKgE =

N N (26)
p |J~A7J—B><J—A7J—B|®pE+TUU®pE)

where T = % Zivz_ol |x, z)x, x|, while the density ma-
trix corresponding to the real protocol has the more gen-
eral form

real

PKAKpE =
N-1

prlla, Le)Lla, Ll @pp+ > Poylz,yXa,yl @ pg".
z,y=0

(27)
Here L denotes the event of the protocol aborting and
pt is the probability of that event.

Generally, one cannot expect to achieve perfect secu-
rity in (real) cryptographic routines. However, we may
allow the adversary a certain small distinguishing advan-
tage € > 0. Additionally, a QKD protocol might abort
sometimes in which case it is trivially secure as no key is
produced. Then, we call a QKD protocol e-secure if

(1-9)5]

By applying the triangle inequality this can be rewritten
as

Pifgiall(BE - pl}?ilKBEul <e (28)

1, .
(1 =p7) 5 1Pk K e — PRl

real’

1
<Pr[K, # Kp]+(1—p)= ‘ Pag —TU @ Py

2

‘1 '
The first term,
Pr[Ka # Kg] < €cor (29)

is called correctness condition and €.o, bounds the prob-
ability that the protocol does not abort and Alice and
Bob do not share the same key, while the second term

(1—pL)%’

is called secrecy condition and €4, bounds the joint prob-
ability of not aborting and the private information being
known to Eve. Thus, if one manages to prove a protocol
€cor-correct and egqc-secret, this implies that the protocol
1S € 1= €cor + €sec SECUTE.

As previously mentioned, a protocol that aborts all
the time is trivially secure, albeit not very useful. This
notion is captured by the completeness or robustness of
a protocol. A QKD protocol is called ecomp-complete, if

real’

PAaE —TU ®plEH1 < €sec, (30)

Pr[L |HONEST] < €comp- (31)

By HONEST we denote the honest implementation of the
protocol, wherein all devices and the channel act as ex-
pected. In particular, no eavesdropping is taking place.
Thus, if the protocol is €comp-complete, under honest con-
ditions, it does not abort, except with probability €comp-



2. Individual attacks and channel models

Security of Gaussian CV-QKD against individual at-
tacks was first shown for the coherent-state protocol
in (Grosshans et al., 2003b) and then extended to the
squeezed-state protocol using equivalent EB representa-
tion. The security argument is based on the Heisenberg
uncertainty principle, which prevents Eve from precisely
simultaneously measuring both & and p quadratures. We
assume that Alice and Bob ideally share a pure two-mode
entangled state in modes A and B, and mode E is avail-
able to Eve for individual measurements after the interac-
tion with mode B in a quantum channel. Then, after the
projective quadrature measurements on modes A and F
or B and F, the uncertainty principle can be generalized
in terms of the conditional variances as

VaiBVaie 2 1,VeAVee > 1. (32)

This allows to bound the asymptotic key rate (22) using
the expression (18) for the Shannon mutual information
of the Gaussian-distributed data as

1 1
AIZ > log —— AI > log . 33
Vais VB|a (33)

Here and further we evaluate the key rate in bits (tak-
ing logarithm base 2) per transmitted symbol, i.e., a sig-
nal state, which is also called bits per pulse or bits per
channel use, being independent of the system clock (rep-
etition) rate. In the practical realizations of QKD the
relevant figure of merit is bits per second (bps), which
characterizes the actual speed of secret key distribution,
and is scaled by the system clock rate.

A typical quantum channel, which describes well the
optical fiber links, is the thermal-loss Gaussian channel
defined by the channel transmittance (also referred to as
channel loss or attenuation) T and excess noise of vari-
ance v, characterized with respect to the channel input.
The quadrature observable measured at the receiver is
then &g = VT(is + &ar + 2n) + V1 — T, where i
is the quadrature of the signal state prior to modulation
with variance Vg (so that Vg = 1 for coherent-state pro-
tocol), Zps is the value of modulation (displacement) ap-
plied by the sender, taken from a zero-centered Gaussian
distribution with variance Vj;, &y is the contribution
from the channel excess noise with variance v, and Zg is
the contribution from the vacuum noise with variance 1,
same for the p quadrature. The modulated signal of vari-
ance V = Vg + V) in either of the quadratures is then
changed to T(V +v)+1—T on the channel output. Note
that often the channel noise introduced by the channel
with respect to the input is joined into a single param-
eter x = v+ (1 — T)/T, which simplifies the expression
for the variance of the signal on the channel output to
T(V +x). The channel excess noise can be caused by nu-
merous factors, such as, e.g., residual modulation noise,
coupling to other optical modes (particularly, in the co-
existence with other optical signals), or imperfect noise
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FIG. 6 Left (a): Gaussian thermal-loss channel, character-
ized by the excess noise v, added to the modulated signal of
variance V' at the channel input, followed by pure loss T as
coupling to a vacuum mode (vac). Middle (b): equivalent
representation of the channel as coupling T of the modulated
signal V' to a thermal-noise mode with variance Vn. Right
(c): entangling cloner attack as the purification of the ther-
mal noise Vy by a TMSV (EPR) source with variance Vx in
modes E1 (coupled to the signal) and Fs, both available for
Eve for individual/collective measurements.

estimation in the finite-size regime. The parametrization
of the channel noise by v (or x), which is then down-
scaled by the channel transmittance T, as often used
in the theoretical predictions of CV-QKD performance,
can therefore be less relevant for the practical scenarios,
where total noise from different sources if observed on the
channel output. An equivalent parametrization of the ex-
cess noise on the channel output (hence, the noise beyond
the vacuum noise due to losses) as vyt = Tv, such that
the variance measured by Bob is TV + 1 — T 4 vgyt, can
then be more adequate for predicting the performance of
the protocols (and is used in the plot in Fig. 12).

For a perfectly implemented P&M protocol, the corre-
lation between Alice’s data, having variance Vs, and the
data measured by Bob, is also down-scaled by the channel
transmittance as VT'Viy. Equivalently, the thermal-loss
channel can be represented as a coupling of the signal
mode to a thermal-noise mode with variance V at the
coupling ratio T', as shown in Fig. 6(b). Equivalence then
holds at Viy =1+ Tv/(1 —T). Eve’s optimal individual
attack in such a channel, which allows her to saturate the
bounds (32) set by the uncertainty principle, can be real-
ized by means of an entangling cloner (Grosshans et al.,
2003a), as shown in Fig. 6(c). An entangling cloner is
a TMSV state with quadrature variance Vy in modes
E 2, so that one mode is coupled to the signal, and both
modes are available to Eve for individual measurement.
Such an attack can be seen as Eve’s purification of the
noise Vy, which allows her to improve the knowledge of
the noise added in the channel, by conditionally prepar-
ing a squeezed state of variance 1/Vy.

While individual attacks are the most restrictive for an
eavesdropper and hence optimistic for the trusted par-
ties, they still give important theoretical insights into
the limitations of the protocols, particularly as insecu-
rity against individual attacks implies insecurity against
more advanced attack types such as collective or coherent
attacks. Consequently, the key rate for individual attacks
is an upper bound on the key rates for collective and co-
herent attacks. In the following subsections we proceed
to security of CV-QKD against collective attacks.



3. Asymptotic security via Gaussian extremality

An important tool for showing security of the Gaus-
sian CV-QKD is the Gaussian extremality theorem (Wolf
et al., 2006), which states that for fixed first and second
moments, the distillable secret key rate against collective
attacks is lower bounded by the secret key rate provided
by a Gaussian state with these first and second moments,

Rcoll(p) Z RCOH(pGauss.>- (34)

This theorem turned into the workhorse of CV security
analyses and gave rise to a whole family of security proofs
that rely on estimating the covariance matrix of the ob-
jective quantum state. Eqn. (34) and consequently the
obtained secure key rates, are tight if the modulation is
Gaussian and essentially tight if the modulation is close
to Gaussian. Therefore, arguments of this type have been
applied to both Gaussian-modulated as well as DM pro-
tocols, as we will elaborate on in what follows.

a. Gaussian modulated CV-QKD protocols For collective
attacks the Devetak-Winter formula R}, RS (23) gives
a bound for the secure key rate in the asymptotic limit.
While the mutual information between trusted parties
I4p is assessed similarly to be individual attacks case,
described above (as it does not depend on the type of
attack in the given quantum channel), the estimation of
the bound on Eve’s information is different for collective
attacks. Early applications of the Gaussian extremality
theorem (Wolf et al., 2006) to Gaussian-modulated pro-
tocols proved the optimality of Gaussian attacks (Garcia-
Patron and Cerf, 2006; Navascués et al., 2006). In the
case of pure loss (thermal-loss channel with no excess
noise, ¥ = 0), the information available to Eve and de-
scribed by the Holevo bound can be then directly ob-
tained from the state in the initial vacuum mode after
the beam splitter T, as shown in Fig. 6(a) (Grosshans,
2005). For the noisy channels, v > 0, the purification ar-
gument is used to assess Eve’s information: since Eve is
able to control all the untrusted noise, added in the quan-
tum channel, the overall state of the three-partite system
ABE is pure. The entropic triangle inequality (Araki and
Lieb, 1970) turns into S(E) = S(AB). Similarly, after
projective homodyne measurements at Alice’s or Bob’s
systems A or B, the equalities S(E|A) = S(AB|A) =
S(BJA) and S(E|B) = S(AB|B) = S(A|B) hold. There-
fore, the Holevo bound can be directly evaluated from the
state shared between Alice and Bob using the expression
(21), without the need to explicitly model the quantum
channel (and allowing for multiple instances of such), so
that all the impurity (noise) in the bipartite state of AB
is attributed to Eve. Note that it requires purification (by
building equivalent EPR states) of all presumably trusted
noise in the devices of Alice and Bob. Typically the trust
assumption applies to the sending and receiving stations
(given inside the dashed boxes in Fig. 3). We discuss
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the incorporation of this noise into the security analy-
sis in Sec. IIL.D. Security of CV-MDI-QKD is obtained
similarly after conditioning the covariance matrix, shared
between the trusted parties in the EB version of the pro-
tocol, by the publicly announced outcomes of the mea-
surements on Z_ and py. Note, that alternatively to the
above-described purification-based approach, the Holevo
bound, limiting Eve’s accessible information in case of
collective attacks on CV-QKD, can be obtained from the
two-mode entangling cloner, as shown in Fig. 6(c). While
for a single-mode quantum channel it yields the same
results as the purification-based analysis, it requires ad-
ditional optimization in the multi-mode case (Pirandola
et al., 2015b) to account for possible correlations between
the cloners.

Gaussian collective attacks on coherent-state CV-QKD
were generalized in the asymptotic regime in (Pirandola
et al., 2008a), showing the extremality of canonical at-
tacks, which correspond to the thermal-loss channels,
and can be explicitly described by the entangling cloner
model, as shown in Fig. 6(c).

Security against collective attacks in the asymptotic
regime can be directly extended to security against gen-
eral (coherent) attacks, using de Finetti representation
theorem for infinite-dimensional systems (Renner and
Cirac, 2009). On the other hand, in the case of passive
eavesdropping (noiseless channels with v = 0), asymp-
totic collective attacks reduce to the individual ones.

While practical security of QKD protocols can only
be shown in the finite-size regime, the asymptotic secu-
rity proofs remain essential for establishing theoretical
security bounds of the protocols and can be used to pre-
liminarily assess the possibility of performing QKD under
given conditions. Particularly, asymptotic bounds can be
used to establish limits on the performance of the proto-
cols, as we discuss later.

b. DM CV-QKD protocols As mentioned in the introduc-
tory paragraph to this section, the Gaussian extremality
argument applies generally and, therefore — at the cost
of introducing looseness for modulation patterns that
do not resemble Gaussian modulation well — can also
be used to analyze the security of DM CV-QKD proto-
cols. This was first carried out in (Leverrier et al., 2009),
where the authors analyzed a four-state protocol with
coherent states known as quadrature phase shift keying
(QPSK). Although this work showed that in regimes of
low signal-to-noise ratio (SNR), DM protocols can out-
perform Gaussian-modulated ones due to more efficient
error-correction codes, the reported key rates are still
pessimistic, as they overestimate the adversary’s knowl-
edge about the key.

More recent methods for DM protocols combine the
Gaussian extremality argument with semi-definite pro-
gramming (SDP) theory. Historically first, (Ghorai et al.,
2019b) analyses a QPSK protocol with heterodyne de-
tection. They quantify the quality of the correlations



between Alice and Bob by two experimentally accessible
parameters, the ‘variance’ v and the ‘covariance’ ¢. While
Alice’s variance Vy is known and Bob’s variance Vg = v
is determined via measurements, the only unknown quan-
tity in the covariance matrix (VZAU]l; VZB U]f2) (see also Eq.
16) representing Alice’s and Bob’s joint state is the co-
variance o4p, denoted by the authors as Z, which can
be calculated via

Z =Tr{(ab+a'b") pap}. (35)

It is well-established that for fixed V4 and Vg, the
Holevo quantity x(Y : E) is a decreasing function in
Z. Thus, finding the smallest Z yields the maximum
x(Y : E) and consequently minimizes R*. Therefore,
let II be the orthogonal projector onto the space spanned
by the four coherent states prepared by Alice and define
C:=MHall ® b+ Ia'll @ bf. The minimal Z compatible
with Bob’s measurements is determined by solving the
following semi-definite program

min Tr{CX}
s.t.
Tr{BoX} = v, (36)
Tr{B:1 X} =,
Trp {X} =0A,
X >0.

In this context, By and By are operators related to the
measurement of v and ¢, and (04),, = L {aglay) is
given by the overlap between Alice’s (coherent) signal
states. The final constraint requires X to be positive
semi-definite. The found optimum Z* can be used to cal-
culate the Holevo quantity through standard techniques.

The present optimization problem can be solved nu-
merically with standard SDP solvers. However, the nu-
merical implementation on a computer requires to cutoff
the Fock basis, which is used to formulate the optimiza-
tion problem, at some number N.. We discuss this cutoff
within the course of the subsequent method, where a sim-
ilar cutoff assumption had to be made. It is noteworthy
that the method by (Ghorai et al., 2019a) can be gen-
eralized to higher constellations. However, due to the
increased computational demands of the numerical opti-
mization for a larger number of signal states, transition-
ing to more complex constellations is deemed infeasible
with present-day technology.

Due to the computational complexity of numerical
methods, the analysis of quadrature amplitude modula-
tion (QAM) constellations with 64 or more signal states
appears to be currently beyond reach. Therefore, in what
follows, we explore analytical methods that cover this
regime. The work by (Denys et al., 2021) adopts an ap-
proach akin to (Ghorai et al., 2019a), using a Gaussian
optimality argument. However, they give a complete an-
alytic solution, feasible for general modulation schemes.
The main idea of their method is the following. While
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the first term in the Devetak-Winter formula is essen-
tially known, they optimize the Holevo quantity over all
quantum channels compatible with Bob’s measurement
results, which turns out to be the more challenging task.
By applying Gaussian extremality, they upper-bound the
optimization by a supremum of the Holevo quantity over
all Gaussian states compatible with Bob’s observations.
Since Gaussian states are fully characterized by their co-
variance matrix, this simplifies the task significantly. The
only unknown is the covariance Z. While this quantity
can be calculated easily for Gaussian protocols, this is not
the case for DM protocols. However, the authors formu-
late the objective optimization problem as a semi-definite
program of the form

min Tr{ (ab + aTbT) p}

s.t.
Tr{C1p} = 2¢y,
Tr{Cap} = 2¢a, (37)
Tr{Npp} = np,
Trp{p} =7,
X >0,

where C1,C5 and Np are observables with expectations
c1,¢2 and npg, and 7 is Alice’s reduced density matrix
given by the overlap between her signal states. Authors
then provide analytical bounds for the value of Z, with
the lower bound reading

Z > 2 —2|w (n3—<fj>>. (38)

This lower bound is a function of the experimentally ac-
cessible quantities ¢1,ce and np (with the latter being
the received photon number on Bob’s side) and w and (n)
which quantify the modulation strength, thus are func-
tions of protocol parameters. This finally allows the cal-
culation of the Holevo quantity via symplectic eigenval-
ues and, therefore, gives a lower bound on the secure key
rate. For coherent state protocols, the obtained bounds
recover the rates known from Gaussian modulation and
closely match the numerical bounds by (Ghorai et al.,
2019a) in most practical regimes. The authors state that
their proof is already essentially tight for modulations
with 64-QAM and higher.

The proof presented by (Kaur et al., 2021) follows a
distinctive approach, in addition to incorporating a Gaus-
sian extremality argument. The authors utilize a method
to approximate Gaussian probability distributions using
a finite-size Gauss-Hermite constellation, and they bound
the approximation error in trace norm. Eve’s information
for this approximated constellation, which is bounded by
the Holevo quantity, closely approaches the Holevo in-
formation for a Gaussian modulated protocol. The error
made can be bounded by a function of the approxima-
tion error in trace norm, employing an entropic conti-
nuity bound. In contrast to (Denys et al., 2021), the



authors assert that their method requires a constellation
with about 5000 states to achieve results close enough
to Gaussian modulation, which suggests that the bounds
provided by (Denys et al., 2021) are tighter already for
lower constellation sizes and that bounds tend to be loose
for smaller constellations. However, they essentially align
with the results known from Gaussian modulation when
dealing with sufficiently large constellations.

While the Gaussian extremality argument is tight for
Gaussian protocols, it can overestimate the adversary’s
knowledge about the key for DM protocols, in particular,
if the modulation pattern is very far from Gaussian.

4. Asymptotic security without Gaussian extremality

In the previous section, we have seen that Gaussian
extremality-based arguments introduce looseness in the
key rates of DM CV-QKD protocols, in particular for
modulation patterns with a low number of signal states.
However, technical challenges and implementation diffi-
culties for Gaussian CV-QKD protocols that persist to
date motivated the development of techniques that di-
rectly evaluate the Devetak-Winter formula given in Eq.
(23) for the employed quantum states. This, however, is
a notoriously difficult task, that requires new techniques.

a. Restriction to purely lossy channels. Early security
analyses not only focused on the asymptotic regime but
relied on the simplifying assumption of purely lossy (i.e.,
zero noise, v = 0) channels. One of the pioneering
works traces back to (Heid and Liitkenhaus, 2006). In
this study, a protocol with binary modulation in which
Bob performs heterodyne measurements is analyzed. Un-
der the simplifying assumption of a loss-only channel
with transmittance T', the optimal attack is known to be
the beam splitter attack, where Eve replaces the chan-
nel with a beam splitter and branches off |:|:\/1 - Ta>,

while Bob receives ‘:ﬁ:\/Toz>. Mathematically, Bob’s

heterodyne measurement is a projection onto coherent
states, enabling him to confirm that he received a pure
state. Eve’s share has a tensor-product structure with
Bob’s pure state and is unitarily equivalent to |¢;) :=
|(=1)*v/1=Ta),i=0,1. In both direct and reverse rec-
onciliation this allows straightforward calculation of the
Holevo quantity. Since the mutual information between
Alice and Bob follows from purely classical considera-
tions, we already hold all the ingredients to evaluate the
Devetak-Winter formula to obtain secure key rates. Ad-
ditionally, by slight modifications, this approach allows
taking post-selection as well as trusted detector noise into
account. Although the proof in this work was explicitly
carried out for two states, the idea can be generalized
to higher constellations, as demonstrated in (Sych and
Leuchs, 2010) for 2-8 states, for an arbitrary number of
signal states as a side-result in (Kanitschar and Pacher,
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2022, Appendix A) and recently even to the multi-user
scenario (Kanitschar and Pacher, 2024).

b. Noisy channels and specific constellations. One of the
pioneering approaches that considered excess noise was
presented in (Zhao et al., 2009). They analyzed a
two-(coherent)-state CV-QKD protocol with homodyne
detection in the asymptotic limit and proved security
against collective attacks. The authors employed a
method developed in (Rigas, 2006), which estimates the
largest eigenvalue and corresponding eigenvector, based
on first and second moment measurements. Subse-
quently, they use Bob’s homodyne measurement results
to construct a statistical model of Eve’s quantum state,
which needs to be compatible with Bob’s measurements.
Under the worst-case scenario, where Eve gains the most
information, this approach provides a lower bound on the
secure key rate. The crucial steps rely on two properties
of the binary Shannon entropy, namely the monotonicity
and the concavity as a function of the absolute value of
the overlap of the two states. While proving these prop-
erties for two states is feasible, generalizing them poses
a considerable challenge. In (Bradler and Weedbrook,
2018), the main idea was to establish both properties for
the ternary Shannon entropy which is used to complete
the security proof for a phase-shift keying protocol with
three signal states. This extended the proof idea to a
three-state phase-shift keying protocol. However, gener-
alizing monotonicity and concavity to the N state case
in a similar fashion is challenging, if not currently in-
feasible. As concluded by the authors in (Bradler and
Weedbrook, 2018), it is likely that a more general argu-
ment is needed to establish similar properties for suitably
generalized entropic quantities, thus extending this proof
further to N > 3. This suggests the necessity of a funda-
mentally different approach for a higher number of signal
states. Additionally, compared to the more recent proofs
to be discussed subsequently, the key rates turn out to
be pessimistic.

c. General discrete constellations. By the end of the last
decade, the incorporation of SDP for secure key rate cal-
culations opened the door to a new generation of security
proofs, with a representative not exploiting Gaussian ex-
tremality being (Lin et al., 2019), which is part of the
numerical framework by Liitkenhaus et al. (Coles et al.,
2016; Winick et al., 2018).
The Devetak-Winter rate is reformulated as

B> = min D (G (pap) |2 (G (pan)) — Prassdre,
(39)

where D(-||-) denotes the quantum relative entropy, G is a
completely positive trace non-increasing map describing
the classical postprocessing and Z is a pinching channel
describing the key map, dgc denotes the leakage per sig-
nal and ppaes is the sifting probability. The optimization



is carried out over the set S, which is defined by Bob’s
observations and the requirement that psp is the joint
quantum state of Alice and Bob. Thus, the main idea
of this proof method can be summarized as finding the
worst-case density matrix that is physical and compati-
ble with Bob’s observations. This problem turns out to
be a semi-definite program which then needs to be solved
efficiently.

Assuming Alice prepares one out of Ng; coherent states
|1;) with probability p;, this leads to the following opti-
mization problem

minimize D(G(pa)||G(Z(pas)))
subject to:
Tr{pas (|kXk[ 4 © 2)} = pe(®)k
Tr{lpas ([k)El 4 ® D)} = pr(D)r
Tr{pap ([k)Xk|, @ 1)} = pr(R)r

Te{pan (XK 4 @ d) | = prld)e
Ngi—1
Trp {papt = D Voib; Wilvi) 1iXila
i,j=0
PAB > 07
(40)

where & and p are the quadrature operators, n is the
photon-number operator and d = 3% — P2 is another
second-moment operator. The objective function is con-
vex and highly non-linear. This problem is addressed
by employing the numerical security proof framework
by (Coles et al., 2016; Winick et al., 2018), which in-
volves a two-step process. In the first step, the nonlin-
ear objective function is linearized and solved approxi-
mately. This can be accomplished, for instance, through
an iterative first-order algorithm like the Frank-Wolfe al-
gorithm (Frank and Wolfe, 1956). As we cannot expect
to find the exact minimum, the output of the first step
serves only as an upper bound on the secure key rate.
Therefore, in the second step, this approximate solution
is transformed into a secure lower bound by combining
another linearization and SDP duality theory. Addi-
tionally, the application of a relaxation theorem (Winick
et al., 2018) takes numerical imprecision into account.
The authors of (Lin et al., 2019) demonstrate their ap-
proach both for a two-state protocol with homodyne
detection and a four-state QPSK protocol with hetero-
dyne detection. Other studies extended the method to
higher constellations (8PSK, 12PSK, two-ring constella-
tion) (Kanitschar and Pacher, 2022; Kanitschar, 2021;
Wang et al., 2023), broadened the framework to include
trusted detectors (Lin and Liitkenhaus, 2020), optimized
key mapping for QPSK encoding to achieve higher noise
tolerance (Liu et al., 2021), and generalized the frame-
work to the multi-user scenario (Kanitschar and Pacher,
2024). While the nonlinear objective function in (Lin
et al., 2019) necessitates an iterative approach and is nu-
merically more intense and demanding than the method
proposed by (Ghorai et al., 2019a), the key rates obtained
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by (Lin et al., 2019) are significantly higher, particularly
for scenarios with medium to high loss. This highlights
the advantages of DM CV-QKD security proofs without
Gaussian extremality argument. An illustration can be
found in (Lin et al., 2019, Figure 9). Additionally, it is
noteworthy that the method by (Lin et al., 2019) allows
post-selection, which can increase key rates further.

As in the case of the proof by (Ghorai et al., 2019a),
the optimization has to be carried out numerically on
a computer (for example, via the numerical packages
based on (Grant and Boyd, 2008, 2014; Toh et al., 1999;
Tiitiinct et al., 2003)). Consequently, the (Fock) basis
used to describe the generally infinite-dimensional den-
sity matrix and operators must be truncated at a certain
value N, to allow representation on a computer. While
the computed rates numerically saturate when increasing
the value of the cutoff, suggesting that the error intro-
duced by the truncation becomes negligible, it potentially
introduces a vulnerability in both security arguments.
This concern was addressed by (Upadhyaya et al., 2021),
which eliminated this photon-number cutoff assumption.
They develop a continuity-bound argument that allows
the quantification of the error introduced when substi-
tuting the evaluation of the objective function on the
original infinite-dimensional state by a finite-dimensional
cutoff version. Moreover, they describe a method to cal-
culate the weight of the original state outside of the cutoff
space. This weight, in turn, leads to a correction term
for the key rate, ensuring security while eliminating the
photon-number cutoff assumption. We note that the cor-
rection term was improved in (Upadhyaya, 2021).

5. Finite-size security

So far, our discussions have focused on security proofs
in the asymptotic regime, i.e., operating under the
simplifying assumption that Alice and Bob exchange
an infinite number of signals. However, in practical
scenarios, Alice and Bob are constrained by real-world
limitations and must cease quantum signal exchanges
after a certain duration to start generating keys. Con-
sequently, ultimately, it requires security proofs within
the finite-size regime. Additionally, the obtained key
should be usable safely in any larger cryptographic
protocol, which means the key needs to be composable
secure (see Section ITL.B.1 for details). Compared to
the asymptotic case, this poses several challenges for
security analyses in the finite-size regime.  Firstly,
the Devetak-Winter formula offers a secure key rate
expression based on von Neumann entropy, an asymp-
totic measure. However, deriving an equivalent bound
for the finite-size regime is more intricate. Secondly,
while in the asymptotic scenario protocol observables
are deterministically known, statistical fluctuations
and the exclusion of testing rounds for key generation
purposes must now be considered. In essence, while in
the asymptotic regime the channel parameters (like loss



and noise) were basically predetermined, they remain
uncertain even after protocol execution in the finite-size
regime. Thirdly, we cannot expect to prove our protocol
secure with certainty anymore but instead must accept
a small error probability €. Furthermore, whereas in
the asymptotic regime collective attacks were deemed
to be effectively optimal (Christandl et al., 2009), this
is not mnecessarily the case in the finite-size regime
anymore. In summary, the need for more sophisticated
security arguments is evident, and it is expected that
finite-size key rates will be lower compared to those
achievable in the asymptotic regime. However, the goal
is to derive expressions that reconcile the asymptotic
key rates in the limit of an infinite number of rounds,
N — oo. It is worth noting that various authors employ
slightly different total € parameters, which quantify the
error probability of their protocols, when presenting
secure key rates, making direct comparisons challenging.
Nonetheless, given the prevalence of values around
e = 10710 in literature, qualitative comparisons between
different studies remain feasible. Having addressed
the challenges, we now present the status of finite-size
security proofs for CV-QKD protocols.

a. Finite-size security of Gaussian CV-QKD protocols via
Gaussian extremality. The extension of Gaussian CV-
QKD security analysis to the finite-size regime was per-
formed in (Leverrier et al., 2010) following the formalism
developed in (Renner, 2006) and applied to DV protocols
in (Scarani and Renner, 2008), by taking into account the
finite-size effects in the parameter estimation. This in-
cluded the reduction of the key rate due to use of the
fraction m of the overall data set N = m + n for pa-
rameter estimation, redefinition of the Holevo bound as
Xepe(E : y), being the maximum channel capacity be-
tween the reference side of the post-processing y and the
eavesdropper’s system F, compatible with the measure-
ment statistics, except with a given probability of failure
epr, and introduction of the correction term A(n), re-
lated to security of privacy amplification and dominated
by the speed of convergence of the smooth min-entropy
of an i.i.d. state toward the von Neumann entropy. The
resulting modified Devetak-Winter bound then reads

k=Bl y) —xn(B 1 y) = AM)],  (41)

where the post-processing (error correction) efficiency
B, which prevents the trusted parties possessing the
data z,y from reaching the Shannon mutual informa-
tion I(z : y), as we discuss in Sec. IILE, is taken into
account. Evaluation of the modified Holevo bound X,
is then based on the derivation of the equivalent two-
mode entangled state, similarly to the asymptotic case,
but expressed through the minimum value of transmit-
tance and maximum value of channel noise, compatible
with the sampled data except with a pre-defined prob-
ability epg/2. The correction A(n) on the other hand
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can be for the binary encoded data well approximated
by 7+/log(2/€)/n, where € is a pre-defined smoothing
parameter and is largely governed by the data size n.

The described approach was the first step toward
finite-size security analysis of CV-QKD and can be seen
as the patch to the asymptotic security proofs, which is
valid in the assumption that Gaussian attacks remain op-
timal in the finite-size regime. However, it demonstrated
the importance of finite-size effects in the practical se-
curity of the protocols. This approach to finite-size se-
curity of Gaussian CV-QKD was extended to arbitrary
signal states and optimized in (Ruppert et al., 2014) and
then applied to CV-MDI-QKD protocols in (Papanasta-
siou et al., 2017).

b. Composable security of Gaussian CV-QKD protocols.
Composable finite-size security against collective at-
tacks was rigorously proven for the no-switching proto-
col (coherent states and heterodyne detection) in (Lev-
errier, 2015), taking into account discretization of
the continuous-variable parameters and estimation of
the symmetrized covariance matrix of an equiva-
lent entangled state.  The leftover hashing lemma
(LHL) (Tomamichel et al., 2011) applied to the smooth
min-entropy (Renner, 2008) is used to bound Eve’s infor-
mation compatible with the estimated states and prob-
abilities of failure of the protocol procedures. The
key rate of the e-secure protocol with ¢ = 2¢g, +
€ + \V€PE + €cor T €ent, composed, respectively, of the
smoothing parameters eg,, and €, parameter estimation
failure probability epg, error correction failure probabil-
ity €cor, and smooth min-entropy bounding failure prob-
ability €qpn, is then upper bounded by

m [QHMLE(U) _ f(zznax’ E;)nax7 er:nin)
(42)
*lea'kEC - AAEP - Acnt -2 IOg 2777
€

where Hypp(U) is the empirical entropy (the
maximum likelihood estimator of the entropy) of
the discretized data obtained by Bob; Aagp =

V2n [(d +1)%+4(d + 1) log 2~ + 2log >

4esmd
e2e €
sm

is the correction to the bound on the smooth
min-entropy due to  asymptotic  equipartition
property  (AEP)  (Tomamichel et al, 2009);

Acng = log L — \/Sn log?(4n)log(2/€); f is the Holevo
information between Eve and Bob’s data, computed from
the Gaussian state with covariance matrix parametrized
by Xgex, Mpex Ymin - heing the worst-case values com-
patible with epg; and leakgc is the size of the syndrome
of Bob’s data, sent to Alice during the error correction
and defined by the pre-set error correcting code. Note
that the proof was constructed for the more practical RR
scenario, but can be directly applied to DR by swapping
the roles of the trusted parties. Using the post-selection
technique (Christandl et al., 2009) in the additional




symmetrization step of the protocol, the finite-size
security against collective attacks for the no-switching
protocol can be extended to general attacks (Leverrier,
2015). Importantly, the achievable key rate asymptot-
ically reaches the bound obtained in the assumption
of Gaussian attacks. However, the key rates reached
using the post-selection technique remained limited and
the bound for the no-switching protocol in case of the
general attacks in the finite-size regime was improved by
applying Gaussian de Finetti reduction (Leverrier, 2017)
enabled by an energy test, which allows truncation of the
infinite-dimensional Hilbert (Fock) space. Hence, it is
sufficient to show finite-size security of the no-switching
Gaussian CV-QKD protocol against collective Gaussian
attacks, using the above-described technique, in order to
attain security against general attacks.

Alternatively, composable finite-size security against
general attacks was shown for the squeezed-state protocol
with homodyne detection (Cerf et al., 2001), using the
entropic uncertainty relations (Furrer et al., 2012), and
extended to RR scenario (Furrer, 2014). The achievable
key rates are, however, still sensitive to losses and do not
comply with the asymptotic rates in the limit of large
data ensemble size (Leverrier, 2015) suggesting that the
obtained bounds are not tight.

More recently, (Pirandola and Papanastasiou, 2024)
derived an alternative formula for the composable-secure
secret key rate of Gaussian CV-QKD protocols which
holds for implementations where parameter estimation is
done before error correction. Let N = n+m be the total
states in a block, where m are used for PE, while the re-
maining n are for key generation. According to Eq. (68)
of (Pirandola and Papanastasiou, 2024), one can achieve
the key rate

< Pec [nRgg - n§ellt - \/’ﬁt;aep + 9]

— N )
where PDec 18 the probability of successfully correcting a
block, RES is the asymptotic key rate computed from the
m-state parameter estimation (with error epe), dent =
log(n)+/2n1In(2/€ent) accounts for the imperfect es-
timation of Bob’s entropy (with error eent), dacp =
4log (2%/% + 2) /log(2/€2) accounts for AEP (with dig-
italization d and smoothing parameter ¢), while 6 :=
log (26}21 ecor) depends on the hashing parameter e, and the
epsilon-correctness €.o,. This rate is valid against collec-
tive Gaussian attacks with epsilon secrecy €sec = €5 + €n
and total epsilon security € = €cor + €sec + €ent + 2€pe
(note that this is the residual error affecting each block).
Finally, using the energy test procedure described above,
the key rate formula in Eq. (43) can be extended to secu-
rity against coherent attacks for the specific case of the
no-switching protocol.

Composable finite-size security of Gaussian CV-MDI-
QKD against general attacks was initially discussed
in (Lupo et al., 2018) by first considering the finite-size
security against collective Gaussian attacks and then ap-
plying Gaussian de Finetti reduction. The security proof

R

(43)
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was later refined and improved in (Papanastasiou et al.,
2023) where the explicit methods for data processing
were also provided. (Ghalaii and Pirandola, 2023) ex-
tended the security of Gaussian CV-MDI-QKD to free
space channels, generally affected by diffraction, pointing
errors, and turbulence effects. More generally, (Ghalaii
et al., 2022) extended the composable security to Gaus-
sian quantum networks with untrusted relays.

Finally, by generalizing the security proof techniques
applied to the no-switching protocol, the composable
finite-size security against general attacks was also shown
in (Ghorai et al., 2019a) for two-way Gaussian CV-QKD
with heterodyne detection.

c. Finite-size security of DM CV-QKD protocols via Gaus-
sian extremality. Similarly to asymptotic proofs, meth-
ods for proving the security of DM CV-QKD proto-
cols relying on Gaussian extremality arguments emerged.
In (Papanastasiou and Pirandola, 2021) the authors un-
dertake a thorough analysis of the composable finite-
size security of a CV-QKD protocol using phase-encoded
coherent states and heterodyne detection against Gaus-
sian collective attacks. Their investigation assumes the
presence of trusted thermal noise and does not consider
post-selection. By leveraging the LHL against quantum
side-information (Tomamichel et al., 2011), they derive
a bound on the secure key rate. Exploiting the tensor-
product structure of the quantum state, which follows
from the collective attack assumption, and using AEP
they express their key rate formula in terms of the von
Neumann entropy. This formulation allows them to es-
tablish a connection between finite-size key rates and
asymptotic key rates, accounting for finite-size correc-
tion terms. Parameter estimation is conducted through
maximum likelihood estimators. The resulting key rate
formula then is evaluated numerically, with the intro-
duction of a cutoff to make the problem computation-
ally feasible. However, this cutoff remains as an assump-
tion. The paper focuses on the case involving two and
three signal states as already for this limited number of
states, the computational demand seems to be consid-
erable, specifically, achieving a higher number of signifi-
cant digits necessary for low transmission (i.e., high dis-
tances). While the approach is rather general, it remains
uncertain whether it can be effectively extended to ac-
commodate a larger number of signal states.

The study by (Lupo and Ouyang, 2022) analyses the
composable finite-size security of a DM CV-QKD proto-
col with coherent states against collective attacks. A key
aspect of their approach involves considering the limi-
tations inherent in real detectors, such as finite detec-
tion range and precision. They exploit this to establish a
bound on the probability that the pulse Bob receives con-
tains an extensive number of photons, which is used to
define the numerical cutoff. Subsequently, Winter’s gen-
tle measurement lemma (Winter, 1999) allows the bound-
ing of the trace-norm between Alice’s and Bob’s actual



(infinite-dimensional) quantum state and a cutoff ver-
sion thereof. Shirokov’s continuity bound for the Holevo
quantity (Shirokov, 2017) is utilized to quantify the effect
of this cutoff on the Holevo information by introducing a
penalty term. Finally, a Gaussian extremality argument
and additional adjustments due to the application of the
AEP (Tomamichel et al., 2009) lead to a semi-definite
program for the secure key rate that can be solved by
methods presented in (Ghorai et al., 2019a), all without
relying on a cutoff. Following the idea proposed by (Lev-
errier, 2015), the composable finite-size parameter esti-
mation procedure takes place after error-correction and
is based on a Chernoff-bound argument. The authors re-
port non-zero key rates for block-sizes of N = 10!° and
larger, and for large NNV, their key rates converge to their
own asymptotic key rates (including detector limitations)
as well as to those reported by (Ghorai et al., 2019a).

d. Finite-size security without Gaussian extremality. For
similar reasons as for the asymptotic regime, for DM CV-
QKD protocols with low modulation patterns, methods
that do not rely on Gaussian extremality arguments can
yield significantly higher finite-size key rates.

The work by (Matsuura et al., 2021) follows a phase-
error rate-based idea composable security of a binary
phase-modulated CV-QKD protocol with heterodyne de-
tection in the finite-size regime. The central idea revolves
around a new method used to estimate the fidelity be-
tween the received optical state and a coherent state and
a conversion of the unbounded expectation values ob-
tained by heterodyne measurements into bounded val-
ues. This allows for reducing the problem similar to ear-
lier Shor-Preskill-style security proofs for DV-QKD pro-
tocols. Notably, heterodyne detection is utilized for test-
ing purposes, while homodyne detection is employed for
signal generation. This requirement of both homodyne
and heterodyne measurement was removed in (Yamano
et al., 2024). While this work marks the first general se-
curity proof for a DM CV-QKD protocol, their analysis
does not include the option to trust parts of the noise
or to perform post-selection and the obtained key rates
for realistic settings are rather limited. Additionally, it
is not clear if the proof method can be generalized to
higher modulations, posing a challenge for its applica-
tion in more complex scenarios.

Thus, we shift our focus to finite-size security proofs
for general modulation patterns. Both methods discussed
build up upon (Lin et al., 2019), which we already dis-
cussed in Section II1.B.4. Consequently, in principle,
these methods are independent of the modulation pat-
tern. However, due to computational constraints, they
are practically restricted to a low number of signal states.
As a result, both studies showcase their secure key rates
using the QPSK protocol.

The work by (Kanitschar et al., 2023) establishes com-
posable finite-size security for DM CV-QKD protocols
using coherent states against collective attacks. The

24

authors introduce a novel energy testing theorem, en-
abling to bound the weight of Alice’s and Bob’s state
outside a finite-dimensional Hilbert space and prove se-
curity within Renner’s e-security framework (Renner,
2006). They utilize an argument based on the finite-
detection range of real detectors to derive bounds for
Bob’s observables and Hoeffding’s inequality to define an
acceptance set. For states passing both the energy test
and the acceptance test (the composable finite-size ver-
sion of parameter estimation), the LHL against infinite-
dimensional side-information (Tomamichel et al., 2011)
establishes a relationship between the achievable secure
key length and the smooth-min entropy of the consid-
ered state. The application of AEP allows the rewriting
of the smooth min-entropy in terms of the von Neumann
entropy. To rigorously account for the numerical cutoff,
a generalized version of the dimension reduction argu-
ment by (Upadhyaya et al., 2021) is applied, which in-
troduces an additional weight-dependent correction term
in the key rate formula. Subsequently, the secure key
rate is numerically evaluated using an extended version
of the framework proposed by (Coles et al., 2016; Lin
et al., 2019; Winick et al., 2018), where optimization over
the density matrices in the acceptance set is performed.
The method accommodates post-selection and considers
non-ideal and trusted detectors. They report secure key
rates for block sizes of N = 10° and beyond under ex-
perimentally viable conditions. Additionally, in the limit
of N — oo their secure key rates converge to the rates
reported by (Lin et al., 2019; Upadhyaya et al., 2021).
Furthermore, they discuss and address realistic and prac-
tically relevant non-unique acceptance scenarios, coining
the notion of expected key rates under honest channel
behavior, and attributing the non-zero abort probability
of real protocols.

Finally, we turn to applications of entropy accumu-
lation arguments. A study by (B&uml et al., 2024)
establishes composable finite-size security for DM CV-
QKD protocols using coherent states against general
attacks, albeit still relying on a photon number cut-
off. The authors apply the entropy accumulation the-
orem (EAT) (Dupuis and Fawzi, 2019; Dupuis et al.,
2020) which allows the lower bounding of the conditional
smooth-min entropy of an unstructured (thus general)
state in terms of a so-called min-tradeoff function. How-
ever, encountering challenges in satisfying a Markov con-
dition necessary for the application of the EAT in the
P&M version of the analyzed DM CV-QKD protocol, the
authors introduce an additional round of testing and in-
vent a state-tomography procedure that allows to certify
correlations between Alice and Bob. Subsequently, the
min-tradeoff function is computed using the numerical
method by (Coles et al., 2016; Lin et al., 2019; Winick
et al., 2018), assuming a numerical cutoff, leading to nu-
merical key rates. The authors report composable secure
finite-size keys for block sizes of N = 10'2 and larger
under practically relevant conditions. Importantly, the
asymptotic behavior of this method closely resembles the



secure key rates reported by (Lin et al., 2019). A more
recent version following this approach (Pascual-Garcia
et al., 2025) employs the generalized EAT (Metger et al.,
2022) as well as alternative advanced conic optimization
routines (Lorente et al., 2024). This improves the stabil-
ity and precision of the numerical algorithm and, in cer-
tain scenarios, allows non-zero key rates for block sizes
of 5 x 108 (as opposed to 5 x 10'2 for the earlier ver-
sion). However, the work still assumes a cutoff. This
assumption is lifted in (Primaatmaja et al., 2024), mark-
ing the first security proof against sequential coherent
attacks without photon number cutoff assumption. In
this work, the authors apply the generalized EAT to a
DM CV-QKD protocol that estimates probability distri-
butions rather than moments. They propose a novel re-
duction technique, taking care of numerical cutoffs rigor-
ously, which, unfortunately, lowers the secure key rate via
comparably large finite-size correction terms, and does
not lead to convergence to the known asymptotic key
rates. The authors note that the main loss in key rate
is due to working with probabilities rather than observ-
ables, which was necessitated by applying entropy ac-
cumulation, along with losses in key rate due to using
low order Gauss-Radau quadrature when applying the
numerical method by (Aratjo et al., 2023) to evaluating
key rates.

Finally, note that arguments based on the generalized
EAT usually rely on a sequential assumption (Metger and
Renner, 2023). This means Eve may only access one of
the quantum systems sent from Alice to Bob at the same
time, which can easily be enforced by either requiring
confirmation of arrival or a certain temporal schedule for
sending the signals. Both, however, limit the number
of signals sent per time interval severely, particularly for
CV systems that usually operate at high repetition rates.
While this assumption, in principle, can be lifted to the
case where Eve has access to not more than s subsequent
signals at the same time, this leads to increased second-
order corrections.

6. Limits of CV-QKD

Ideal models of CV-QKD provide the highest achiev-
able theoretical key rates, close to the secret-key capacity
of the bosonic lossy channel (the standard transmission
model through an optical fiber). The exploration of the
limits of CV-QKD started with the definitions of direct
and reverse secret key capacities of a quantum channel
Kp and Kg (Pirandola et al., 2009). These capacities
represent the maximum rates achievable by CV (and DV)
QKD in direct and reverse reconciliation. They can be
lower-bounded by the coherent information I. (Lloyd,
1997; Schumacher and Nielsen, 1996) and the reverse co-
herent information (RCI) I,. (Garcia-Patron et al., 2009).
In particular, for a bosonic lossy channel with transmit-
tance T', we find Kp > I. = log % and the RCI lower

bound K > I, = log ﬁ (Pirandola et al., 2009).
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Remarkably, these rates can be achieved by specific
CV-QKD protocols working in direct and reverse rec-
onciliation, even if they are not implementable in prac-
tice since they require infinite two-mode squeezing and a
quantum memory (so that Bob can always perform ho-
modyne detection in the correct quadrature). That be-
ing said, practical CV-QKD protocols, based on coherent
states and the heterodyne detection can reach half of I,.
in the ideal asymptotic scenario (Usenko and Filip, 2016).

An optimal CV-QKD protocol does not need to be re-
stricted to one-way classical communication (as in direct
and reverse reconciliation) but may exploit more gen-
eral two-way classical communication and be adaptive,
meaning that the classical information exchanged in a
round may be used to improve the quantum communi-
cation in the next rounds. The optimization over two-
way classically-assisted QKD protocols (both CV and
DV ones) defines the secret-key capacity of a quantum
channel K > max(Kp, Kg).

Following the initial studies on the one-way classically-
assisted capacities Kp and Kpg (Pirandola et al.,
2009), upper bounds were later developed for two-way
classically-assisted capacity K, with a preliminary ap-
proach based on the squashed entanglement (Takeoka
et al., 2014). More recently, (Pirandola et al., 2017)
adopted a completely different approach where the key
rate of an arbitrary two-way classically-assisted QKD
protocol is upper-bounded by the channel’s relative en-
tropy of entanglement, suitably simplified via a technique
of teleportation simulation.

Using this approach, (Pirandola et al., 2017) showed
that K < log ﬁ, strictly bounding the rate of any
QKD protocol implemented over a bosonic lossy channel
with transmittance 7', a result known as the Pirandola-
Laurenza-Ottaviani-Banchi (PLOB) bound. Because the
PLOB bound coincides with the RCI lower bound, it ex-
actly establishes the secret-key capacity K = log ﬁ of
the bosonic lossy channel.

The PLOB bound represents the optimal QKD rate
over a lossy channel without intermediate repeaters (re-
peaterless bound). Other versions exist for repeater-
assisted communications and quantum networks (Piran-
dola, 2019), as well as for free-space quantum communi-
cations (Pirandola, 2021b).

While the limit of CV-QKD (and all QKD) is clear on
a lossy channel, different is the situation for a more gen-
eral thermal-loss channel, whose structure is discussed in
Sec. I1.C.3. This is a bosonic channel that is character-
ized by transmittance T and thermal noise 7y, the lat-
ter being mean number of environmental photons so that
VN = 2nx+1. This noise can equivalently be represented
as excess noise, via the formula v = 2T7}(1 — T)fiy. In
the presence of excess noise, we do not know the for-
mula of the secret-key capacity K = K(T,ny), but we
can only write a sandwich K < K < Kyp using the
bounds from (Pirandola et al., 2009, 2017). The lower
bound K has been slightly improved using optimized
Gaussian-modulated CV-QKD protocols with engineered



loss and thermal noise at the detector setups (Ottaviani
et al., 2016) and by the engineering of an entanglement
distribution protocol able to provide positive rate where
the reverse coherent information is zero (Mele et al.,
2025). The discovery of K(T,7ix) is a central question
in CV-QKD and quantum information theory.

It is evident from the expression of Kp and Kg that,
while RR CV-QKD can theoretically provide security for
any pure channel attenuation (which is, however, limited
by practical finite-size effects and device imperfections),
DR protocols are fundamentally limited by T = 0.5,
hence by 3 dB of channel loss. For the entanglement-
in-the-middle protocol and the CV-MDI protocol with
detection in the middle of the channel, the optimal key
rates correspond to Kp and Kg for DR and RR respec-
tively, up to the subtracted term 1/lnb, with b being
the information unit, hence base of the logarithms used
to calculate the entropic quantities (Lasota et al., 2023).
The perfectly implemented entanglement-in-the-middle
scheme is therefore limited by the channel transmittance
of T = 0.63 and the symmetrical CV-MDI scheme is lim-
ited by T = 0.73.

As mentioned above, CV-QKD protocols are also lim-
ited by channel noise. Even in conditions of a per-
fectly transmitting channel, T" = 1, the maximum toler-
able channel excess noise v is limited by about 0.8 SNU
(in both DR and RR). Furthermore, it continuously de-
creases by decreasing the transmittance T' (Usenko and
Filip, 2016). Two-way protocols make the dependence
slower and improve the robustness to channel noise (Pi-
randola et al., 2008c). For a generic P&M CV-QKD pro-
tocol, the maximum tolerable channel noise Vyy, as shown
in Fig. 6(b), can be approximated through the Lambert
W function as 1 + 2e'*W-1(=7/¢) (Lasota et al., 2017).

C. Practical implementation of CV-QKD

After several theoretical proposals of CV-QKD (Cerf
et al., 2001; Grosshans and Grangier, 2002; Hillery, 2000;
Ralph, 1999b), the first experimental proof-of-principle
test was reported in (Grosshans et al., 2003b) at 780 nm
wavelength using Gaussian quadrature modulation (per-
formed as amplitude modulation with an electro-optical
Mach-Zehnder interferometer and phase scanning by a
piezoelectric transducer), homodyne detection and RR
post-processing. The table-top experiment resulted in
1.7 megabits per second (Mbps) secret key rate (secure
against individual attacks, considered in the asymptotic
limit) in the loss-free channel and 75 Kbps upon 3.1 dB
attenuation.

The first practical demonstration of coherent-state
CV-QKD was reported in (Lodewyck et al., 2007), where
2 Kbps secret key rate, secure against collective attacks
in the asymptotic regime, was obtained in a 25 km long
fiber channel (with the loss of 5.2 dB) by the system oper-
ating at the telecom wavelength of 1550 nm and employ-
ing time multiplexing between co-propagating signal and
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LO. The modulation was performed and fine-tuned us-
ing automated electro-optical amplitude and phase mod-
ulators and an attenuator. The purification-based secu-
rity analysis was adopted and incorporated detector im-
perfections. The work revealed the importance of error
correction efficiency, which limits the applicable signal
modulation and the overall performance of the protocol.
The efficiency § obtained using low-density parity-check
(LDPC) codes, discussed in Sec. IIIL.E.5, was approx.
0.9.

The field test of coherent-state CV-QKD prototype at
the telecom wavelength was reported in (Fossier et al.,
2009b) using time and polarization multiplexing for LO
propagation and advanced error correction codes with
90% efficiency. The achieved secret key rate, secure
against collective attacks in the asymptotic limit, was 8
Kbps (average after 3 days of operation), over an optical
fiber with 3 dB loss (corresponding to 15 km distance).

The secure distance of coherent-state CV-QKD was
extended to 80 km of optical fiber at the telecom wave-
length in (Jouguet et al., 2013b) using error correcting
codes with efficiency of 95%. The achieved key rates
ranged from 10 Kbps in the 25 km channel, few Kbps
over 53 km and around 200 bps over 80 km channel,
with security analyzed against collective attacks in the
finite-size regime.

By controlling the noise of the setup (using high-
sensitive homodyne detectors tolerating co-propagated
LO attenuation, and high-precision phase compensa-
tion), the performance of coherent-state CV-QKD was
improved to approx 0.5 Kbps secret key rate (secure
against collective attacks in the finite-size regime of 10'°
block size enabled by highly stable setup) over 100 km
long fiber (Huang et al., 2016), with error correction ef-
ficiency of 95.6%. Over the shorter distance of 25 km
the secret key rate of 1 Mbps was achieved using high-
speed (1 GHz) homodyne detection and 50 MHz clock
rate (Huang et al., 2015¢).

The record-breaking distance of over 200 km in ul-
tra low-loss fiber, reaching a secret key rate of about 6
bps, was reported for coherent-state CV-QKD in (Zhang
et al., 2020) using a highly stable setup and error cor-
recting codes with 98% efficiency.

Composable security against collective attacks for
the practical long-distance coherent-state CV-QKD was
demonstrated in (Jain et al., 2022) over 20 km fiber using
phase compensation enforced by machine learning tech-
niques, which enabled the secret key rate of 4.7 Mbps.

High-speed Gaussian modulated coherent-state “local”
local oscillator (LLO) CV-QKD, as described in Sec.
II1.C, was demonstrated in (Huang et al., 2015a), reach-
ing about 100 Kbps over 25 km link with 97% er-
ror correction efficiency, while a long-distance imple-
mentation of the LLO protocol was reported in (Ha-
jomer et al., 2024c), reaching 25.4 Kbps over 100 km
telecom fiber, both implementations with the finite-size
collective-attack security.

Coherent-state DM CV-QKD was implemented



in (Tian et al., 2023) using 16-state constellations, reach-
ing 49.02 Mbps and 2.11 Mbps of asymptotic collective-
attack secret key rates over 25 km and 80 km optical
fibers, respectively, corresponding to 67.4% and 66.5% of
the Gaussian CV-QKD key rates in the same channels.
A high-speed implementation operating at 10 GHz using
16, 32 and 64 coherent state constellations was reported
in (Hajomer et al., 2024b) over 5 and 10 km reaching
about 900 and 500 Mbps. The experiment in (Roumestan
et al., 2024) reported secret key rates of 92 and 24 Mbps
over 10 and 25 km, respectively, using a probabilistically
shaped 64-QAM modulation, based on the security proof
of (Denys et al., 2021) and a worst-case finite-size security
analysis. Composable security for collective attacks was
achieved using a QPSK constellation over a 20 km fiber
channel (Hajomer et al., 2025b) and a 3 dB free-space
channel which was simulated in the lab (Jaksch et al.,
2024).

CV-MDI-QKD was tested in (Pirandola et al., 2015b)
with 0.1 Kb of asymptotic secret key per relay use ob-
tained at 4 dB loss. Another test of the MDI protocol
was reported in (Tian et al., 2022), reaching 0.43 and
0.19 bits per symbol over 5 and 10 km fiber links, re-
spectively. An experimental implementation operating
at 20 MHz achieving a secure key rate of 2.6 Mbps over a
10 km fiber link operating in the finite-size regime against

collective attacks was demonstrated in (Hajomer et al.,
2025a).

Entanglement-based protocols remain on the level of
proof-of-principle tests with a full-scale implementation
yet to be performed. Entanglement-based CV-QKD was
first tested in (Su et al., 2009), reporting 83 and 3 Kbps
of key, secure against asymptotic collective attacks, upon
80% and 40% transmittance respectively. Modulation
was reported to improve EB CV-QKD over noisy chan-
nels, tested in (Madsen et al., 2012), reaching 4-10~2 bits
per symbol in a highly noisy channel (where the coherent-
state protocol would fail). Entanglement-based protocol
with composable and one-sided-device independent secu-
rity was tested in (Gehring et al., 2015), reaching 0.1
bits per symbol at 0.76 dB of channel attenuation (cor-
responding to 2.7 km telecom fibre).

Many more experimental tests and implementations
were reported in addition to the above mentioned mile-
stones. It is often hard to compare different realizations
because of the unmatching security assumptions (types
of attacks, finite-size vs asymptotic analysis). Practical
CV-QKD is still in the process of development toward
higher key rates for the full-scale implementations in the
most general security scenarios and over long-distance
channels. In the next subsections we discuss the main
state-of-the-art techniques and methods used in the prac-
tical realizations of CV-QKD.
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FIG. 7 Different possibilities for physical realizations of co-
herent state modulation based on the displacement of vacuum
states. The angular frequency of the laser is €2, the center
modulation sideband angular frequency is w.

1. Quadrature modulation

The quantum states on which a CV-QKD protocol
realization is based have certain physical properties.
Among those are the wavelength or light frequency, tem-
poral shape and polarization. The physical properties
define the mode in which the coherent or squeezed states
reside, and which has to be measured by the detector for
optimal performance. Several different physical realiza-
tions have been investigated.

The basis of all implementations is light produced by
a laser at a certain carrier angular frequency 2 and de-
scribed by its electric field Eexp(iQ2t), where E is the
electric field amplitude and t is time. To implement
the random quadrature displacement in P&M coherent-
state or squeezed-state protocols quadrature modulation
is used. For this purpose the light is passed through an
electro-optic modulator modulating the phase or ampli-
tude of the light by changing the refractive index through
an applied electric field.

An often used implementation is based on a pulsed
laser which at a typical repetition rate in the MHz range
emits hundreds of ns long pulses of light (Jouguet et al.,
2013b; Zhang et al., 2020), or laser pulses that are carved
into a continuous-wave (CW) laser beam using a high-
extinction intensity modulator which achieves higher rep-
etition rates of currently up to 250 MHz (Laudenbach
et al., 2019). After optical attenuation to on average a
couple of photons per pulse, the pulses are in a coherent
state whose amplitude is randomly changed with an am-
plitude modulator, and moved to all four quadrants of
the phase space by a phase modulator which has to be
driven up to its half-wave voltage.

In other implementations, the vacuum state at a side-
band frequency of the carrier is displaced instead of using
the carrier itself (Jain et al., 2022; Kleis et al., 2017; Pi-
randola et al., 2015b). Those implementations use CW
lasers and the temporal shape of the coherent states is de-
fined by the electrical waveform driving the modulators.
Since a vacuum state and not an excited coherent state
is displaced, smaller driving voltages can be used and
the modulator is operated in its linear regime. Gener-
ally, three different sideband modulation techniques have



been explored which are sketched in Fig. 7 and outlined
below.

Amplitude and phase modulation generates two fre-
quency sidebands symmetric around the laser’s carrier
frequency. The rate at which the complex amplitude of
the coherent states is changed is directly reflected into
how much bandwidth is occupied in the Fourier domain
with the roll-off given by the lowpass filter defining the
temporal shape. The first modulation technique, shown
in Fig. 7(a) uses up-conversion of the modulation to an
intermediate carrier frequency w, such that the electric
field is E(t) oc a(t) exp(i(2 4+ w)t) + a*(t) exp(i(Q — w)t)
with «(t) describing the coherent state amplitude. The
receiver has to measure both sidebands, which is pos-
sible with homodyne and intradyne detection, see be-
low. To avoid having to measure both sidebands and to
enable radio-frequency heterodyne detection, one of the
sidebands can be suppressed, leading to single-sideband
modulation as shown in Fig. 7(b). This can be achieved
by appropriate modulation using an IQ modulator, which
removes one of the sidebands by optical interference (Jain
et al., 2021; Kleis et al., 2017). The resulting elec-
tric field is given by E(t) ~ 5a(t)exp(i(Q+w)t) +
S () exp(i(Q — w)t) with p being the modulation in-
dex and § < p the effective modulation index taking the
sideband suppression ratio into account. While the sup-
pressed sidebands usually have around 30 dB lower power
than the desired sidebands, their existence leads to a po-
tential side channel that has to be appropriately taken
into account in the security analysis (Jain et al., 2021).
Using baseband modulation instead, which is shown in
Fig. 7(c), can avoid this side channel (Hajomer et al.,
2022b). Here, the up-conversion of the modulation is re-
moved, i.e. w = 0. However, to avoid the strong carrier
and the laser noise close to the carrier, a highpass filter
has to be introduced. This highpass filter has to be opti-
mized to reduce correlations between quantum states to
the largest possible extent (Hajomer et al., 2022b). An
advantage of this modulation scheme is that it is the most
transmitter bandwidth efficient, important for CV-QKD
at high speed (Hajomer et al., 2024Db).

Besides the coherent states for the CV-QKD protocol,
auxiliary signals have been generated that are time or fre-
quency multiplexed. Those usually aid DSP procedures
in the receiver, for instance, for phase recovery and clock
synchronization (Chin et al., 2022). Typical signals are
pilot tones and signals of higher power than the quantum
states using, for instance, QPSK modulation formats.

2. Coherent detection

At the receiver, the quantum states are typically mea-
sured with quadrature detectors which can be divided
into two types: receivers measuring one quadrature at
a time, i.e. homodyne detection, and receivers measur-
ing both the amplitude and phase quadratures simultane-
ously, often called heterodyne detection in the quantum
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optics community.

In a homodyne receiver the LO beam is interfered with
the quantum states at a balanced beam splitter whose
outputs are detected by pin-photodiodes as shown in
Fig. 8(a). Having the same frequency as the carrier of the
coherent states, the phase of the LO determines the mea-
sured quadrature. To follow the protocol, the measured
quadrature has to be chosen randomly for each received
quantum state which can be implemented most practi-
cally when pulsed lasers or pulse-carved laser beams are
used. Nevertheless, the switching speed is limited and
therefore it has only been implemented with state repe-
tition rates up to 5 MHz (Zhang et al., 2020). To achieve
a stable phase relation the LO is usually derived from
the transmitter and sent to the receiver through a fiber.
Recently, remote homodyne detection of a squeezed state
has been achieved with a separate laser for the LO using
an optical phase-locked loop (Suleiman et al., 2022).

Heterodyne detection avoids active basis choice. A
common implementation is to split the quantum states at
a balanced beam splitter and to detect its outputs with
two homodyne detectors measuring orthogonal quadra-
tures. This is shown in Fig. 8(b). The orthogonality of
the measured quadratures can automatically be ensured
by using 90° optical hybrids which utilize polarization
optics to turn the phase of the LO in one arm by 90°
with respect to the other. The introduction of optical
hybrids into CV-QKD systems has enabled the develop-
ment of LLO schemes (Huang et al., 2015b; Qi et al.,
2015; Soh et al., 2015), aimed at removing the attacks
on the LO, as described in Sec. III.C. For those, the LO
is derived from a laser located at the receiver, which is
independent of the laser used at the transmitter. The fre-
quency of the LO laser can be tuned close to that of the
transmitter laser which yields a phase drift proportional
to the frequency difference, corrupted by phase noise of



the lasers. The phase drift and noise have to be measured
and can be compensated in post-processing by applying
simple rotations in the phase space spanned by the mea-
sured orthogonal quadratures. The detection scheme is
called intradyne detection and works well for frequency
differences of the lasers lower than half the bandwidth of
the quantum states. It can be implemented for both the
modulation schemes based on displacing coherent states
and baseband modulation, i.e. the displacement of vac-
uum states.

A second implementation approach to heterodyne de-
tection is known as radio-frequency (RF) heterodyne de-
tection, depicted in Fig. 8(c). Here, the LO is detuned
from the frequency band occupied by the quantum states.
Since a detuned LO also interferes with the image band
to the frequency band occupied by the quantum states,
a simple balanced receiver setup with one detector is suf-
ficient to measure both quadratures simultaneously. As
a single balanced detector is enough, an advantage in
comparison to an optical hybrid is that the splitting ra-
tio of the quantum states is exactly 50:50 and that the
quantum efficiency is the same for both quadratures. RF
heterodyne detection is best used with single-sideband or
baseband modulation schemes.

Another dimension is polarization. For balanced recep-
tion to work efficiently the polarization of the LO and
the quantum states have to match. Most often this is
achieved by polarization controllers optimizing the polar-
ization of the quantum states after transmission through
the channel as shown in Fig. 8. Lately, also polarization
hybrids have been introduced, splitting the polarization
into two components as depicted in Fig. 8(d) (Chin et al.,
2024; Pereira et al., 2023a). Those are then measured in-
dependently and combined using digital signal processing
(DSP), as discussed in the next subsection.

3. Digital signal processing

With the introduction of LLO schemes and the use of
some form of heterodyne detection, DSP has become of
more and more importance to experimental implemen-
tations as it allows to compensate impairments digitally
instead of doing it in the analog domain. Some of those
impairments DSP deals with are phase noise, polariza-
tion mismatch, and clock desynchronization. DSP is also
sometimes used to achieve mode matching between the
received and the transmitted quantum states.

One of the most challenging tasks is carrier frequency
and phase recovery, compensating for phase noise orig-
inating from the free-running transmitter and receiver
lasers, and — to a lesser extent — from the channel. Phase
noise from the lasers is generally the largest source of
excess noise in experimental implementations (Hajomer
et al., 2024c¢), in particular when compared to implemen-
tations using transmitted LO (Zhang et al., 2020). To
achieve phase matching, the phase of the quantum signal
with respect to the LO has to be measured, estimated,
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and compensated for. For this purpose, usually either
frequency (and sometimes polarization) multiplexed pi-
lot tones or time multiplexed reference symbols of higher
power are used. In the case of pilot tones, the measured
signal can be described by

Asin (iQLO—Pilot—Beat (t)t + ¢(t)) + Xmeas (t)7

where Q10 pilot-Beat (t) is the time varying beat frequency
of the pilot tone with the LO, ¢(t) is the phase noise, ¢
is time and (A/v/2)?/Var(Xmeas) is the SNR given by
the pilot tone power A2/2 and the power of the quadra-
ture noise, Var(Xpeas), induced by the measurement (of-
ten shot noise and electronic noise). After the measure-
ment, the phase ¢(t) has to be estimated from the mea-
surements. This can be conveniently achieved by tak-
ing either the arctangent of the two measured quadra-
ture components (phase-diverse reception) or the mea-
sured signal and its Hilbert transform (RF heterodyne
reception). However, while computationally inexpensive,
this estimation method is not statistically optimal. Sta-
tistically optimal are methods based on Bayesian infer-
ence (Séarkkd, 2013). Kalman filters produce estimates of
unknown time varying variables in the presence of noise.
Their extended and unscented versions can deal with the
nonlinearity of the measurement equation with respect
to phase and have shown exceptional performance down
to much lower SNRs than the arctangent-method (Chin
et al., 2021; Kleis and Schaeffer, 2019; Su et al., 2019).
The required prior model in Bayesian inference is usu-
ally taken from a Wiener model of phase noise whose
linewidth parameters are learned from the data. Alter-
native approaches have used neural networks for phase
estimation (Long et al., 2023; Xing et al., 2022).

Since eventually the SNR of the pilot tone or refer-
ence symbols is the figure of merit to achieve high qual-
ity phase estimation, some experiments have used polar-
ization multiplexing to accommodate higher power pilot
tones and low power quantum states (Laudenbach et al.,
2019). A recent study showed that 10 kHz linewidth
lasers can be used with SNRs above 28 dB, however
higher linewidth lasers require higher SNR which are ex-
perimentally challenging to achieve without impacting
the linearity of the receivers.

In transmitted LO implementations, clock synchro-
nization can simply be achieved by measuring a frac-
tion of the LO pulse (Jouguet and Kunz-Jacques, 2014).
Modern DSP-based systems often use oversampling by
an asynchronous analog-to-digital converter and a timing
error detector based on one or more auxiliary signals of
known frequency difference to determine the correct sam-
pling points (Chin et al., 2022; Kleis et al., 2017; Wang
et al., 2022).

DSP has also been used to compensate for imperfect
modulator (Hajomer et al., 2024b) or receiver character-
istics (Jain et al., 2022). Machine learning techniques
such as neural network based auto-encoders have also
been used to compensate for nonlinear distortions (Long
et al., 2023; Zhang et al., 2022). It has also been the fo-



cus of an open-source modular software platform bench-
marked on multiple CV-QKD configurations and de-
veloped to stimulate further explorations (Piétri et al.,
2024a).

Indeed, although the exploration of DSP for CV-QKD
is still at its early stages, it represents a promising path
toward simpler photonic circuits with lower-quality com-
ponents, which are crucial for the envisioned cost reduc-
tion of QKD systems.

4. Squeezed signal states

A few proof-of-concept implementations of QKD
based on squeezed states have been demonstrated to
date. These schemes, detailed in Section III.A, intro-
duce promising advancements for CV-QKD, including a
modulation-free approach (Su et al., 2009), extended op-
erational range (Madsen et al., 2012), enabling compos-
able security (Gehring et al., 2015), one-sided device in-
dependence (Walk et al., 2016) and the elimination of
information leakage to eavesdroppers (Jacobsen et al.,
2018), which reduces post-processing requirements. In
the following paragraphs, we delve into the experimental
tools used in these implementations and highlight their
key findings.

Parametric down-conversion (PDC) has been the dom-
inant method for generating squeezed light (Andersen
et al., 2016) since its first demonstration in (Wu et al.,
1986), where noise suppression of 3.5 dB beyond the shot
noise limit was achieved. Since that time, squeezed light
of up to 15 dB noise suppression has been realized us-
ing the PDC process (Vahlbruch et al., 2016). In PDC,
a pump wave with frequency w, interacts with a y2-
nonlinear medium to produce two quantum-correlated
(entangled) waves, known as the signal and idler (Boyd,
2020). When these waves are degenerate across all
degrees of freedom — spatial, polarization, frequency,
and temporal mode — their entanglement translates into
quadrature squeezing of the resulting single mode. Ef-
ficient squeezing generation relies on several key con-
ditions: high power density in the crystal, which can
be achieved using pulsed lasers, placing the crystal in
a cavity, or employing an optical waveguide; and pre-
cise phase matching of the parametric process, achieved
through methods such as temperature tuning of the crys-
tal, adjusting the pump wavelength, or periodically pol-
ing the crystal. As of today, the most effective strat-
egy for generating quadrature squeezed light is to use a
CW pump beam and integrate a periodically poled crys-
tal (e.g. potassium titanyl phosphate, KTP, or LiNbO3)
inside a low-loss cavity that is resonant at the signal-
idler wavelength (and potentially also at the pump wave-
length). This method has been employed in all existing
demonstrations of squeezed-light-based CV-QKD.

While many other methods exist for generating
squeezed light (Andersen et al., 2016), it is crucial to
select a process that produces squeezed light suitable
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for QKD. For fiber-based QKD, the wavelength of the
squeezed light should fall within the telecom band to
minimize fiber transmission losses. For free-space QKD,
suitable wavelengths are 800 nm-850 nm, 1064 nm and
1550 nm, where atmospheric attenuation is relatively
low depending on the weather and where laser sources
are commonly available. For example, a KTP crystal-
based PDC process can generate squeezed light at all
these wavelengths, whereas atomic-based squeezed light
sources are often limited to specific atomic transition
wavelengths, such as Cesium at 852 nm and Rubidium
at 795 nm. Another advantage of the PDC process
is its bandwidth, ideally constrained only by the fre-
quency band where phase matching occurs, which can
extend into the Terahertz range. However, as noted,
the bandwidth of the PDC process is often limited by
the cavity used to enhance it, narrowing it to the cavi-
tyaAZs linewidth — often still considerable (several GHz).
Another important factor is the temporal mode of the
squeezed state. To improve the efficiency of homodyne
detection and to mitigate issues with dispersion, it is
beneficial to produce the squeezed state in a CW or
quasi-CW mode. CW operation also provides consid-
erable flexibility in digitally defining the temporal mode
via DSP. This preference for CW operation makes the
cavity-enhanced PDC process the most obvious choice,
although recent reports on CW squeezed light produced
in a waveguide are also encouraging (Kashiwazaki et al.,
2023).

In all experiments on CV EB QKD conducted to date,
squeezed light was generated using cavity-enhanced PDC
with periodically poled KTP crystals housed in high-
quality linear optical cavities. In few experiments (Su
et al., 2009; Wang et al., 2018), the CV entanglement
— also known as two-mode squeezed (TMSV) states —
was directly produced by operating the PDC process
in a non-degenerate mode, whereas in the other ex-
periments (Gehring et al., 2015; Madsen et al., 2012;
Walk et al., 2016), entanglement was achieved by com-
bining two single-mode squeezed states at a balanced
beam splitter. In each setup, one mode of the two-
mode squeezed state was measured with high-efficiency
homodyne detection at the transmitting station, while
the other mode was transmitted through free space to
the receiving station, where homodyne or heterodyne
measurements were performed. The transmitter’s mea-
surements influenced the state observed at Bob’s sta-
tion, resulting in a Gaussian distribution of amplitude
or phase quadrature squeezed states, effectively simulat-
ing a single-mode P&M squeezed state protocol. The
noise suppression achieved below the shot noise level
was measured at 3.0 dB at 1080 nm (Su et al., 2009),
3.5 dB at 1064 nm (Madsen et al., 2012), and 10.5 dB at
1550 nm (Gehring et al., 2015). Although the theoret-
ical clock rate in these experiments could approach the
bandwidths of the cavity-enhanced parametric amplifiers
(20 MHz, 21 MHz and 63 MHz, respectively), the effec-
tive operational bandwidth was restricted to a few kHz



by electronic filtering in post-processing.

QKD schemes based on two-mode squeezed states do
not require electro-optical modulators to define the al-
phabet. As described above, the result of a quadrature
measurement on one mode of a two-mode squeezed state
directly produces a Gaussian alphabet of squeezed states,
eliminating the need for physical electro-optical modula-
tors. In this approach, the modulation arises naturally
from the intrinsic quantum randomness of measuring the
two-mode squeezed state, meaning that the randomness
used for key generation is inherent to the measurement
process itself rather than relying on an external quan-
tum random number generator. The preparation basis
choice is then performed by measurement on one of the
modes of an EPR state (Silberhorn et al., 2002a). A
proof-of-concept for such a modulation-free scheme was
first demonstrated by Su et al. (Su et al., 2009), where
an early-stage security analysis showed secret key rates
of 84 kbits/s and 3 kbits/s for transmission efficiencies
of 80% and 40%, respectively, under the assumption of
Gaussian collective attacks.

In systems using squeezed states, the alphabet size
is typically constrained by the degree of anti-squeezing,
limiting the potential to maximize the key rate based
on modulation depth. However, (Madsen et al., 2012)
demonstrated that expanding the Gaussian alphabet
through conventional amplitude and phase modulation at
Alice’s station enhances the system’s resilience to excess
noise, allowing for secure communications over greater
distances. This protocol can be equivalently realized us-
ing the EB scheme, which leaves Alice with two sets of
data: the homodyne measurement results, Xy p, and the
Gaussian modulation values, Xj;. To optimize the pro-
tocol’s resilience to excess noise, these two sets of data
were combined with an optimal weighting, X + 9Xmp,
where the factor g depends on the strength and purity
of the squeezed states. For large, pure squeezing, the
two data sets should be equally weighted, g = 1, whereas
for lower squeezing, a greater weight should be assigned
to the modulation data, with ¢ — 0 as the squeezing
vanishes and the protocol changes to the coherent-state
one. Using such a weighting strategy, the squeezed state
scheme outperforms the coherent state scheme for all lev-
els of squeezing. In (Madsen et al., 2012), two-mode
squeezed states with 3.5 dB of noise suppression and
8.2 dB of anti-squeezing were produced, with coherent
modulation levels varied from 0 dB to 15 dB. Specifi-
cally, with a modulation of 23.4 SNU, channel transmis-
sion of 95%, and a channel excess noise of 0.45 SNU,
a key rate of 0.004 bit per state was achieved in the
asymptotic limit under collective attacks (and perfect
post-processing 8 = 1). Notably, neither a coherent-
state protocol nor a non-modulated squeezed-state pro-
tocol could generate a key under these conditions. Addi-
tionally, they identified the tolerable levels of excess noise
for secure key generation in a 10% transmissive chan-
nel across various modulation strengths, and found that
modulated squeezed-light realizations consistently out-
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performed the coherent-state protocol under all tested
conditions. Although these experimental tests assumed
ideal post-processing efficiency, (Madsen et al., 2012) also
demonstrated that the squeezed-state protocol is inher-
ently more robust than the coherent-state protocol in the
presence of post-processing inefficiencies.

In these initial demonstrations of EB CV-QKD, the se-
curity proofs typically addressed only collective attacks
and did not guarantee composability against coherent
attacks. However, (Gehring et al., 2015) reported the
first implementation of a CV-QKD protocol that achieves
composable security against coherent attacks while be-
ing 1sDI. Using highly squeezed EPR-entangled states,
they achieved a composable secure key generation rate of
0.1 bit per sample for a channel loss of 0.76 dB (equiva-
lent to 2.7 km of fiber) and a reconciliation efficiency of
94.3%. The experiment demonstrated robustness against
intensity fluctuation attacks on the LO and Trojan-horse
attacks, with the EPR source located at AliceAAZs sta-
tion ensuring security even when BobaAZs devices were
untrusted. Building on this work, (Walk et al., 2016)
extended the scope of CV-1sDI-QKD by implementing
a range of Gaussian protocols, including both P&M and
EB schemes using TMSV states. In their experiment
with TMSV states (operating at 1064 nm), they demon-
strated secure key generation over distances of up to
7.5 km of effective optical fiber transmission using reverse
reconciliation, highlighting the practicality of 1sDI-QKD
with current technology.

While most squeezing-based QKD implementations
leverage two-mode squeezed states, as discussed above,
there have also been successful demonstrations utiliz-
ing single-mode squeezed states. These approaches re-
duce experimental complexity by simplifying the optical
setup while maintaining compatibility with QKD proto-
cols. One such implementation by (Eberle et al., 2013)
employed a single-mode squeezed state of 11.1 dB quan-
tum noise suppression at 1550 nm to generate asymmet-
ric entanglement by interfering the squeezed state with
vacuum on a balanced beam splitter. This setup estab-
lished quantum correlations between one pair of quadra-
tures (e.g., the amplitude quadrature for an amplitude-
squeezed state) while the conjugate quadratures (e.g.,
phase) remained uncorrelated. Despite this asymmetry,
the source was proven suitable for QKD with compos-
able security, supporting secure key distribution over dis-
tances of up to 10 km.

Another notable experiment (Jacobsen et al., 2018),
used single-mode squeezed states to encode informa-
tion into displacements along a single quadrature, cre-
ating a unidimensional Gaussian alphabet (Usenko and
Grosshans, 2015). For instance, an amplitude-squeezed
state was solely displaced in the amplitude quadrature
direction using an amplitude modulator. By aligning
the displacement with the squeezed quadrature, this ap-
proach achieved a significant security advantage. Specif-
ically, it was demonstrated that for a purely lossy trans-
mission channel, an eavesdropper’s information can be



completely eliminated when the variance of the squeezed
alphabet matches the variance of the vacuum state. In
the experiment, a 3dB squeezed state at 1064nm was dis-
placed with an amplitude modulator with varying mod-
ulation depths. It was observed that for a specific mod-
ulation depth, where the alphabet size coincided with
the width of the vacuum noise, EveaAZs Holevo infor-
mation dropped to exactly zero. This effect was tested
across four different transmission coefficients of a simu-
lated lossy channel (using a variable beam splitter), and
in all cases, complete elimination of the Holevo infor-
mation was achieved. This suppression of eavesdropper
information arises because the amplitude quadrature cor-
relations between Eve and Bob vanish entirely when the
variance of the alphabet equals the variance of the vac-
uum state (corresponding to the noise floor assumed in
Eve’s beam splitter attack). By eliminating Eve’s abil-
ity to gain information, this protocol not only ensures
security but also significantly reduces the computational
complexity of post-processing, making it an attractive
option for future CV-QKD systems, particularly in sce-
narios where low computational overhead are critical.

All the above-mentioned proof-of-concept experiments
with squeezed light employed a LO derived from the
same laser used to generate the squeezed light. This ap-
proach simplifies the experimental setup due to the inher-
ent frequency matching and phase stability between the
squeezed light and the LO. However, in practical QKD
scenarios, transmitting the LO alongside the quantum
signal poses significant challenges. Transmitting high-
power LOs over long distances not only creates issues
with nonlinear induced mode distortion and light scat-
tering but also opens the door to eavesdropping strate-
gies that exploit the transmitted LO to compromise the
coherent detection at the trusted receiver. To address
these vulnerabilities, it is preferable to generate the LO
locally at the receiving nodes. Generating the LO locally
introduces its own challenges, particularly the need for
real-time control of the phase difference between the sig-
nal and the LO. Without frequency locking between the
two independent lasers, maintaining stable phase coher-
ence can be difficult. In (Suleiman et al., 2022), the au-
thors reported on the generation, transmission, and ho-
modyne detection of single-mode squeezed states of light
at 1550 nm using a locally generated LO with real-time
phase control. By implementing a real-time feedback sys-
tem, they achieved precise control over the frequency and
phase of the LO. This enabled homodyne detection of a
squeezed state with a phase uncertainty of only 2.51°,
even after the squeezed state had propagated through up
to 40 km of telecom fiber. This demonstration repre-
sents a crucial step toward practical implementations of
squeezed-light-based CV-QKD. By overcoming the chal-
lenges of locally generated LOs and maintaining stable
phase control, this work lays the foundation for future
QKD schemes that combine the security advantages of
squeezed light with realistic deployment in telecom net-
works.
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5. Measurement-device independent protocols

CV-MDI-QKD eliminates all side-channel attacks on
detectors by performing a CV Bell measurement at an
untrusted relay. While this feature provides strong se-
curity, the protocol’s practical implementation is more
complex compared to one-way CV-QKD, leading to rel-
atively few experimental demonstrations despite signif-
icant theoretical progress. Below is a review of recent
advancements in CV-MDI-QKD implementation.

The first proof-of-concept experiment, conducted in
2015 (Pirandola et al., 2015b), used a free-space opti-
cal setup with a shared 1064 nm CW laser modulated to
prepare coherent states. Phase locking between Alice’s
and Bob’s signals was achieved using piezoelectric trans-
ducers, while the CV Bell measurement was performed
with a balanced beam splitter and homodyne detectors.
Although this experiment demonstrated the feasibility of
CV-MDI-QKD, it lacked critical practical features, such
as telecom-compatible wavelengths, independent lasers,
and real fiber channels, limiting its applicability for in-
field deployment.

To address these limitations, a more practical CV-
MDI-QKD implementation was reported in 2022 (Tian
et al., 2022). This system employed a 10 km standard
single-mode fiber channel and independent lasers oper-
ating at the telecom wavelength of 1550 nm. Frequency
locking was achieved via phase-locked loops, and phase
drift was compensated using a combination of pilot and
phase-reference pulses. While the system achieved a low
excess noise of 0.0045 SNU and a secret key rate of 0.19
bits per relay use, it remained complex due to the need for
heterodyne receivers for phase locking, additional modu-
lators for pulse carving, and polarization and time mul-
tiplexing.

A significant step toward simplifying CV-MDI-QKD
was achieved with a system design based on DSP (Ha-
jomer et al., 2022a). This design eliminated the need
for phase locking by sharing a single laser source and re-
placed traditional pulse carving with digital pulse shap-
ing using root-raised cosine filters. These innovations
enabled a tenfold increase in the symbol rate, reaching
5 MBaud. Furthermore, the CV Bell measurement was
implemented with a simplified relay structure based on
a polarization-based 90-degree hybrid. These advance-
ments resulted in a key rate of 0.12 bits per relay use
over a 2 dB channel loss. However, further work is re-
quired to integrate clock synchronization and adapt the
system for deployment over fiber channels.

Recent advancements have focused on practical inte-
gration and achieving higher key rates. A notable sys-
tem design (Hajomer et al., 2025a) addressed challenges
such as clock synchronization and coexistence with clas-
sical communication channels. By colocating the relay
at AliceaAZs station and using a digital signal process-
ing module for quantum state preparation, the system
achieved CV Bell measurement at 20 MBaud. Synchro-
nization was achieved with a 1310 nm optical clock co-



propagating with the quantum signal, complemented by
real-time phase locking. This setup demonstrated a se-
cure key rate of 2.6 Mbit/s against collective attacks in
the finite-size regime over a 10 km fiber link. Despite
these advancements, further improvements are needed,
particularly in the post-processing phase.

6. Fiber and free-space channels

Most of the tests and realizations of CV-QKD were
performed over fiber channels, which is main type of
links for optical communications due to high and sta-
ble transmittance at the telecom wavelengths (typically
1550 nm), low noise, especially in single-mode fibers, if
free from other optical signals, and availability due to
the existing telecom infrastructure. A fiber channel is
characterized by transmittance T and is modeled by a re-
spective beam splitter, which couples the quantum signal
to a vacuum mode. The telecom fibers, usually made of
silica, nominally have a transmittance of -0.2 dB per kilo-
meter (which can be also referred to as 0.2 dB of channel
loss), but deployed fiber commonly has higher loss due to
splices and connectors. Ultra low-loss telecom fibers with
transmittance of -0.15-0.16 dB/km are also available and
were used in laboratory experiments to demonstrate long-
distance CV-QKD (Hajomer et al., 2024c; Zhang et al.,
2022). Fiber attenuation is mainly caused by scattering
and absorption and dominantly contributes to the signal
loss. In any practical implementation, the channel trans-
mittance has to be precisely estimated and controlled,
and should be clearly distinguished from the losses in
the trusted devices.

Typical noise sources introduced by fiber channels are
phase and polarization fluctuations which have to be sup-
pressed by the QKD system (Laudenbach et al., 2018;
Liu et al., 2020b). The excess noise created by phase
fluctuations not only depends on the amount of resid-
ual phase noise after phase compensation, but also on
the modulation variance (Marie and Alléaume, 2017).
Therefore the QKD system not only has to excel in phase
compensation, but also has to optimize the modulation
variance to achieve best performance (Hajomer et al.,
2024c). The amount of polarization fluctuations stem-
ming from the fiber channel depends on whether a fiber
is on a spool in a laboratory, deployed underground or
is aerial (Jain et al., 2024). Noise also arises when the
quantum states coexist in a fiber with classical telecom
signals through wavelength division multiplexing (Eriks-
son et al., 2019a), especially through Raman scattering.
However, also amplified spontaneous emission from the
lasers used for high-rate data transmission creates noise,
which can be supressed with optical filters before the light
is multiplexed with the quantum states. The precise esti-
mation of channel noise is crucial for system performance
and imperfect estimation in the finite-size regime implies
pessimistic assumptions on the noise levels. Similarly to
the channel transmittance, the noise has not only to be
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carefully characterized but also distinguished from the
noise in the trusted devices.

The situation is different in free-space atmospheric
channels, where turbulence effects and background light
drastically affect optical quantum communication. CV-
QKD, however, can be particularly robust against back-
ground light, because the narrow-band LO acts as a filter
so that the homodyne detector does not register light,
not matching the LO wavelength. This makes CV-QKD
particularly promising for day-light operations, where
DV protocols would need additional filtering, which in-
troduces extra loss to the overall optical budget of the
link. Free-space implementations define the suitable
wavelengths of 800 nm-850 nm, 1064 nm and 1550 nm, on
which the optical signals are better transmitted through
the atmosphere. Atmospheric turbulence however com-
plicates things for CV-QKD, leading to effective trans-
mittance fluctuations, also referred to as channel fading.
Fading is mostly caused by the beam deformation and
wander effect, which dominate the channels with weak
turbulence, where transmittance fluctuations are well de-
scribed by the log-negative Weibull distribution, and ad-
ditional broadening and deformation of the beam in the
strong turbulence with smooth transmittance probability
distributions (Vasylyev et al., 2016). Fading channels are
non-Gaussian (Dong et al., 2010) and result in the fading-
related channel excess noise vy = Var(v/T) (Vs + Vs — 1),
governed by the variance of the coupling to vacuum
(square root of transmittance) Var(v/T) and signal and
modulation variances in the given quadrature Vg and Vi,
respectively (Usenko et al., 2012). Such noise has to be
assumed untrusted, as the transmittance fluctuations can
be controlled by Eve, limiting applicability of CV-QKD
over fading channels, and requiring additional optimiza-
tion of the signal and modulation. It was shown that
signal squeezing can be helpful in fading channels, but
has to be optimized due the fading-related noise in the
anti-squeezed quadrature, where the variance of the sig-
nal is largely above shot noise (Derkach et al., 2020).

The negative impact of transmittance fluctuations in
CV-QKD can be partially compensated using adap-
tive optics e.g. by beam expansion (Usenko et al.,
2018) or wavefront correction (Chai et al., 2020; Maru-
landa Acosta et al., 2024). Alternatively, the transmit-
tance distribution can be optimally divided into clusters,
where the variance of the fluctuations is lower, and QKD
security can be analyzed for those clusters separately,
which increases the overall secret key rate (Ruppert et al.,
2019). This technique is promising for realizations of
CV-QKD over satellite channels using coherent (Dequal
et al., 2021) and squeezed states (Derkach and Usenko,
2020). Comprehensive analysis of free-space CV-QKD in
the composable finite-size security framework was per-
formed in (Pirandola, 2021b), establishing the bounds
on free-space CV-QKD and showing that coherent-state
protocol can perform close o those bounds. Composable
finite-size security of no-switching protocol in free-space
channels was also studied in (Hosseinidehaj et al., 2021),



confirming the advantage of channel clusterization.

CV-QKD was tested in free-space atmospheric chan-
nels using single-quadrature encoding with 0.152 Kbps
secret key rate, secure against collective attacks in the
asymptotic limit, reported over a 460 m channel (Shen
et al., 2019).

D. Implementation security

Practical implementation of QKD is never ideal due to
device imperfections, which have to be taken into account
in the security analysis. Usually, practical imperfections
are distinguished between normal device operation in ac-
cordance with their specification, such as finite detection
efficiency and electronic noise of the detectors, which can
be observed by the trusted parties and directly accounted
for, and undocumented features or their combinations,
which can lead to security loopholes, when the trusted
parties are not even aware of the possible information
leakage, the famous example being detector blinding in
DV-QKD (Lydersen et al., 2010). Therefore, the practi-
cal security of QKD relies on the best existing knowledge
of the setup and its components and requires a thorough
investigation of the component specification as well as
their study aimed at finding possible quantum exploits.
We start the review of the practical security of CV-QKD
with a description of the major known device imperfec-
tions, that directly affect the performance of the proto-
cols. We will base our discussion on the Gaussian pro-
tocols in the collective attacks scenario assuming asymp-
totic data sizes, which can be directly extended to finite-
size Gaussian collective attack analysis for all Gaussian
protocols following the techniques from (Leverrier et al.,
2010) and to composable security against Gaussian col-
lective and general attacks using the proof (Leverrier,
2015) and the Gaussian de Finetti reduction (Leverrier,
2017) for the no-switching protocol. This most general
CV-QKD security in the case of the major practical im-
perfections was recently analyzed in (Pirandola, 2021a).
The comprehensive analysis of practical imperfections in
the DM CV-QKD security is yet to be performed, there-
fore we limit our review to Gaussian protocols.

Before we go into details of the practical security of
CV-QKD it is important to introduce the trust assump-
tion. The trusted parties decide which parts of the setup
they assume to be out of control of an eavesdropper, refer
to these parts as trusted and adapt their security anal-
ysis accordingly. The typical trust assumption is that
the devices located in Alice’s and Bob’s laboratories are
properly characterized and isolated so that no other party
can control the noise which is introduced by those devices
or receive the information leakage from the trusted de-
vices. Those trusted parts of the protocol are given in
dashed boxes in Fig. 3 and typically include the source
of the signal states, the modulator, and the detector. The
trust assumption on the detectors can be waived in the
MDI protocol shown in Fig. 5. Assuming that a de-
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vice is untrusted typically means that the related noise
is attributed to the channel, which strongly limits the
performance of the protocols. Therefore, in this review,
we keep to the standard assumption of trusted sender
and receiver stations, unless specified otherwise.

1. Source and detection imperfections

The generated and modulated states can contain ex-
cess noise, originating either from the signal source (laser
or source of squeezed states in case of coherent- or
squeezed-state protocols respectively) or from the imper-
fect modulation. If the trusted parties can characterize
this noise separately from the channel noise and localize
it to the preparation part of their setup (by monitoring
the signal in front of the channel using a tap-off or op-
tical switch for back-to-back measurements in the send-
ing station), they can consider this noise to be trusted.
Such excess noise, referred to as preparation noise, was
studied in (Filip, 2008) for purely lossy (noiseless chan-
nels) and extended to noisy channels in (Usenko and
Filip, 2010). In the context of purification-based theo-
retical security analysis the trusted preparation noise is
then purified using an entangled source in modes Py, Ps,
similar to the untrusted noise purification by entangling
cloner Fy, E,, shown in Fig. 6(c). One of the entan-
gled modes is coupled to the signal mode prior to the
channel on a beam splitter with transmittance Tp and
the variance of the entangled state is set to Vp /(1 —Tp),
where Vp is the variance of the preparation excess noise.
For Tp — 1 the noise addition is then performed ap-
proximately losslessly (without attenuating the signal).
The modes P, P, are not available for the measurement
neither to the trusted parties, nor to the eavesdropper,
and are used to keep the trusted preparation noise out of
Eve’s purification. The Holevo bound is then obtained as
S(A,B, P, P,) — S(A, Py, P5|B) from the entropy of the
four-mode state in modes A, B, Py, P, and the entropy of
the conditional state after measurement on Bob’s side in
the RR scenario (or from the entropy S(B, Py, P2|A) of
the conditional state after measurement on Alice’s side
in case of DR). While the trusted preparation noise does
not directly contribute to Eve’s information (being kept
out of Eve’s purification of the channel noise), it reduces
the mutual information between the trusted parties and
therefore the resulting key rate as well. It was shown,
that the bound on the trusted preparation noise in RR
in the purely lossy channels with transmittance T, in the
asymptotic limit and in the limit of infinite modulation
V — oo reads 1/(1 — T) for the coherent-state proto-
col (Filip, 2008) and generalizes to (2—T)/(1—T)—Vs for
an arbitrary signal state variance Vg (Usenko and Filip,
2016). Controllable attenuation was suggested to com-
pensate for the trusted preparation noise in RR (Filip,
2008). On the other hand, the trusted preparation noise
is harmless in the DR scenario (Weedbrook et al., 2010)
and even improves the security of the protocol in the



noisy channels (Weedbrook et al., 2012b), which poten-
tially enables CV-QKD in the wavelengths beyond the
optical domain, up to the microwave regime.

On the receiver side, the homodyne detectors are in-
clined to losses (due to the limited detection efficiency)
and electronic noise, which, in the purification-based the-
oretical security analysis, is modeled similarly to the
preparation noise by introducing a two-mode entangled
state with variance Vp /(1 — Tp), where Vp is the elec-
tronic noise and T is the detection efficiency (Lodewyck
et al., 2007). Similarly to the preparation noise, this im-
plies a Holevo bound evaluation from a four-mode state
(or from a six-mode state if both preparation and detec-
tion noise are to be taken into account). Similarly to the
preparation noise, the trusted detection noise only limits
the mutual information between Alice and Bob, but, un-
like the preparation noise, it limits the applicability of the
protocols in DR. Robustness of CV-QKD with DR and
noisy detection is bounded by (27— 1)/(1 —T') SNU of
detection noise regardless of the signal variance (Usenko
and Filip, 2016) already in the purely lossy channels in
the asymptotic limit. However, in case of RR, the detec-
tion noise can be even helpful for the protocols in noisy
channels (Garcia-Patron and Cerf, 2009). This detection-
noise RR counterpart of the positive effect of the prepa-
ration noise in DR protocols is known as “fighting noise
with noise”, when the trusted noise on the reference side
of the error correction protocols (Alice in DR and Bob
in RR) helps the trusted parties to decouple Eve, who
performs active attacks in the noisy channels, from the
key data (Usenko and Filip, 2016). The trusted noise
addition can be optimized to maximize the improvement
to the security of CV-QKD over noisy channels (Madsen
et al., 2012).

Besides the excess noise and signal attenuation, the
imperfections of Alice’s and Bob’s devices may lead to
other unwanted effects, such as imperfect shot-noise cal-
ibrations or phase noise, with results in random phase
rotations between the sent and the received data. Those
imperfections were studied in (Jouguet et al., 2012) for
coherent-state CV-QKD, taking into account finite size
effects for Gaussian collective attacks. It was shown that
the phase noise degrades the correlations between the
trusted parties, which also limits the performance of the
protocols. By properly characterizing the phase noise,
the trusted parties can however put tighter bounds on
Eve’s information (Jouguet et al., 2012).

Systematic analysis of trusted noise in realistic
coherent-state CV-QKD was performed in (Laudenbach
et al., 2018) by developing models for various sources of
noise, including source and LO intensity fluctuations, im-
perfect modulation, phase noise, common-mode rejection
ratio in a homodyne detector, detection noise and quan-
tization noise of the analog-to-digital converter. Those
models allow to efficiently predict the performance of
practical CV-QKD systems. However, the security of a
particular implementation can only be based on the ac-
tually measured data and subsequent characterization of
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trusted and untrusted noise, to be incorporated to the
security analysis.

Analysis of practical imperfections in the composable
finite-size security framework was performed for the no-
switching protocol in (Pirandola, 2021a), considering dif-
ferent trust levels of the setup components.

2. Security side channels and loopholes

Besides the losses and noise in the sending and re-
ceiving stations, which can be assumed either trusted
or untrusted, security of CV-QKD can be affected by
side channels, providing an eavesdropper with partial
knowledge on the distributed key data or on the noise,
which is added to the key data. Side-channel leakage
from the sending station and side-channel noise addi-
tion in the receiving station were theoretically analyzed
in (Derkach et al., 2016) and shown potentially harmful
for RR and DR protocols respectively. Besides isolation
of the trusted stations to prevent signal leakage and noise
addition, the trusted parties may implement controllable
noise insertion to the leaking mode or noise monitoring
and subtraction of the side-channel noise. Leakage of the
generated signal, prior to its modulation, can be harmful
to the squeezed-state protocols, while coherent states are
immune to such leakage, providing no additional correla-
tions with the leaking mode (Derkach et al., 2017). On
the other hand, leakage of the modulated signal can di-
rectly provide an eavesdropper with the modulation data
and remain unknown to the trusted parties. This was
shown for the CV-QKD system using an optical in-phase
and quadrature modulator with imperfect suppression of
the side-bands, which are modulated, but are not mea-
sured by the receiver (Jain et al., 2021), emphasizing
the importance of good single side-band suppression in
the sending station and careful characterization of the
transmitted modes. The negative role of imperfect state
preparation in parameter estimation, potentially leading
to overestimation of secret key rate, was studied in (Liu
et al., 2017), also suggesting the methods for proper cal-
ibration of imperfect CV-QKD setups.

In addition to obtaining information on the key from
side-channel leakage, Eve may send a light pulse to the
sending station to learn the modulator settings in the
so-called Trojan horse attack, well known for DV-QKD
protocols (Gisin et al., 2006). Such attacks can threaten
the security of CV-QKD (Pereira and Pirandola, 2018)
by providing Eve with side-information, which is equiva-
lent to worsening the channel parameters. Such attacks
can be ruled out by an additional sensing system in the
sending station for monitoring the incoming and outgo-
ing light (Pereira and Pirandola, 2018).

Besides attempting to learn the modulator settings us-
ing light probes, Eve may temper with the state prepa-
ration in the quantum hacking attacks on the sending
station. In particular, Eve can perform an attack on the
optical attenuator used for state preparation in the send-



ing station (Zheng et al., 2019a). By sending bright light,
Eve can damage the variable optical attenuator and re-
duce its attenuation level. This way Eve can also make
trusted parties to overestimate the channel transmittance
(hence underestimate EveaAZs attack), which can result
in a security breach. The attack on the optical atten-
uator can be ruled out by optical isolation or, more ef-
ficiently, by continuous monitoring of signal modulation
prior to sending the states to the channel (Zheng et al.,
2019a). Eve can also perform the laser seeding attack
by injecting controllable CW laser light into a semicon-
ductor laser source in order to manipulate the intensity
of the laser used on the trusted sender side for signal
state generation. This way Eve can scale up the dis-
placements of the signals sent to the channel and force
the trusted parties to underestimate the channel attenu-
ation and, respectively, overestimate the bounds on the
key rate, hence leading to a security breach (Zheng et al.,
2019b). The attack was shown to be particularly harm-
ful for CV-MDI-QKD, but can also break the security of
conventional CV-QKD schemes. An optical isolator can
be used to block the injected laser seeding light, but it
can also be laser-damaged by Eve. Alternatively, a real-
time monitoring of LO intensity can be used to reveal and
compensate for the laser seeding attack in the CV-QKD
systems with LO generation on the sending side.

On the receiver side, additional detection noise may
originate from imperfect mode matching in case of mul-
timode signals (Usenko et al., 2014) and should be as-
sumed untrusted as being potentially under Eve’s control
due to propagation through the channel. This noise can
be reduced or removed by mode filtering or increasing
the brightness of the LO (Kovalenko et al., 2019). The
impact of the electronic noise of the detectors on security
of CV-QKD can be on the other hand reduced by using
multimode signals (Kumar et al., 2019), which improve
signal-to-noise ratio and the resulting secret key rate. In-
sufficient bandwidth of a balanced homodyne detector
can lead to wrong parameter estimation of a CV-QKD
system and affect its performance, which requires opti-
mization of signal repetition rate and modulation pat-
tern (Liu et al., 2022a).

The homodyne detection based on the LO beam trans-
mitted through the untrusted channel can be a target to
numerous hacking attacks, when Eve can obtain infor-
mation on the key, while hiding her attack by forcing
the trusted parties to incorrectly estimate the channel
parameters. In particular, Eve can carry out the LO in-
tensity attack (Héseler et al., 2008), an intercept-resend
attack with an optimized detection and with the same
amplitudes for the re-sent signal and the LO, leading to
lower variances obtained from the measurements on the
receiving side and hence lower estimated channel noise.
Another possibility for Eve is to introduce fluctuations
to the LO intensity (Ma et al., 2013a), which also allows
Eve to compromise channel noise estimation and force
the trusted parties to underestimate the collective attack
in the quantum channel, particularly in the RR scenario.
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The intensity attack on the LO using introduced fluctu-
ations was also recently reported for the DM CV-QKD
protocols (Fan et al., 2023). The intensity attacks on the
LO can be prevented by LO monitoring, which can be,
however, challenging for detecting the simulated fluctua-
tions (Ma et al., 2013a). The trusted parties can also vary
the LO intensity in the sending station to prevent the LO
intensity attacks and even improve the robustness of the
protocols to the channel noise (Ma et al., 2014). In addi-
tion to manipulating the LO intensity, Even can perform
the wavelength attack on the LO by intercepting both the
signal and the LO and then re-emitting the signal and
the LO at different wavelengths so that the wavelength-
dependent beam splitter in Bob’s heterodyne detector
becomes properly unbalanced (Huang et al., 2013; Ma
et al., 2013b). This allows Eve to impose required out-
comes on Bob’s detector and hide her attack under the
shot noise contribution of the heterodyne detector. The
wavelength attack can also be implemented against pro-
tocols with homodyne detection (Huang et al., 2014) by
affecting the shot-noise measurements, leading to wrong
estimation of the channel noise. Such attacks can be com-
pensated by randomly applying wavelength filters or con-
trollable attenuation in the receiver and advanced real-
time shot-noise monitoring (Huang et al., 2014).

Estimation of shot noise can be affected by Eve using a
calibration attack on the LO (Jouguet et al., 2013a). This
is done by attenuating the beginning of an LO pulse, in-
troducing a delay to the trigger signal for the homodyne
detector, which decreases the detection response slope.
The trusted parties then overestimate the value of the
shot noise and, subsequently, underestimate the channel
noise, which hides Eve’s attack in the quantum channel
and leads to a security break. This type of quantum
hacking attack can be repelled by real-time shot noise
measurements, such as random strong attenuation ap-
plied to the incoming light in the receiver or introduction
of a beam splitter and subsequent calibration of the rela-
tive sensitivity of the two homodyne detectors (Jouguet
et al., 2013a). Calibration in the CV-QKD measurement
can also be exploited by Eve using a polarization at-
tack (Zhao et al., 2018) on systems using polarization
multiplexing of the signal and the propagated LO. In
such schemes the polarization drift of the incoming light
is compensated using polarization monitoring of the LO
and real-time feedback control. However, only part of
the pulses is measured due to the limited detection rate.
It even can change the polarization of the remaining LO
pulses, leading to the leakage of the LO into the signal af-
ter demultiplexing (without interference with the signal
due to time delay) and to reduction of the LO intensity.
The measured shot noise is then reduced, which again
leads to underestimation of the channel noise. Such at-
tack can be removed by polarization monitoring on all
the pulses (Zhao et al., 2018) or by a real-time shot-noise
monitoring (Kunz-Jacques and Jouguet, 2015).

Attacks on the transmitted LO and the subsequent
parameter estimation can be removed by the local gen-



eration of the LO in the LLO (“local local oscillator”)
schemes. In this case, Alice generates reference pulses
(pilot tones), which are used by Bob to phase-lock
his local strong coherent LO with Alice’s prepared sig-
nal (Marie and Alléaume, 2017; Qi et al., 2015; Soh et al.,
2015). The residual phase drift between the measure-
ment and preparation bases should be then removed by
the data post-processing as discussed in Sec. IILLE. Re-
cently, the time-variant parameter estimation and com-
pensation was proposed in (Xu et al., 2024) to improve
robustness of LLO-based schemes.

However, the LLO systems can be vulnerable to an at-
tack on the pilot tones referred to as the reference pulse
attack (Ren et al., 2019). Within the trust assumption on
the phase noise due to the bases mismatch, Eve can iden-
tify the reference pulses and propagate those through an
ideal channel, this way reducing the phase noise. Then,
within the total estimated excess noise at the receiver,
Eve can increase the fraction related to the channel noise
by performing a stronger eavesdropping attack in the
quantum channel, which remains hidden and can lead
to a security breach. In order to prevent these attacks,
the trusted parties can assume perfect transmission of the
reference pulses, while keeping the trust assumption on
the phase noise. A more efficient countermeasure for the
trusted parties is to continuously monitor the intensity
of the pilot tones and calibrate the phase noise accord-
ingly (Ren et al., 2019). LLO schemes can also be vulner-
able to the polarization attack similarly to the conven-
tional protocols with the shared LO (Shao et al., 2022).
To avoid attacks on a shared phase reference, be it LO or
pilot tones, the shared-reference-frame-independent CV-
QKD protocol was proposed recently in (Usenko, 2025),
based on UD encoding, heterodyne detection, and subse-
quent bases alignment on the receiver side by a suitable
phase-space rotation of the measured data.

As an alternative to the attacks on the phase reference,
Eve can perform the saturation attack on CV-QKD (Qin
et al., 2016) by strongly displacing the incoming signals
in order to reach the nonlinear response regime of the
homodyne detector. The measured quadrature variance
then becomes reduced, which leads to underestimation
of the channel excess noise and to a security breach of
the protocol. In order to prevent this type of attack the
trusted parties should ensure the linear regime of the de-
tector, e.g. by post-selection tests or by introducing a
variable attenuator before the detection (the attenuator
has to be wavelength-insensitive to avoid opening another
loophole). Furthermore, the homodyne detection is CV-
QKD can be compromised by the blinding attack (Qin
et al., 2018) similarly to the well-known hacking attack on
the single-photon detectors in DV-QKD (Lydersen et al.,
2010). By sending bright light to the homodyne receiver
with an imbalance between two photodetectors, Eve can
produce the signal current displacement, resulting in sat-
uration of the electronic amplifier in the receiver. Simi-
larly to the saturation attack, the detection becomes non-
linear, leading to a security breach. Contrary to the sat-
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uration attack, however, Eve does not need to phase lock
the injected light with the signal in order to carry out
the blinding attack, which make this type of quantum
hacking more feasible than the saturation attack. This
type of attack can also be ruled out by verifying the lin-
earity of the detection (Qin et al., 2018). Both attacks
were experimentally studied in the context of attacks rat-
ing, aimed at quantifying the risks for practical CV-QKD
systems (Kumar et al., 2021).

The MDI protocols, which waive the trust assumption
on the measurement in CV-QKD, are immune to any
type of detector attacks described above but can be vul-
nerable to attacks on the sources, such as the Trojan
horse attack.

3. Security certification

As CV-QKD is approaching technological maturity,
yet still being the subject for active research and devel-
opment, its practical use is closely related to certification
of its security. In this process the QKD products undergo
rigorous tests and assessments to confirm they meet de-
fined security standards and requirements.

Despite the availability of commercial QKD products
for more than 20 years, no independent security evalua-
tion and certification has been performed yet, due to the
absence of required standards and of a complete ecosys-
tem.

Security certification is characterized by evaluation as-
surance level (EAL), which ranges from 1 (functionally
tested) to 7 (formally designed and verified). Achieving
a high-assurance security certification with EAL above 4
for QKD systems will represent a significant milestone,
as it will establish a high level of trust in QKD products
and unlock access to strategic, and highly regulated, sec-
tors that require certification for secure communications
products, such as government and defense, finance and
banking, healthcare, telecommunication and critical in-
frastructures. Increasing amounts of efforts are currently
invested towards this goal, with significant progress over
the past years.

The methodology for achieving high-assurance secu-
rity certification in QKD systems in the Common Crite-
ria framework 2 involves a collaborative process among
various entities, based on several steps and documents:

e Protection Profile (PP) is a document that de-
fines the target of evaluation and the security re-
quirements that will need to be tested and vali-
dated. It is typically developed by experts and
may be endorsed by national or international bod-
ies to ensure consistency and relevance across sec-
tors. The PP outlines criteria for evaluating the
security properties of system (here QKD) covering

2 see https://www.commoncriteriaportal.org/cc/index.cfm



both the functional requirements and threat miti-
gation strategies.

e Security Target. The manufacturer of the QKD
system is responsible for designing and produc-
ing the product in alignment with the PP require-
ments. To illustrate this compliance, the manu-
facturer provides a documentation, called Security
Target on the productaAZs architecture, security
features, and implementation details, which will be
used by the evaluation lab during testing.

e Evaluation Report. An accredited third-party
evaluation lab, helped by the Security Target docu-
ment, performs a thorough assessment of the QKD
product against the PP. The lab conducts tests to
verify that the product meets the specified security
standards and is resistant to the types of attacks
outlined in the PP. Following the evaluation, the
lab produces an Evaluation Report that details the
findings, including any security weaknesses or com-
pliance issues.

e Certification by National Authority. The
Evaluation Report is submitted to a recognized cer-
tification body, typically a national authority or
a standards organization. This body reviews the
report and ensures that the QKD product meets
all required security criteria for the targeted EAL.
Upon satisfactory review, the certification body is-
sues an official certificate, endorsing the QKD sys-
tem as meeting the PP requirements for the tar-
geted EAL.

It is important to note that certification of a QKD
system is a risk-based process, different in nature from
deriving a security proof. Yet both these approaches are
compatible, and complementary. Certification provides
assurance of a lower bound on the practical security of a
QKD system. This requires to assess the complexity of
possible attacks, using for instance attack ratings (Ku-
mar et al., 2021). An important effort is also needed to
standardize some key aspects (tackled in different sec-
tions of this review) such as security proof III.B practi-
cal implementation including parameter estimation pro-
cedures II1.C, vulnerability analysis ITI.D as well as the
cryptographic use cases, i.e., how QKD is used and com-
bined with other cryptographic primitives, to achieve a
particular security service.

From the viewpoint of security evaluation and certifi-
cation, CV-QKD systems have several specificities:

e Calibration. The parameter estimation phase re-
quires, for most CV-QKD protocols, some quan-
tities that can be considered as trusted (see III.C)
to be calibrated. Over-estimating trusted noise can
lead to attacks (Huang et al., 2014) while its under-
estimation leads to reduced performances. The pre-
cision with which these calibrations can be achieved
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depends on the number of samples used for calibra-
tion procedure, but also on the sampling dynamic
and the stability of the processes. This is notably
the case for the electronic noise (Brunner et al.,
2020) and for the shot noise (Van Der Heide et al.,
2023), that are crucial procedures for which one can
foresee the need for a standardized approach.

e Digital signal processing. Modern CV-QKD sys-
tems can leverage high-bandwidth acquisition elec-
tronics to digitally track and correct noise occur-
ring at the optical channel level (such frequency
and phase noise, dispersion, polarization drift).
DSP has allowed to reach high key rates (Roumes-
tan et al., 2022) as well as high spectral effi-
ciency (Eriksson et al., 2020), but also requires to
revisit calibration procedures and how the logical
channel is defined (Chen et al., 2023) as a function
of analog and digital filters.

e Integration and system modularity. A specificity
of CV-QKD connection is that it can be oper-
ated essentially over a single mode, with hardware
subsystems (laser, modulators, coherent receivers)
that are extremely close to those used by classi-
cal optical coherent communication systems. The
single-mode feature reduces vulnerability to opti-
cal side-channels and moreover facilitates key as-
pects of network integration such as joint opera-
tion (Aymeric et al., 2022) and coexistence with
classical channels (Kumar et al., 2015), as well
as point to multi-point operation (Hajomer et al.,
2024a).

E. Post-processing

In general, for a typical P&M QKD protocol, after Al-
ice has prepared a sequence of quantum states and Bob
has measured these states, they jointly convert their clas-
sical information on those quantum states (e.g., prepa-
ration bases and bit values, measurement basis, and re-
sults) into a final secure shared key. This conversion pro-
cess is commonly called post-processing (see (Luo et al.,
2024) for a recent comprehensive review of QKD post-
processing) and consists of several separate steps, namely
sifting, parameter estimation, information reconciliation,
and privacy amplification, which must be implemented
according to the security proof. To accomplish these
tasks, Alice and Bob exchange messages over an authen-
ticated channel on which Eve can learn the content of the
messages but cannot modify them.

1. Post-processing performance
We start with discussing the important figures of merit,

characterizing the performance of post-processing imple-
mentations.



General performance characteristics for all post-
processing steps are (i) achievable throughput of secure
key generated, and (ii) computing resources (computing
power, memory) needed to generate one secure key bit.

We observe that in CV-QKD protocols all quantum
states that Alice prepares and transmits are detected
and measured by Bob. This is in contrast to DV-QKD
where the detection (click) rate of the single-photon de-
tector(s) is much smaller than the number of states pre-
pared. Therefore, if post-processing should occur in real-
time (such that no quantum states remain unused) after
the sifting step a CV-QKD protocol still has to process
information at a rate that is of the same order of magni-
tude as the state generation rate rgen. In comparison, a
DV-QKD protocol processes state information after sift-
ing only at a rate that is orders of magnitudes lower,
ie., at rgen X o X T x n, where p (typically, p < 1) is
the mean photon number of the states prepared, T < 1
is the channel transmission, and 17 < 1 is the detection
efficiency.

For the information reconciliation step, the error cor-
rection efficiency 3 is an important parameter that can
be decisive for secure key generation by a QKD protocol.
For reconciliation of a block of n bits, that were transmit-
ted over a noisy quantum channel, by exchanging njeqx
bits on the classical error-free channel, 5 is given by

N — Nieak

A= nxC (44)

Here C is the channel capacity, which refers to the max-
imum rate (per channel use) at which information can
be reliably (with negligible error rate) transmitted over
a noisy channel. If reconciliation is performed by trans-
mitting syndromes of linear block codes with a block size
n, a syndrome length s, and a corresponding code rate
R=1- 2, then

B=7 (45)

since the number of leaked bits me.x is given by the
length of the syndrome s.

The frame error rate (FER, also sometimes referred to
as the word error rate), which is the ratio of the number
of data frames that cannot be successfully reconciled to
the total number of frames, is another important param-
eter that influences the secure key rate. Recently, the
FER has been taken into account in a security proof in
the finite-size regime against collective attacks (Hajomer
et al., 2025b), scaling the typically dominating compo-
nent of the key rate by (1-FER)3. Note that the channel
capacity is defined for a negligible FER. If and only if

3 This follows from combining Eqgs.(2) and (3) in (Hajomer et al.,
2025b).
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reconciliation must have a negligible FER, R < C, i.e.,
8 < 1 must hold.

Due to imperfections in codes and decoders and lim-
ited computational decoding resources, the efficiency g
is typically lower than 1 even if a non-negligible FER is
accepted. Values of 8 up to 98% were reported in CV-
QKD experiments (see Table IV). However, accepting a
FER of 99.99% (Johnson et al., 2017) demonstrated that
an LDPC code can reach an efficiency of g = 1.09.

Often, information reconciliation uses an iterative de-
coding algorithm, and then the number of iterations used
is another important parameter, because the time needed
to decode is directly proportional to the number of iter-
ations performed. In general, using a higher number of
iterations achieves a higher value of 8 for the same value
of FER.

For the privacy amplification step, we observe that
finite-size proofs typically demand a data block size of
100 or even (much) larger, which can result in the need
for large memories.

We further discuss the main steps and respective meth-
ods for post-processing in CV-QKD.

2. Sifting

As it was already mentioned, two detection schemes are
typically used in CV-QKD: homodyne detection, where
Bob measures a single quadrature (either # or p), and
heterodyne detection, where Bob measures both quadra-
tures simultaneously. In the homodyne-based CV-QKD
protocols Bob therefore has to randomly switch between
non-commuting quadratures for each received quantum
state. This is typically accomplished by adjusting the
LO phase between 0 and 7, often with the aid of quan-
tum random number generator. Random switching is
essential for security, as it means that in a direct attack,
Eve would only match Bob’s basis half the time. Even
if she could retain quantum states in memory and wait
until Bob reveals his basis, she would still not be able
to influence the measurement outcome. This switching
process, however, requires a “sifting” step, where Bob
communicates with Alice his choice of quadratures for
each received quantum state over an authenticated pub-
lic channel, allowing Alice to retain only the data corre-
sponding to Bob’s selected quadrature, ensuring they are
in agreement.

3. Post-selection

As discussed in Sec.IIL.F.2 in more detail, discard-
ing information of selected states from further process-
ing conditioned on measurement outcome can be utilized
in some CV-QKD protocols to increase the secure key
rate. Another advantage of post-selection relevant in the
context of post-processing is that the reduced number of
states leads to a reduction in the computing resources



needed. During the post-selection Bob has to decide
which states will be discarded.

4. Parameter estimation

After the quantum phase, where Alice and Bob prepare
and measure quantum states, they move on to parameter
estimation. This step enables them to estimate system
parameters essential for calculating the secret key rate ac-
cording to a specific security proof. Traditionally, param-
eter estimation involves Alice and Bob disclosing a por-
tion of their modulated and measured quadrature values.
However, this approach limits the length of the generated
secret key. To address this, most recent CV-QKD imple-
mentations have reordered the post-processing steps so
that information reconciliation occurs before parameter
estimation (Hajomer et al., 2024c; Jain et al., 2022; Lev-
errier, 2015). This adjustment allows all measurements
to contribute to both parameter estimation and secret
key generation.

The parameter estimation process in DM CV-QKD dif-
fers from that of traditional Gaussian-modulated proto-
cols. To clarify, we examine this step using the tradi-
tional Gaussian-modulated CV-QKD protocol as an ex-
ample. In such a protocol, calculating the secret key rate
requires constructing the covariance matrix of the P&M
scheme, which can then be translated into an equivalent
EB scheme for security analysis. To build this covariance
matrix, Alice and Bob must estimate the channel param-
eters, specifically the channel transmittance T and the
excess noise v which they can achieve through the fol-
lowing measurements:

1. Electronic noise. Measured by turning off the LO
and blocking the signal input port.

2. Vacuum noise (shot noise). Measured by blocking
the signal input port while keeping the LO port
open.

3. Modulated quantum states. Measured by keeping
both the signal and LO ports open.

4. Back-to-back measurement. Conducted to monitor
and calibrate the modulation variance at the chan-
nel input. This is typically done by connecting the
transmitter and the local receiver on the sender side
through a short channel (an optical switch between
the local receiver and the quantum channel) or, al-
ternatively, by tapping a small portion of the signal
at the transmitter side and measuring it locally. In
this setup, it is assumed that the channel trans-
mittance is equal to one and that the excess noise
is zero (hence, the channel is perfect). Given the
quantum efficiency of the receiver 7, the modula-
tion variance V,,, can be estimated as:

Vi - V:s ec 1
Vm _ B2B 1 7 (46)
Nk
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where Vgsp is the variance of the measured quadra-
ture in shot noise units, Vgec is the electronic noise
variance, and p is the parameter equal to 1 for ho-
modyne detection or 2 for heterodyne detection.

After completing these measurements, Bob normalizes
his measurement using the variance of the vacuum noise.
Alice and Bob can then use their shared quadrature val-
ues to estimate the channel parameters as:

2
T:L,V:Tvm_w7 (47)
Vinn N

where 22 is the covariance (correlation) between Alice’s
and Bob’s quadrature values.

This estimation is based on the assumption that Alice
and Bob exchange an infinite number of quantum states,
allowing the calculation of the secret key rate in the
asymptotic regime. However, in practical systems, the
number of exchanged quantum states is finite, leading to
fluctuations in parameter estimates. This finite-size ef-
fect is mitigated by applying a confidence interval based
on the number of exchanged states to ensure a worst-
case estimation (Leverrier et al., 2010) and is discussed
in detail in Sec. ITI.B.

5. Information Reconciliation/Error Correction

Information reconciliation (also called error correction)
is always needed to achieve a correct protocol, i.e. one
that either produces identical keys for Alice and Bob or
aborts with probability close to one. This process in-
volves mapping Alice’s and Bob’s quadrature values into
binary data and then applying an error correction algo-
rithm, which requires exchanging information, such as
syndromes, over an authenticated public channel.

In Gaussian-modulated CV-QKD, there are two main
reconciliation approaches, depending on how the quadra-
ture values are mapped to binary strings: sliced reconcil-
iation (Van Assche et al., 2004) and multi-dimensional
(MD) reconciliation (Leverrier et al., 2008).

Sliced reconciliation uses a multilevel encoding and
multi-stage decoding process, applying different error
correction codes, such as LDPC codes or polar codes,
as the SNR varies across levels of coding. This approach
allows encoding of more than one bit per quantum state
and is typically applied at SNR values above 0 dB, mak-
ing it effective for moderate distances (up to around
30 km). This distance limitation occurs because slicing
is effective only when the received SNR at Bob’s end is
sufficiently high. With independently chosen code rates
for each m slices (R;(1 <4 < m)), the error correction
efficiency § can be computed as (Jouguet et al., 2014):

H[Q(B)] — m + T | R,
1(4;Q(B)) ’

where H is the binary entropy function and @ is the
quantizing function.

B= (48)



MD reconciliation is an alternative method designed
for low-SNR regimes (below 0 dB). The core idea in
MD reconciliation is to rotate Gaussian variables so that
they lie on a unit sphere in a d-dimensional space, us-
ing their norm to avoid issues with small absolute values.
This approach reduces the high bit error rate observed
in slicing protocols at low-SNR regimes. MD reconcil-
iation has shown superior performance over slicing at
longer transmission distances, supporting ranges up to
200 km (Zhang et al., 2020). Like slicing, MD reconcilia~
tion can be paired with various error-correcting codes;
however, it particularly benefits from multi-edge type
LDPC codes, which are optimized for MD use at very
low received SNR (Mani et al., 2021). In this regime,
state-of-the-art decoding can achieve throughputs of 1.44
and 0.78 Gbps for code rates of 0.2 and 0.1, respectively,
enabling real-time secret key generation at 71.89 Mbps
for 25 km and 9.97 Mbps for 50 km (Luo et al., 2024).

The efficiency of MD reconciliation, defined as
B(SNR) = R/Cawcen(SNR), where R is the code rate
and Cawgn is the capacity of the additive white Gaus-
sian noise channel, depends on both the intrinsic effi-
ciency of the error-correcting codes, the received SNR
and efficiency of mapping. This becomes evident when
the overall efficiency is expanded in terms of the code effi-
ciency, Bcoode, and the channel efficiency, Schannel, which
depend on the dimension of the mapping. The overall
efficiency can be expressed as (Milicevic et al., 2018):

Cu(SNR)
= ode rannel — ode ~ T an D\’ 4
B = Bcode X Bchannel = Bcode X Cawon (SNE) (49)

where Cy(SNR) is the ergodic capacity of multi-
dimensional scheme with dimension d = 2,4, or 8. Conse-
quently, rate-adaptive error correction, which uses tech-
niques such as puncturing and shortening to adjust the
rate of error-correcting codes, has been introduced to im-
prove efficiency in practical implementations, where SNR
fluctuates over the measurements. For a comprehensive
comparison of the performance of different reconciliation
methods and error correcting codes, refer to Ref. (Luo
et al., 2024).

After information reconciliation Alice and Bob perform
error confirmation to ensure that the corrected key bit
strings match on both sides. This is done by Alice and
Bob randomly selecting a hash function from a family of
universal hash functions. They then use this function to
calculate the hash values of their corrected key bits and
compare these values to verify whether the error correc-
tion was successful. If the hash values are identical, the
keys are further processed in the next step. If the hash
values do not match, the corresponding keys are deemed
incorrect. These keys are either discarded entirely or
corrected by one party sending its key in plaintext to
the other. The choice of method depends on the security
proof. For a recent review on information reconciliation
in CV-QKD refer to (Yang et al., 2023).
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6. Privacy amplification

Privacy amplification is a crucial step in QKD that re-
moves information leaked about key bits that Eve might
have gained during earlier stages of the QKD protocol.
It is typically carried out by first choosing a hash func-
tion randomly from a so-called family of universal hash
functions. The value that chooses which hash function
from the family (set) of hash functions is used is called
“seed” and is assumed to be sampled from a uniform dis-
tribution. Then this hash function is used to map the
corrected bit strings of length N at both Alice and Bob
to a shorter secure key of length L (Bennett et al., 1995).

Among various families of universal hash functions,
multiplication with a randomly chosen Toeplitz matriz
is the most commonly used method for privacy amplifi-
cation in QKD. In a Toeplitz matrix all elements along
each diagonal (from the upper left to the lower right)
are identical. This property allows the matrix to be effi-
ciently constructed using only the elements of its first row
and first column. Privacy amplification using a Toeplitz
matrix T can be directly implemented through matrix
multiplication, ksee = Tkeorr, Where kgee is the final se-
cure key with length L and k.o, is the key after error
correction with length N.

However, in the finite-size CV-QKD regime, N is typ-
ically very large — in the order of at least 10'°. This
renders direct matrix multiplication infeasible, as the
direct implementation of Toeplitz matrix multiplication
has a time complexity of O(N?), which would signifi-
cantly slow down the privacy amplification process, es-
pecially in high-speed QKD systems.

To address this, the fast Fourier transform (FFT)-
based Toeplitz method has been used in several
works (Tang et al., 2019). This approach reduces
the time complexity to O(Nlog N) by converting the
Toeplitz matrix into a circulant matrix, enabling more
efficient computation.  Using this method, privacy
amplification has been implemented on various hard-
ware platforms, including GPUs, FPGAs, and co-
processors (Weerasinghe, 2024). These implementations
have achieved execution speeds ranging from Mbps to
Gbps, making them suitable for real-time QKD systems.

The state-of-the art method for accelerating the im-
plementation of the privacy amplification for CV-QKD
is the number-theoretical transform (Takahashi et al.,
2016), which, like the FFT, reduces the time complex-
ity from O(N?) to O(NlogN). Unlike the FFT, the
number-theoretical transform operates entirely in finite
fields using modular arithmetic, eliminating the need for
floating-point and complex variables. This reduces the
memory needed and, at the same time, avoids any po-
tential round-off errors of floating-point operations. This
approach has a similar throughput as the FFT approach,
reaching rates from Mbps to Gbps (Takahashi et al.,
2016; Yan et al., 2022).

Alternatives to Toeplitz hashing that are based on mul-
tiplication with either (i) a modified Toeplitz matrix or



(ii) circulant matrix, and that are slightly faster and need
a shorter seed are discussed in (Hayashi and Tsurumaru,
2016). These alternatives have also a computational com-
plexity of O(N log N).

7. Message Authentication

As mentioned, QKD protocols consist of two main
phases, namely the quantum phase, where quantum
states are transmitted and detected, and the post-
processing phase, which includes classical communication
and data processing. To achieve information-theoretic
security, the post-processing phase requires a public au-
thenticated channel to prevent man-in-the-middle at-
tacks.

Authentication in QKD typically relies on either pre-
shared symmetric seed keys or post-quantum crypto-
graphic (PQC) keys for encrypting (signing) and decrypt-
ing (verifying) the hash values of classical messages (Freg-
ona et al., 2024). While symmetric key-based authen-
tication provides information-theoretically secure solu-
tions, it faces significant scalability challenges in large
networks. The number of symmetric key pairs grows
quadratically with the number of users, leading to in-
creased overhead in storage, synchronization, and man-
agement. Trusted relays can alleviate this by forming
star-type networks (Frohlich et al., 2013), where each
user shares keys only with the relay. However, this archi-
tecture limits direct communication between users.

In contrast, PQC-based methods utilize a public key
infrastructure (Wang et al., 2021), where users receive
digital certificates signed by a trusted authority. This
approach enables an efficient and scalable authentication
for large networks. Notably, using PQC in authentica-
tion, rather than for confidentiality or key distribution,
ensures that, as long as the algorithm remains secure
during the authentication process, the QKD-generated
keys are also secure, even if the PQC algorithm is later
compromised.

Authentication protocols in QKD include methods
such as encode-decode (Gilbert et al., 1974), key recy-
cling (Wegman and Carter, 1981), and ping-pong delayed
authentication (Kiktenko et al., 2020). Encode-decode
methods provide strong security by using each key only
once, but their high key consumption makes them im-
practical. Key recycling protocols address this limitation
by reusing keys cyclically, such as encrypting tags with
one-time pads, significantly reducing key usage. Ping-
pong authentication further optimizes this process by
consolidating multiple rounds of post-processing into a
single authentication step. This method employs bidi-
rectional authentication, where both parties alternately
verify each other.

For authentication, universal hash functions such as
e-AU;y (almost universal) (Abidin and Larsson, 2012),
e-AXUs; (almost XOR universal) (Rogaway, 1995), and
e-AAU (almost delta universal) (Stinson, 1996) are in-
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tegral, with advancements focusing on minimizing key
consumption while maintaining security.

In practical implementations of QKD, three key as-
pects of authentication must be addressed to ensure over-
all security:

1. Security of pre-shared authentication keys. Pre-
shared keys may be distributed out-of-band, e.g.,
by using couriers. Alternatively, post-quantum
cryptographic methods have been proposed to se-
cure these keys (Wang et al., 2021).

2. Key reuse. Reusing keys for multiple authentica-
tions could potentially compromise security. En-
crypting all tags with one-time pads can mitigate
this risk.

3. Security of QKD-generated keys. After the ini-
tial round of authentication using pre-shared keys,
QKD-generated keys are used for subsequent au-
thentications.

For an in-depth analysis of authentication security
under various non-ideal conditions, refer to Table 9 in

Ref. (Luo et al., 2024).

F. Advances in CV-QKD

CV-QKD remains an actively developing field of re-
search and many methods for improving the efficiency
and robustness of the protocols were suggested during
the past decades. The development is ongoing toward
quantitative improvement of the figures of merit, such
as key rate, secure distance (or, equivalently, tolerable
attenuation), tolerable channel or untrusted preparation
and detection noise (particularly relevant for protocol im-
plementations beyond the optical domain), as well as cost
reduction by means of simplification and integration of
devices. On the other hand, the efforts are directed to-
ward qualitative improvements, such as reduction of se-
curity assumptions, generalization of security models as
well as closing the practical loopholes.

The quantitative improvements of the protocol perfor-
mance can be, first of all, achieved by optimizing the
parameters of the protocol. For example, it is known al-
ready from the early implementations of CV-QKD that
modulation upon the imperfect error correction has to be
optimized (Lodewyck et al., 2007). Controllable trusted
noise, which can be added to compensate for the noise
in the quantum channel (Garcia-Patron and Cerf, 2009)
should also be optimized to provided maximum robust-
ness to noise (Madsen et al., 2012). Optimized parameter
estimation can also improve the performance (Ruppert
et al., 2014), especially when the channels are fluctuat-
ing (Ruppert et al., 2019).

In addition to parameter optimization, CV-QKD can
benefit from signal state engineering, the most typical
example being the use of squeezed signal states instead
of coherent signals, which allows to improve performance



and robustness of the protocols (Garcia-Patron and Cerf,
2009; Madsen et al., 2012; Navascués and Acin, 2005),
also in the fluctuating free-space channels (Derkach et al.,
2020), where squeezing however has to be limited (opti-
mized).

Beyond the parameter and signal state optimization,
applicability and security of CV-QKD can be improved
by various methods, which we discuss below.

1. Quantum amplifiers and repeaters

Amplification is well-known and widely used in clas-
sical communications, where signal amplifiers (particu-
larly, laser amplifiers in the optical domain) increase the
magnitude of the signal in order to compensate for the
transmission losses. However, quantum features are typ-
ically lost in such a process and quantum communica-
tion should be performed on the dedicated fibers, free
from standard classical networking equipment. However,
quantum states can also be amplified, which leads to en-
hancement of the signal, but comes at the cost of in-
creased noise or probabilistic outcomes.

Quantum amplifiers in the phase-space description are
usually distinguished between phase-insensitive ampli-
fiers (PIA), which upscale both quadratures at the cost
of excess noise in both, and phase-sensitive amplifiers
(PSA), which amplify one of the quadratures, while de-
amplifying another one, a typical example of such pro-
cess being quadrature squeezing. The PIA is therefore
a non-degenerate optical parametric amplifier (OPA),
which transforms the signal (S) and idler (I) modes
with quadratures &5, ps and Zr,p; as Ts/; — /9Ts/1 +
V9 —1Z1/8,D5/1 = \/9Ps/1—v9 — 1p1/s, where g > 1is
the amplification gain. The idler mode is ideally in a vac-
uum state, or, more realistically, in a thermal state, which
results in the excess noise added to the signal quadrature
variances. The PSA, on the other hand, ideally results
in the signal transformation of the form &g — /gZs

and ps — +/1/gps so that the amplified quadrature &
becomes more noisy and the de-amplified quadrature p
becomes squeezed. It was shown that an optimal PSA
can compensate for the practical imperfections (losses
and noise) of a homodyne detector, while an optimal
PIA compensates for the imperfections of a heterodyne
deceiver (Fossier et al., 2009a), which is valid even for
practical noisy amplifiers, provided their noise is limited.
Positive role of PSA in CV-QKD was recently demon-
strated experimentally in (Liao et al., 2025), where it
improved the photodetector clearance, resulting in the
homodyne detection efficiency of 96%.

The possibility of using PIA and PSA in coherent-
state CV-QKD over multi-span links was recently stud-
ied in (Notarnicola et al., 2024). It was shown that the
key rate can be increased using multiple PSAs placed be-
tween the link segments if all the segments are considered
untrusted, while both PIA and PSA can be helpful for
only one untrusted link segment.
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To avoid noise addition by the PIA, the post-selection
can be used, resulting in the probabilistic noiseless lin-
ear amplifier (NLA) (Xiang et al., 2010), which is ideally
free from the idler-mode noise, and can distill continuous-
variable entanglement, which a resource for CV-QKD. By
considering NLA after the quantum channel and build-
ing an effective channel model, it was shown, that NLA
can extend the secure distance of Gaussian CV-QKD or,
equivalently, improve the robustness to noise at given
channel attenuation (Blandino et al., 2012). The opera-
tion should be optimized due to a trade-off between the
probability of success and the amplification gain.

The main building block of an NLA is typically the
so-called quantum scissors scheme (Pegg et al., 1998),
which is based on the input beam (coming from a mul-
tiport splitting of the signal entering the NLA) balanced
coupling to a single-photon state, mixed with vacuum
on a variable coupler, then the output of the variable
coupler, conditioned on the click on the proper output
of the balanced coupler, results in the scissors output.
The outputs are then recombined with the other out-
puts from other parallel scissors schemes to produce the
probabilistically noiselessly amplified signal (Dias et al.,
2020). The quantum scissors scheme in the receiving
station of Gaussian CV-QKD was studied in (Ghalaii
et al., 2020b), incorporating the essentially non-Gaussian
single-photon coupling and filtering operations into se-
curity analysis. The obtained bounds on the secret key
rate demonstrate the improvement of the secret distances
of the protocol in certain regimes of non-zero channel
excess noise, suggesting the perspectives of using quan-
tum scissors as a building block for CV quantum repeater
schemes (Dias and Ralph, 2017) useful for CV-QKD. The
result was extended to DM CV-QKD in (Ghalaii et al.,
2020a). The quantum scissors scheme can be generalized
to N-photon Fock states (Winnel et al., 2020), which
was shown to be more efficient for NLA than multiple
application of single-photon scissors, and can be further
improved by optimizing the general interferometric cou-
pling (Fiurasek, 2022a).

Another CV quantum repeater scheme, based on
the non-Gaussian entanglement distillation (Fiurasek,
2010; Lund and Ralph, 2009) (enabled by the single-
photon states and detections) with subsequent Gaussifi-
cation (Campbell and Eisert, 2012), postponed to the end
of the repeater protocol by means of non-Gaussian entan-
glement swapping, was proposed and analyzed for CV-
QKD (Furrer and Munro, 2018), showing the possibility
to improve rates and distances of the protocols. It was
also shown, that losses can be noiselessly suppressed by
combination of noiseless attenuation (heralded by single-
photon detection on the residual port of an attenuating
beam splitter) prior to transmission and noiseless ampli-
fication of the transmitted state (Mi¢uda et al., 2012).
As an alternative to the quantum scissors scheme, which
has to be multiply implemented on the split signal, NLA
can be efficiently realized using multiple single-photon
additions and subtractions (Zavatta et al., 2010) or two-



photon addition and subtraction (Neset et al., 2024), by
using weak measurements based on strongly nonlinear
optical interactions (Menzies and Croke, 2009), or by
combining Gaussian thermal noise and photon count-
ing (Usuga et al., 2010), which allows concentration of
phase information of coherent states.

The practical implementation of NLA and other CV
quantum repeater schemes, potentially useful for CV-
QKD, is, however, very challenging as it requires single-
photon (or N-photon) state generation and efficient pho-
todetection or high optical nonlinearities. Nevertheless,
the NLA scheme can be implemented in the form of post-
selection, as we discuss in the next paragraph.

2. Post-selection

Classical post-selection in the sense of conditioning on
a particular measurement outcome was first suggested
for DR CV-QKD protocols to beat the 3 dB channel loss
limit (Silberhorn et al., 2002b) in the absence of channel
noise. Alternatively, a quantum post-selection can be ap-
plied, which is equivalent to a physical operation on the
state. NLA, virtually implemented in the form of Gaus-
sian post-selection, was shown compatible with the Gaus-
sian security proofs and helpful for CV-QKD in (Fiurasek
and Cerf, 2012), especially if combined with the virtual
noiseless attenuation on the sender side (even without
the need of pre-selection on this stage). It was shown,
that such virtual NLA (also referred to as measurement-
based) can improve secure distance or tolerable channel
noise of the protocols (Walk et al., 2013) and restore the
key rate in the EB realization of CV-QKD (Chrzanowski
et al., 2014). The quantum filtering, equivalent to NLA
operation, should also be optimized due to a trade-off
between the post-selection region and reduction of the
raw key data. The filter implementation requires a cut-
off on the data filter, which should be large enough to
result to Gaussian statistics. In the finite-size regime,
this cut-off has to be optimized to provide sufficient im-
provement of the effective transmittance and, simultane-
ously to preserve Gaussian statistics and not worsen the
parameter estimation (Hosseinidehaj et al., 2020). The
equivalence between physical and virtual realizations of
NLA was studied in detail in (Zhao et al., 2017), showing
the lower success rate of the measurement-based virtual
realizations. Practical realizations of NLA using quan-
tum scissors and single-photon catalysis (photon addi-
tion or subtraction operation, which can reportedly act as
NLA (Zhang and Zhang, 2018)) were theoretically stud-
ied in (Notarnicola and Olivares, 2023), taking into ac-
count limited detection efficiency, and compared to ideal
NLA analyzed in (Blandino et al., 2012), resulting in the
extended secure distance for both practical realizations.

Classical post-selection was analyzed and shown help-
ful for DM CV-QKD with phase-shift keying (Kanitschar
and Pacher, 2022), where optimal post-selection strate-
gies can improve the performance of the protocols with
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fewer signal states and reduce the performance gap be-
tween the trusted and untrusted detector models.

3. Photonic integration

The development of quantum integrated photonics is
a major challenge and key enabler across all quantum
technologies as it paves the way to systems with reduced
cost and complexity, and increased scalability, stability
and reproducibility (Moody et al., 2022). In particu-
lar for quantum communication and QKD, the use of
photonic integrated circuits (PICs) will facilitate their
deployment in practical infrastructures, notably in heav-
ily constrained environments like data centers or satel-
lite payloads. Significant progress has been achieved in
the last years on all major PIC platforms, including sil-
icon, III-V compound semiconductors, or lithium nio-
bate (Aldama et al., 2022). Many of these developments
have focused on DV technology, which however faces
the challenge of integrating single-photon detectors (Liu
et al., 2022b). Coherent detectors used in CV-QKD are
more amenable to photonic integration, leading to sev-
eral demonstrations in this direction, although the field is
in general relatively young and more progress is expected
in the following years. Most demonstrations leverage the
silicon (Si) platform, which offers compatibility with ma-
ture manufacturing processes and low-loss components,
but indium phosphide (InP) opens the prospect of mono-
lithic integration as it allows for laser integration in addi-
tion to high-speed modulators and efficient photodiodes.

At the component level, early experiments focused on
Si-integrated homodyne detectors. In (Raffaelli et al.,
2018), an electronic-to-shot-noise clearance of 11 dB at
150 MHz was achieved, while the device was also used
to produce random numbers at 1.2 Gbit/s. The experi-
ment in (Bruynsteen et al., 2021) combined a Si optical
front end and a custom integrated transimpedance am-
plifier designed in a 100 nm GaAs pHEMT technology,
showing enhanced stability, bandwidth, and noise per-
formance for the developed photonic-electronic balanced
homodyne detector. The clearance was 28 dB and the
shot-noise-limited bandwidth exceeded 20 GHz. In (Jia
et al., 2023), the silicon-on-insulator platform was used
for a time-domain balanced homodyne detector, which
features a common mode rejection ratio of 86.9 dB, a
clearance of 19.42 dB, and a quantum efficiency of 38%.
This performance enabled CV-QKD with a secret key
generation rate of 0.01 bits/pulse at 50 km. Still on the
detection side, (Milovancev et al., 2021) showed first the
use of commercially available die-level components for
balanced homodyne detection, with a clearance exceed-
ing 20 dB and a common mode rejection ratio of 50 dB at
1 GHz, and then, in (Milovancev and Voki¢, 2024), a re-
ceiver combining Si and BiCMOS, featuring much lower
noise than wire-bonded counterparts at equivalent band-
width. This performance was compatible with a key rate
of up to 30 Mbit/s at 10 km, considering CV-QKD with



Gaussian modulation and an untrusted receiver assump-
tion.

In addition to the above developments at the compo-
nent level, (Bian et al., 2024a) demonstrated improved
system stability reducing the standard deviation of the
secret key rate by an order of magnitude using a biased
Mach-Zehnder interferometer integrated on Si. The ex-
periment showed a stable rate of 1.97 Mbit/s at 60 km
with fluctuations on the order of 1%, assuming a finite
size regime. Furthermore, (Li et al., 2023) used an InP re-
flective semiconductor optical amplifier coupled to a low-
loss silicon nitride cavity to develop on-chip low-linewidth
lasers (with linewidth ranging from 1.6 to 3.2 kHz), hence
addressing the laser integration issue inherent in the
Si platform. These lasers were used as signal and LO
sources in a CV-QKD experiment reaching a secret key
generation rate of 0.75 Mbit/s at 50 km.

Operation of PIC-based CV-QKD subsystems, re-
ceivers or transmitters, has only been demonstrated re-
cently. In (Hajomer et al., 2024b), a Si-integrated
photonic-electronic receiver implementing phase diverse
heterodyne detection (with two balanced detectors),
showed CV-QKD operation at a record-high 10 GBaud
rate with advanced DSP techniques. A Si-integrated re-
ceiver with germanium photodiodes implementing RF
heterodyne detection (with one balanced detector) was
used in (Piétri et al., 2024b), where the optimal cou-
pling efficiency reached 26%, with a clearance of 10 dB at
150 MHz bandwidth, and an achieved secret key genera-
tion rate of 2.4 Mbit/s at 10 km and 220 kbit/s at 23 km,
also with advanced DSP. The experiment of (Bian et al.,
2024b) used Si photonics for a receiver featuring a clear-
ance of 7.42 dB at a bandwidth of 1.5 GHz, compatible
with CV-QKD in a local LO configuration with a secret
key generation rate of 1.38 Mbit/s or 0.24 Mbit/s at the
asymptotic or finite-size regime, respectively, at 28.6 km
with a trusted receiver. Progress has been achieved on
the transmitter side as well, with a pulsed experiment
with Gaussian modulation and pulse shaping, using an
InP-integrated transmitter that includes an electrooptic
modulator, an in-phase and quadrature (IQ) modulator
equipped with thermo-optic and current-injection phase
shifters, and a variable optical attenuator, featuring a
1 GHz bandwidth (Aldama et al., 2023). The exper-
iment achieved a rate of 2.3 Mbit/s in a back-to-back
configuration or 0.4 Mbit/s at 11 km.

Full on-chip CV-QKD system operation still remains
quite challenging. The very first PIC used for CV-
QKD (Ziebell et al., 2015) was in fact a transceiver in-
cluding modulators based on carrier depletion, injection
and thermal effects, and also germanium photodiodes
in a homodyne detector. However, although this work
demonstrated the possibility to integrate all key com-
ponents, there was no performance assessment as a full
system. More recently, (Zhang et al., 2019) showed a
Si-integrated system with both transmitter and receiver
chips, including all key components. The system oper-
ated in a pulsed, transmitted LO configuration, with a
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homodyne detector and Gaussian modulation. The laser
was not integrated and the bandwidth was limited to
10 MHz due to the detector transimpedance amplifier.
The detector featured a clearance of 5 dB and a quantum
efficiency 49.8%, and the achieved secret key generation
rate was 0.14 kbit/s over a simulated 100 km fiber.
With the increasing importance of photonic integra-
tion in several technological fields, a lot of progress is ex-
pected in the coming years, with a direct positive impact
to quantum communication. Further advances will un-
doubtedly include advanced and efficient packaging tech-
niques, optimized coupling methods, and co-integration
of photonic and electronic chips. In particular for CV
schemes, in addition to low-linewidth laser integration, a
crucial challenge remains addressing the inherent trade-
offs involved in high sensitivity, low noise and high band-
width detection, in the presence of multiple photonic
components on the same chip. This calls for precise con-
trol and optimization procedures in the entire chip and
surrounding circuit that need to be validated in deployed
quantum communication systems hence confirming the
expected advantages of the use of integrated photonics.

4. Channel multiplexing and co-existence

Already in the first tests of CV-QKD, mode multiplex-
ing was used to simultaneously transmit quantum signals
and LO (Fossier et al., 2009b; Lodewyck et al., 2007).
However, signal multiplexing can also be used to improve
the performance of CV-QKD protocols. In particular,
three-dimensional multiplexing (in wavelength, polariza-
tion, and orbital angular momentum) was shown to in-
crease the rates of DM CV-QKD over free-space chan-
nels (Qu and Djordjevic, 2017). Multiplexed quantum
teleportation was shown a promising tool for enhancing
the quantum communication rates (Christ et al., 2012).
The possibility to upscale the secret key rate of Gaus-
sian CV-QKD by means of mode multiplexing in the
multi-mode fibers was demonstrated in (Sarmiento et al.,
2022). It was also shown theoretically and verified in the
proof-of-principle test on a frequency-multiplexed source
of entanglement in (Kovalenko et al., 2021), revealing the
negative role of the inter-mode cross talk, as well as sug-
gesting cross talk removal by means of optimized data
processing (equivalent to a passive linear-optical network
to comply with Gaussian security proofs). Multiplexed
CV-QKD over 194 channels with a total key secret rate of
172.6 Mbitps over 25-km distance was reported in (Eriks-
son et al., 2020), revealing the power of mode multiplex-
ing for increasing the capacity of coherent-state protocol.

Quantum signals can also be multiplexed with clas-
sical communication channels, which is referred to as
co-existence between QKD and classical communication
and is essential for practical implementation of CV-QKD
over existing fiber-optical networks. The possibility to
perform CV-QKD over dense-wavelength-division multi-
plexing networks was experimentally studied in (Kumar



et al., 2015) in a 25-km long fiber link. It was shown, that
Gaussian coherent-state CV-QKD, operating at 1500 nm,
can coexist with the noise from up to 11.5 dBm classi-
cal channels at the same wavelength in the forward di-
rection (9.7 dBm in the case of back-propagation). In
the 75 km channel, the tolerable classical channel power
was -3 and -9 dBm respectively. An experimental test
of coherent-state CV-QKD jointly with 100 wavelength-
division-multiplexed (WDM) channels with a total data
rate of 18.3 Thps in a 24-hour operation was reported
in (Eriksson et al., 2019b). Cross talk from the classical
channels was studied in its impact on coherent-state CV-
QKD in (Eriksson et al., 2019a), showing that in-band
cross talk from 30 WDM channels can stop the protocol,
but by placing CV-QKD in wavelength not used by the
classical channels the protocol can be realized even in the
presence of amplified spontaneous emission noise. Impact
of four-wave-mixing noise from dense WDM systems on
EPR-based CV-QKD was studied in (Du et al., 2020).
Demonstration of CV-QKD in the existing telecommuni-
cation infrastructure was recently reported in (Jain et al.,
2024), combining CV-QKD channels with 100G optical
transceivers operating at 1300 nm.

Further directions of ongoing development in CV-QKD
include advancement of the detection schemes, partic-
ularly in a hybrid Gaussian CV-QKD protocol with
photon-number resolving detectors, that can improve the
secret key rate in the purely lossy channels and under the
assumption that Eve employs homodyne detection (Cat-
taneo et al., 2018). Recent results of the optimized state-
discriminating receivers report extension of the security
distance of CV-QKD in wiretap (noiseless) channels (No-
tarnicola et al., 2023).

Protocol simplification by so-called passive preparation
using splitting of a thermal state can reduce the cost
and potentially remove some of the side channels in the
preparing station, as suggested theoretically (Qi et al.,
2018) and recently studied experimentally (Qi et al.,
2020).

IV. CV QUANTUM COMMUNICATION BEYOND QKD

While QKD remains the most mature application of
CV quantum communication, there are a few more pro-
tocols, that can be potentially realized using CV systems,
as we discuss in the current section.

A. Quantum secure direct communication

CV-QSDC was proposed in (Pirandola et al., 2008b)
and consists of the two major phases: message mode and
control mode, which relate to the message transmission
and verification of its security, respectively.

The phase space is first discretized via a square lattice
so that any pair of bits is specified by the parity of the
phase-space coordinates of the respective lattice cell. In
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the message phase, for each pair of message bits (u,u’)
the sender, Alice, computes the message amplitude oy,
which points to the center of the lattice cell. Alice then
adds a mask amplitude ap; to each of the message ampli-
tudes so that the generated coherent signal states with
amplitudes & = au, + apy are continuously Gaussian-
distributed across the phase space. Each signal state is
measured by the remote receiving party, Bob, using a het-
erodyne detector, resulting in the outcome g = &. The
CV-QSDC setup is, therefore, conceptually very similar
to the P&M CV-QKD scheme shown in Fig. 3. For each
pair of bits, Alice classically communicates the mask a s
to Bob, who can then unmask the signal by computing
B — apn 2 & — app = au and retrieve the message bits
(u,u’) through lattice decoding. Security analysis of the
scheme relies on the assumption of individual attacks,
in which it is optimal for an eavesdropper Eve to ap-
ply a universal Gaussian quantum cloner, which would
unavoidably introduce noise to the signal. Therefore, in
the control mode of the protocol, Alice only prepares
the Gaussian-distributed signals & and, after the trans-
mission and detection, communicates their amplitudes to
Bob, who extracts a test variable as 8 — &, from which
the total channel noise can be inferred.

By setting a noise threshold value, the trusted par-
ties can verify whether they should continue or abort the
protocol. In principle, the threshold can even be set to
zero noise, and the security of the scheme was analyzed
in such a strict case (Pirandola et al., 2008b). Trusted
parties can optimize the lattice size and the fraction of
control mode rounds of the protocol, which should be
randomly switched to from the message mode, while Eve
can optimize the added noise to obtain the maximum
information on the message bits. Using the optimized
settings, it was shown, that Alice can transmit 630 bits
by using 2.2 x 10* systems, while Eve can steal 80 bits.
The amount of leaking information can be decreased by
increasing the fraction of the control mode runs (making
the protocol less efficient) or by employing classical error
correction codes, which make the decoding more sensitive
to the presence of channel noise. In the above-mentioned
model case, the optimal code allows decreasing the stolen
bits to 10.

A CV-QSDC protocol based on Gaussian mapping of
the classical data, encoded in the quadratures of TMSV
states shared between Alice and Bob, was proposed and
analyzed in (Cao et al., 2021), building upon the previ-
ous theoretical works (Chai et al., 2019; Srikara et al.,
2020). In this scheme, Alice prepares a TMSV state,
randomly measures the quadratures of one of the modes,
communicates the respective time slots and measurement
outcomes to Bob, and sends both modes to Bob. Bob
performs the same measurements on the other mode and
verifies the nonseparability of the obtained TMSV. The
trusted parties check the error rate between their data
sets to be below a pre-agreed threshold and proceed to
the Gaussian mapping stage once the condition is ful-
filled. The secret message is divided into blocks and



mapped onto a sequence of Gaussian random values, G;.
The values are used to modulate one of the quadrature
observables of Alice’s mode, another Gaussian sequence
G> is used to modulate the complementary quadrature
and the modulated mode is sent to Bob. Alice also classi-
cally communicates the sequence G5 to Bob, who couples
the modulated mode with the residual mode of TMSV
and measures either of the quadratures on the two out-
put modes. After that, the trusted parties perform the
parameter estimation based on Bob using the measure-
ment outcomes of the quadrature to which the sequence
G5 was encoded with the G5 received from Alice. Al-
ice and Bob perform the error correction on the data
sequence (G (as modulated by Alice, and its version ob-
tained by Bob after the channel). Finally, the trusted
parties perform privacy amplification to eliminate the in-
formation introduced by the Gaussian mapping (which
has to be optimized to account for the non-uniformity
of the messages) as well as the information leaked from
the quantum channel. The security of the scheme is an-
alyzed against collective attacks following the techniques
for Gaussian CV-QKD, strictly assuming that the second
mode of TMSV, which is used by Bob in the detection
stage, is not accessible to an eavesdropper (while being
transmitted through the same quantum channel).

The CV-QSDC protocol using single-mode squeezed
states was proposed and experimentally tested in (Pa-
parelle et al., 2025) assuming beam-splitting eavesdrop-
ping attacks. In the two-way quantum communication
scheme, squeezing was considered on one side or on
both sides of the channel (referred to as asymmetric and
symmetric protocols respectively). By using an optical
switch, Alice randomly chooses between the control and
message states, received by Bob, measuring the former
with a homodyne detector and storing the latter in a
quantum memory or a delay line. By comparing the mea-
surement outcomes to the amplitudes, classically com-
municated by Bob for the designated control states, and
verifying sufficiently low amount of errors, Alice then en-
codes the message by controllably attenuating part of the
message states (contrary to applying more technically de-
manding displacements as initially suggested in (Srikara
et al., 2020)) and sends them back to Bob along with non-
attenuated decoy signal states, used to further bound the
eavesdropping. It was shown that squeezing is advanta-
geous for such CV-QSDC protocol already in the asym-
metric configuration (Paparelle et al., 2025).

B. Quantum dense coding

CV-QDC was first proposed in (Ban, 1999)
and (Braunstein and Kimble, 2000) on the basis of
highly entangled TMSV states, as shown in Fig. 9. One
of the modes is modulated by the sender, Alice, who
performs encoding of a message by applying quadrature
displacement with an amplitude o;, = s + ippr. The
displaced mode and the second mode of the TMSV are
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Modulator

FIG. 9 Generic CV-QDC scheme. Alice generates a TMSV
state (EPR), applies displacements zar,py to one of the
modes and sends both modes to Bob, who combines them
on a balanced beam splitter and measures &g and pp quadra-
tures on the output, to obtain the encoded message (encoding
and decoding parts are not depicted and are explained in the
text).

then sent to the receiver, Bob, who combines the modes
on a balanced beam splitter and measures quadratures
Zp and pp on the outputs. The resulting outcomes
are normalized and combined to obtain the output
amplitude aowt = xp + ipp, which constitutes the
message received by Bob. In the limit of infinitely
strong TMSV squeezing (or, equivalently, mean photon
number 7 — 00) Qout = Qin, Meaning that the message
is perfectly recovered. However, even upon limited
squeezing (and, respectively, finite 1), CV entanglement
of a TMSV state enables dense coding by achieving
larger channel capacity than coherent- or squeezed-state
communication with the same mean photon number. In-
deed, the dense coding capacity of the CV-QDC scheme
in the case of Gaussian-distributed signals «y, reads
Cqpc = log (1 + 7 + ni%), which for the strong squeezing
is approximated through the squeezing parameter as
4r. On the other hand, P&M communication using
coherent states can achieve C.op, = log (1 + 71), which is
always less than Cqpc, and using squeezed states the
capacity of Csq = log1l+ 7 can be achieved, which is
less than Cqpc for any 7 > 1 (Braunstein and Kimble,
2000). Importantly, the CV-QDC protocol, operating
at high parametric gains of the TMSV sources, allows
for highly efficient deterministic transmission, contrary
to the DV QDC protocols, which employ weak sources
and perform probabilistically (Braunstein and Kimble,
2000). The analysis of CV-QDC was extended to lossy
channels in (Ban, 2000), showing that CV-QDC remains
advantageous at channel transmittance levels above
approx. 0.63.

An experimental test of CV-QDC was reported in (Li
et al., 2002) with simultaneous sub-shot-noise measure-
ments of signals encoded in the amplitude and phase
quadratures, enabled by the CV entanglement produced
using a non-degenerate OPA.
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FIG. 10 CV-QDS scheme. Alice uses a laser Source and a
quadrature Modulator to prepare the public key sequences of
quantum states, and sends them to the remote parties Charlie
and Bob, who perform heterodyne measurements of quadra-
tures g, pp and Tc, pc respectively, feeding the outcomes to
the verification procedures as well as exchanging the measure-
ment settings and outcomes. Quantum links are given in red,
classical links are given in green.

C. Quantum digital signatures

The QDS scheme using CV heterodyne measurements
was suggested in (Croal et al., 2016) and consists of two
stages, namely the distribution stage, and the messaging
stage. In the distribution stage, the sender, Alice, selects
sequences of non-orthogonal quantum states for encoding
a message bit, which forms the public keys. The classi-
cal information on the state sequences forms the private
keys. Alice sends the public keys to two remote parties,
Bob, and Charlie, over the respective quantum channels,
as shown in Fig. 10. Bob and Charlie perform hetero-
dyne measurements on the incoming quantum signals,
hence obtaining the partial information on the public
keys (eliminating the less probable quantum states ac-
cording to the measurement results), which concludes the
distribution stage. In the messaging stage, Alice sends a
message to Bob or Charlie along with the corresponding
private key. The message recipient checks if the private
key sufficiently matches the previously obtained public
key, which excludes the message forgery (when one of
the remote parties fakes a message as originating from
Alice). The protocol also enables message forwarding
when the new recipient checks for mismatches with his
measurement records and involves symmetrization to ex-
clude repudiation by Alice (when Bob and Charlie dis-
agree on the authenticity of a message), which relies on
QKD established between the recipients. The mismatch
threshold for acceptance of a forwarded message is then
less strict compared to the direct messages received from
Alice. Assuming collective attacks by dishonest parties
and an otherwise authenticated quantum channel, the
probabilities of the successful repudiation or forgery, as
well as the probability of the protocol failure, can be
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bounded from the protocol parameters. The probability
of repudiation is bounded as

L
Prep S 2eXp |:_ (SC - 53)21}7 (50)

where S¢ and Sp are Charlie’s and Bob’s acceptance
thresholds, respectively. The probability of forgery is
bounded as

Pforg < exp [7(Cmin - SC)QL], (51)
where Ci,in is the minimum probability that an honest
party will detect an error in an individual signature ele-
ment coming from the forger. Finally, the probability of
the protocol failure is bounded as

2

Prail < 2€xp ( - %L) (52)
where g = Chyin — Perr With probability of error pe,, being
the probability for an honest recipient, properly follow-
ing the protocol, to eliminate the state actually sent by
Alice. The figure of merit for the CV-QDS protocol is the
signature length 2L, required to sign a one-bit message
with a fixed probability of failure.

The above-described protocol was tested using se-
quences of four coherent states, |a), |ia),| — a),| — ia)
to encode single-bit messages, assuming authenticated
quantum channels between Alice, Bob, and Charlie and
achieving much larger signature lengths per quantum
state compared to the DV QDS protocols (Croal et al.,
2016).

The CV-QDS scheme was extended to insecure quan-
tum channels in (Thornton et al., 2019), assuming col-
lective attacks, modeled by an entangling cloner. The
probability of failure in a purely lossy channel with trans-
mittance T’ then reads perr = (1/2)erfc[a/T/2]. Tt was
shown that the quantum encoding alphabet can be opti-
mized in terms of the number of states and the displace-
ment «. This allowed to assess the practical performance
of the protocol, predicting the possibility of signing a
single-bit message in the timescale of 1 millisecond at a
distance of 20 km of standard telecom fiber, assuming a
repetition rate of 100 MHz (Thornton et al., 2019).

While the above-described protocols aim at iteratively
signing single-bit messages, CV-QDS for multi-bit mes-
sages was developed in (Zhao et al., 2021), also providing
stronger security against the dishonest Bob. Further-
more, the security of multi-bit CV-QDS was extended
to coherent attacks (Zhang et al., 2024b) by employing
one-time universal hashing and advanced DM CV-QKD
security proofs (Matsuura et al., 2021).

D. Quantum authentication
The protocol for CV-QA of the physical keys with the

aim of entity authentication was proposed in (Nikolopou-
los and Diamanti, 2017) based on probing the keys using



coherent states of light and their subsequent homodyne
detection. The physical keys are represented by an opti-
cal multiple-scattering random medium and are supposed
to be physically unclonable as their full characterization
involves multiple degrees of freedom. The typical optical
entity authentication is then done in two stages, namely
enrolment and verification. In the enrolment stage, the
authority, that distributes the keys, is characterizing the
keys by interacting them with various probes (challenges)
and recording responses to the challenges along with the
parameters of respective probes. In the verification stage,
the verifier checks the authenticity of the key by challeng-
ing the key with randomly chosen probes and compar-
ing the obtained responses to the recorded ones. It was
shown that by using quantum probes, the security of the
scheme is considerably improved (Nielsen and Chuang,
2012), while CV realization offers advantageous homo-
dyne detection technique (Nikolopoulos and Diamanti,
2017).

The key in the CV quantum entity authentication
scheme is represented by a disordered multiple-scattering
medium and the setup is largely based on the exist-
ing wavefront-shaping techniques for controlling the scat-
tered light (Mosk et al., 2012). The same setup is used
to test the enrolment and the verification so that the au-
thority generates a coherent state and uses its smaller
fraction as a probe, which is shaped, directed to the key
and, after scattering, is collected into a single-mode fiber.
The stronger fraction of the initial coherent state is then
used as an LO for the quadrature measurement of the
collected scattered light on a homodyne detector. Pro-
vided that the verification setup is secure (hence, an at-
tacker has no access to it), the protocol is reported to be
collision resistant, meaning that it is able to distinguish
between two randomly chosen keys, and is sensitive to
cloning of the keys (which is assumed to be imperfect),
hence being able to distinguish between a cloned key and
the original (Nikolopoulos and Diamanti, 2017).

The CV protocol for quantum identity authentication
was proposed in (Huang et al., 2011) using Gaussian
modulation of squeezed states and homodyne detection
in the same setup as Gaussian P&M CV-QKD shown in
Fig. 3. Furthermore, the proposed scheme can be com-
bined with QKD to provide authentication and prevent
man-in-the-middle attacks (Zeng and Zhang, 2000). The
scheme starts with a pre-shared key (possibly a residual
key from the previous QKD session), and Alice, acting
as a certifying authority, modulates the squeezed signal
states, thus encoding the key bits, and sends these to
Bob. Bob measures the corresponding quadratures and
publicly announces certain outcomes as defined by Alice,
who evaluates the fidelity between her and Bob’s data.
Based on the fidelity, Alice verifies Bob’s identity as well
as the presence of an eavesdropper.
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E. Quantum oblivious transfer

CV one-out-of-two randomized QOT protocol was sug-
gested in the noisy storage model, assuming limited mem-
ory capacity of an attacker (Furrer et al., 2018). In this
protocol, Alice performs the bit-wise XOR operations
xo @ so and 1 @ s; between the input strings zy and
1 and independent and uniformly distributed outputs
so and s1, and send the results to Bob. Bob chooses a
bit from {0, 1}, specifying the bit string to be learned,
obtains the bit string § and can learn the string x; by
adding s to xz; P s;.

The protocol can be realized using Gaussian-
modulated squeezed states of light measured by homo-
dyne detectors in the same setup as shown in Fig. 3 (with
Thet € {0, 1}), but was studied and tested in the EB ver-
sion as shown in Fig. 4 (with additionally Theta € {0,1}).
Alice distributes n EPR states, each measured by Alice
and Bob using homodyne detectors in one of two ran-
domly chosen orthogonal quadratures. Both parties dis-
cretize the measurement outcomes (Bob performs scal-
ing first to compensate for the channel losses), obtain-
ing the n-bit strings Z and Y respectively. Then the
parties wait for some pre-defined time to impose coher-
ence requirement on Bob’s memory in case he is mali-
cious, and proceed to the classical post-processing, sift-
ing the data (Bob stores the results obtained in compat-
ible and incompatible bases independently) and splitting
their strings to obtain correlated and anti-correlated sub-
strings. The parties then perform one-way error correc-
tion and Bob, after applying the hash function as de-
scribed by Alice, obtains the bit string 3.

The correctness of the protocol, imposing uniform dis-
tribution of sg, s1, and the fact that Bob learns the de-
sired string s; = §, is analyzed in the composable security
framework. The security of the scheme is shown for hon-
est Bob against malicious Alice without any assumptions
on the power of the latter. In the opposite scenario of
dishonest Bob, the composable security of the protocol
requires additional assumptions on the power of mali-
cious Bob to store quantum states, which is limited in
the time delay between the state distribution and the
data post-processing. Bob’s quantum memory is then
modeled as the lossy channel. The security is obtained
using the specially derived entropic uncertainty relations
for the discretized quadrature observables, which limit
Bob’s knowledge on Alice’s outcomes, and assuming gen-
eral as well as Gaussian storage operations.

The protocol was tested using TMSV states produced
by a balanced coupling of two orthogonally squeezed
states generated by parametric down-conversion at
1550 nm and low-noise highly efficient homodyne detec-
tors operating at 100 kHz. The signal and the LO were
co-propagated through the variable attenuator simulat-
ing the quantum channel. Using optimized data pro-
cessing and reconciliation, it was shown that in a highly
transmitting quantum channel, the rate of the order of
0.1 bits per symbol can be achieved, while for stronger
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FIG. 11 Generic CV-QT scheme. Alice and Bob share an
entangled state in modes A and B (ideally this is a CV EPR
state with perfect quadrature correlations; in practice, this
is a TMSV state). Alice couples the input state in mode in
on a balanced beam splitter with transmittance 1/2 to the
mode A of the entangled state, the outputs Z_ and py are
measured and results are classically communicated to Bob,
who accordingly performs displacement D on mode B of the
entangled source to obtain the output state.

losses the results largely depend on the assumptions on
the malicious Bob’s storage (Furrer et al., 2018).

F. Quantum teleportation

CV-QT was proposed in (Vaidman, 1994) using per-
fect EPR-type entanglement and extended to finite cor-
relations in (Braunstein and Kimble, 1998), in order to
avoid qubit Bell measurements, which are very challeng-
ing to implement (Liitkenhaus et al., 1999). In the CV-
QT scheme (Braunstein and Kimble, 1998), shown in Fig.
11, Alice and Bob share an entangled state in modes A
and B, while the incoming state in mode in, character-
ized by the quadrature vector £, = {Zin, Pin}’, is to be
teleported. Alice couples modes in and A on a balanced
beam splitter and measures quadratures £_ and py, per-
forming a CV Bell measurement. The measurement out-
comes are classically communicated to Bob, who per-
forms displacement D on the mode B of the shared entan-
gled state and obtains the output state with the quadra-
ture vector fous = {Zout;Pout} - In an infinitely strong
CV EPR entangled state, the mode quadratures are fully

correlated /anti-correlated: 4 = Zp,pa = —pp. Then,
in a perfect implementation of the scheme, after values
x_,p, of the measured quadratures #_ = (24 — 2in)/V2

and py = (Pa + Pin)/V2 are sent to Bob, Bob’s dis-
placement is simply {—x_v/2,p,v/2} to obtain the out-
put state T'out = Tin, hence perform perfect teleportation
with fidelity ' = 1. Such a unit fidelity cannot be exactly
reached in practice, since it would require infinite entan-
glement, or equivalently, infinite entropy at the local sta-
tions, therefore violating holographic bounds (Pirandola,
2024). Thus, finite entanglement resources and setup im-
perfections limit the quality of CV-QT. Nevertheless, the
feasibility of CV Bell measurement allows CV-QT to be
performed unconditionally.

In practice, the entangled resource state shared by the
parties is a TMSV state. Then, Bob’s displacements
should be optimized by applying a gain factor to the mea-
surement outcomes communicated by Alice. This helps
compensate for the imperfect resource state, increasing
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the teleportation fidelity in practical scenarios. Gain tun-
ing was studied and optimized for coherent, vacuum, and
single-photon inputs (Ide et al., 2002), with further stud-
ies for DV input states under realistic experimental con-
ditions (Takeda et al., 2013). Limited fidelity of CV-
QKD was shown to be equivalent to attenuation of the
input signal (Hofmann et al., 2000) and is related to in-
formation about the signal, obtained from Bell measure-
ment, which should ideally be absent (Hofmann et al.,
2001).

Generally, in the case of a mixed input state, the fi-
delity can be obtained as F = Tr(v/pinfousvpin) (Pi-
randola and Mancini, 2006), averaged over outcomes of
the Bell measurement. The expression simplifies to F' =

(thin]Pout|tin) for the pure input state pin = [tin)(Vinl-

If the teleportation channel is a Gaussian state with a
covariance matrix y4p of the form (16), and the input
state is a pure single-mode Gaussian state with covari-
ance matrix iy, the fidelity of teleportation with gain of
V2 can be obtained as an overlap integral between input
and output Wigner functions (Fiurasek, 2001):

F=2r / Win (2, p)Wous (2, p)dzdp, (53)

which can be expressed as F' = 2/v/detT’, where the ma-
trix I' reads

I'=2vin+v +0.v40, — 0,045 — azBoz. (54)

For a coherent-state input and a TMSV resource state
with squeezing r and unity gain, the fidelity is given by
Feon = 1/[1 +exp(—2r)] (Braunstein et al., 2001). While
in the case of infinitely strong entanglement r — oo the
fidelity approaches 1, in the absence of entanglement,
r = 0, the fidelity is F;° = 1/2, which gives the clas-
sical bound on the coherent-state fidelity. Alternatively,
quantum cloning (also called quantum duplication) can
achieve fidelity of F = 2/3, referred to as no-cloning
limit (Grosshans and Grangier, 2001). Therefore, in or-
der to not only show the advantage above the classical
strategies but also to make sure that the teleported state
is better than any cloned copy, QT should overcome the
no-cloning limit. Beating the no-cloning limit also in-
dicates that a quantum teleporter is able to preserve
the nonclassicality (Wigner negativity) of the teleported
states (Ban, 2004).

When the teleported state is a two-mode entangled
state itself and the communicating parties do not ini-
tially share an entangled resource, but instead, each keeps
a mode of their respective entangled mode pairs, while
sending the two residual modes to a third party, who per-
forms the Bell quadrature measurement and broadcasts
the outputs, the QT scheme changes to CV entanglement
swapping (van Loock and Braunstein, 1999; Tan, 1999).
The state, shared between Alice and Bob and conditioned
on the broadcast Bell measurement outcomes, is now en-
tangled even though the entangled modes never physi-
cally interacted. Importantly for quantum communica-
tion, entanglement swapping can be a building block for



a CV quantum repeater (Dias and Ralph, 2017). It is
also worth mentioning that CV entanglement swapping
represents the EB version of the CV-MDI protocol, de-
scribed in Sec. III.A. Tt is therefore an ideal setting to
study the security of CV-MDI-QKD, similarly to the role
that DV entanglement swapping plays in the security of
DV-MDI-QKD (Braunstein and Pirandola, 2012).

While QT supposes the teleportation of a quantum
state, its experimental test must also include verifica-
tion, performed by a verifier (often referred to as a third
party, Victor), who prepares and characterizes the input
state and measures the output state, in order to assess
the resulting fidelity. Experimental realization of uncon-
ditional CV-QT was first reported in (Furusawa et al.,
1998) using two-mode entanglement, produced by para-
metric down-conversion in an optical parametric oscilla-
tor (OPO). The experimental fidelity of coherent-state
teleportation of 0.58 +0.02 was obtained, confirming the
advantage of quantum teleportation over the classical
benchmark. Fidelity of 0.61 £ 0.02 (or 0.62 after cor-
recting for the efficiency of the verifying detector) was
reported in (Zhang et al., 2003). Teleportation of modu-
lated coherent states was demonstrated in (Bowen et al.,
2003) in the experiment with entangled channel state,
produced by coupling of two -4.8 dB squeezed states from
two OPAs, showing the optimized fidelity of 0.64 £ 0.02.

The benchmark of no-cloning limit was surpassed
in (Takei et al., 2005b), reporting the fidelity of 0.7 +0.02
and also demonstrating CV entanglement swapping, ver-
ified by confirming the sub-shot noise fluctuations of the
quadrature differences of the two residual modes. The
experimental scheme was based on two sources of en-
tanglement (by coupling pairs of orthogonally squeezed
states produced by four OPOs), measured by four homo-
dyne detectors. Teleportation of a squeezed state with
confirmed sub-shot-noise fluctuations on the output was
reported in (Takei et al., 2005a) with fidelity 0.85 £ 0.05,
which is above the classical limit for such states, experi-
mentally verified as 0.73+0.04. Coherent-state teleporta-
tion fidelity of 0.83 £0.01 was reported in (Yukawa et al.,
2008) by using high degrees (-6 dB) of OPO squeezing to
produce strong two-mode entanglement, also suggesting
sequential teleportation towards advanced quantum in-
formation processing.

Teleportation of a nonclassical Schrédinger’s-cat state
of superposed coherent states |a) & | — ) was reported
in (Lee et al, 2011), confirmed by negativity of the
Wigner function of the input and output states, char-
acterized by state tomography. Similarly, noiseless tele-
portation of a single-photon state was confirmed by the
Wigner function negativity, as reported in (Fuwa et al.,
2014), using loss suppression based on conditioning on
the Bell quadrature measurements, resulting in 53% suc-
cess rate. Long-distance teleportation of a coherent state
over 6 km optical fiber was demonstrated in (Huo et al.,
2018), reaching fidelity of 0.62 £ 0.03 by means of OPO
squeezing of approx. -5.3 dB. The milestone realizations
of CV-QT are summarized in Table II.

ol

Reference Input F Prob.
(Furusawa et al., 1998) coherent 0.58 1
(Zhang et al., 2003) coherent 0.62 1
(Bowen et al., 2003) coherent 0.64 1
(Takei et al., 2005a) squeezed 0.85 1
(Takei et al., 2005b) coherent 0.7 1
(Yukawa et al., 2008) coherent 0.83 1
(Lee et al., 2011) cat - 1
(Fuwa et al., 2014) single-photon - 0.53
(Huo et al., 2018) coherent 0.62 1
(Zhao et al., 2023) coherent 092 | 10°°

TABLE II Milestone bipartite CV-QT demonstrations (in
chronological order), input states (coherent, squeezed, single-
photon or Schrédinger’s-cat states), achieved fidelities F', and
success probabilities (unity meaning unconditional, determin-
istic teleportation).

Several proposals were made for improving the fidelity
of CV-QT with finite resources, such as, e.g., dividing
the input state to multiple CV qubit teleporters and re-
combination of the outputs as suggested in (Andersen
and Ralph, 2013). Equivalence between CV-QT with
finite resources and single-mode phase-insensitive Gaus-
sian channels was analyzed in (Liuzzo-Scorpo et al., 2017)
and used to theoretically optimize the teleportation of
Gaussian-modulated coherent states. It was shown that
optimal linear-optical operations on the signal and chan-
nel modes improve the fidelity and allow it to over-
come the classical threshold at any degree of squeez-
ing (Fiurasek, 2001). On the other hand, CV-QT can be
used for efficient noiseless linear amplification of coherent
states without the need for a single photon addition (Fi-
urasek, 2022b). Recently a heralded quantum teleporter
with —6.5 dB of squeezing and measurement-based NLA
was suggested in (Zhao et al., 2023), demonstrating the
fidelity of 92% at the cost of success rate of 107°. Lim-
itations and possibilities of the NLA-based scheme were
analyzed in (Fiurasek, 2024). Beyond the optical do-
main, CV-QT and entanglement swapping were extended
to mechanical modes such as the vibrational modes of a
mirror (Pirandola et al., 2003, 2006).

Alternatively to employing measurement and feed-
forward using respectively homodyne detectors and
electro-optical modulators, CV-QT can be performed in
all-optical setup using a PIA fed by an EPR state or prop-
erly pumped PSAs in an interferometric scheme (Ralph,
1999a), enabling multiplexed realizations of CV-QT (Liu
et al., 2020a, 2024) and entanglement swapping (Liu
et al., 2022c¢).

CV-QT was extended in yet other ways. An impor-
tant multipartite extension was the theoretical develop-
ment of CV quantum teleportation networks, as proposed
by (van Loock and Braunstein, 2000) and experimentally
tested in (Wu et al., 2024; Yan et al., 2024; Yonezawa
et al., 2004). Another interesting variant is port-based
teleportation, originally developed for DV (Ishizaka and
Hiroshima, 2008, 2009) and later extended to CV (Pereira



et al., 2023b). In this variant, the parties exploit a multi-
copy entanglement source and a multi-system measure-
ment at Alice’s side. The scheme is built in a way that
Bob does not need to apply any unitary correction but
rather to choose a system (or port) for the output state.

As described in (Pirandola et al., 2015a), one can con-
sider four conditions to be met to have an ideal teleporta-
tion system: high efficiency (related to the practical suc-
cess probability of Alice’s detection), high average fidelity
of the teleported states, distance of teleportation and, fi-
nally, the availability of a quantum memory (to store the
teleported states). In this context, CV-QT with optical
modes represents one of the best choices in terms of effi-
ciency (100%) and fidelity (> 80%). However, challenges
remain in terms of extending distance and providing an
efficient interface into a quantum memory.

G. GKP encoding

CV quantum states and coherent detection can be also
used for encoding and manipulating DV states, hence al-
lowing CV-based operations with DV quantum informa-
tion. The Gottesman-Kitaev-Preskill (GKP) encoding,
which encodes a qudit (state of a finite d-dimensional
quantum system, qubit in the case of d = 2) into a state
of an infinite-dimensional quantum oscillator, described
by the field quadratures, was suggested in (Gottesman
et al., 2001). Tt was shown that such encoding, possible
with the CV states with finite squeezing, enables efficient
error correction, based on conversion of a photon loss by
means of a PIA to a correctable Gaussian noise (Albert
et al., 2018). This makes the GKP codes particularly
useful for fault-tolerant quantum computation.

In the context of quantum communication, the GKP
codes were suggested as the basis for eflicient quantum
repeaters for qubit (Fukui et al., 2021; Rozpedek et al.,
2021) and qudit states (Schmidt et al., 2024), using either
one- or two-way quantum communication and possibly
combining CV and DV error correction codes. Particu-
larly, it was shown that PSA is sufficient for converting
losses to Gaussian noise in a two-way protocol and can be
applied in the post-processing (Fukui et al., 2021) Fur-
thermore, it was shown that amplification is not needed
for correcting channel losses with GKP codes and can be
harmful in the relevant parameter regimes (Hastrup and
Andersen, 2023).

Recently, GKP encoding was realized on the propagat-
ing light at the telecom wavelength (Konno et al., 2024),
which opens the pathway to implementation of GKP-
based CV quantum repeaters for DV quantum commu-
nication.

V. SUMMARY AND OUTLOOK

This review covers the fascinating field of continuous-
variable quantum communication, which develops and
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studies methods for information transfer using quantum
systems, defined on the infinite-dimensional phase space.

Using information encoding into the continuous
quadrature observables and its efficient retrieval by
means of coherent detection, continuous-variable quan-
tum communication has developed into a widespread
quantum technology, complementing discrete-variable
methods with high efficiency at the cost of higher sen-
sitivity to effects of the environment. Furthermore, the
elegant covariance-matrix formalism, which is directly
applicable to the large class of Gaussian states, typi-
cally produced in the quantum-optical laboratories, al-
lows for efficient characterization of continuous-variable
states and operations as well as their entropic properties,
relevant for communication tasks. These features make
continuous-variable quantum communication a great tool
in numerous applications, starting with the well-known
secure quantum key distribution. The review is largely
focused on this area of quantum technology, presenting
the major protocols, their security proofs, and methods of
their practical realization and discussing security aspects
of the implementations, which differ from the idealized
theoretical models.

We summarize the quantum key distribution protocols
based on continuous variables in Table ITI, covering state
generation, modulation, and measurement techniques,
equivalent EB representations for security analysis, and
the best-known security proofs. Similarly, we summarize
the milestone realizations of the protocols in Table IV,
presenting the protocol types, security proofs, achieved
key rates, system clock rates, and error correction effi-
ciencies. The table illustrates advances in practical CV-
QKD since its first experimental test in 2003, both in
terms of achievable key rates and distances. The achieved
key rates, normalized to the clock rates, are also plot-
ted in Fig. 12 along with the fundamental PLOB bound
(solid line), providing the secret-key capacity of the lossy
channel, and the asymptotic key rates for GG02 in a
perfect noiseless realization (dashed lines) and with fi-
nite post-processing efficiency, optimized modulation and
the presence of small channel noise (dotted line). It is
evident from the plot, that progress in the experimen-
tal techniques (particularly, high clock rates, providing
large data ensembles, and high system stability and effi-
cient data processing, resulting in lower excess noise lev-
els) allows to strengthen the security assumptions (from
asymptotic to composable finite-size security) without
degrading the overall performance. However, there is
still an evident gap between the practical performance
of the protocols and the theoretical bounds, especially at
strong channel loss levels, which requires experimental
efforts toward even higher stability of the systems and ef-
ficient noise compensation methods as well as theoretical
developments, particularly for the tight practical security
of DM protocols. It is now clear, that the development
of practical CV-QKD protocols will largely continue in
the direction of discrete-modulation schemes, allowing for
much higher repetition rates, while Gaussian-modulated
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Equivalent
Protocol Signal Modulation Bob’s Alice’s Best known security proof(s)
measurement preparation
Squeezed-state squeezed Gaussian homodyne homodyne composable
(Cerf et al., 2001) (Furrer, 2014; Furrer et al., 2012)
GGO02 coherent Gaussian homodyne heterodyne collective composable
(Grosshans and Grangier, (Pirandola and Papanastasiou,
2002) 2024)
No-switching coherent Gaussian heterodyne heterodyne composable
(Weedbrook et al., 2004) (Leverrier, 2015)
Thermal thermal Gaussian homodyne heterodyne - |asymptotic collective
(Filip, 2008) noise (Filip, 2008)
finite-size collective linear
(Leverrier et al., 2010)
Two-way coherent/ Gaussian homodyne/ homodyne/ asymptotic collective
(Pirandola et al., 2008c¢) squeezed heterodyne heterodyne (Pirandola et al., 2008c¢)
composable
(Ghorai et al., 2019a)
(Garcia-Patron and Cerf,|squeezed Gaussian heterodyne homodyne asymptotic collective
2009) (Garcia-Patron and Cerf, 2009)
finite-size collective linear
(Leverrier et al., 2010)
DM coherent discrete homodyne/ heterodyne collective composable
(Leverrier and Grangier, heterodyne (Kanitschar et al., 2023)
2011; Ralph, 1999b) composable for QPSK+heterodyne
(Bauml et al., 2024)
(Weedbrook et al., 2012b) |thermal Gaussian heterodyne heterodyne -+ |asymptotic collective
noise (Weedbrook et al., 2012b)
finite-size collective linear
(Leverrier et al., 2010)
(Madsen et al., 2012) squeezed Gaussian homodyne homodyne 4 |asymptotic collective
modulation (Madsen et al., 2012)
finite-size collective linear
(Leverrier et al., 2010)
(Fiurasek and Cerf, 2012) |coherent/ Gaussian homodyne/ homodyne/ asymptotic collective
squeezed heterodyne heterodyne (Fiurasek and Cerf, 2012)
+ Gaussian collective for coherent-state
post-selection & heterodyne
(Hosseinidehaj et al., 2020)
Entanglement-in-the-middle [entangled - homodyne/ - finite-size
(Weedbrook, 2013) heterodyne (Guo et al., 2019)
Unidimensional coherent Gaussian 1D |homodyne heterodyne +|asymptotic collective
(Usenko and Grosshans, squeezing (Usenko and Grosshans, 2015)
2015) finite-size collective linear
(Leverrier et al., 2010)
(Usenko, 2018) squeezed Gaussian 1D |homodyne homodyne  + |asymptotic collective
squeezing (Usenko, 2018)
finite-size collective linear
(Leverrier et al., 2010)
Thermal DM thermal discrete heterodyne heterodyne collective composable
(Papanastasiou and Piran- +noise (Papanastasiou and Pirandola,
dola, 2021) 2021)

TABLE III Major trusted-device (non-MDI) CV-QKD protocols and their modifications (in chronological order), used signal
states, modulation profiles, receiver (Bob’s) measurements, equivalent sender (Alice’s) state-preparing measurements in the EB
representation plus additional operations on Bob’s mode if needed, and the best known security proofs (asymptotic or finite-size
unless specified, collective or general attacks unless specified, assumption of channel linearity, proof composability)




protocols with remain the important benchmarks as well
as testbeds for advanced tools. Yet, the choice of the
best practical CV-QKD protocol remains an open ques-
tion, especially as its performance strongly depends on
the practical security proofs and post-processing tech-
niques, which are being developed (Milicevic et al., 2018;
Mountogiannakis et al., 2022).

Despite the attention given to quantum key distribu-
tion, continuous-variable quantum communication goes
well beyond this field and includes such specific quantum
communication tasks as quantum direct communication,
quantum super-dense coding, quantum digital signatures,
quantum authentication, and quantum oblivious trans-
fer. These tasks, although less mature than quantum
key distribution, are only part of the plethora of novel
communication methods offered by continuous-variable
quantum technology. Many more tasks will likely be
developed with the advances of quantum-optical tech-
nologies, while the existing ones will proceed to full-scale
implementations, in-field tests, and possible further in-
dustrialization, similar to quantum key distribution. On
the other hand, continuous-variable quantum teleporta-
tion, which has demonstrated impressive theoretical and
experimental progress in the last 25 years, will benefit
from long-distance implementation and hybrid integra-
tion with other systems capable of quantum storage, e.g.,
atomic ensembles (Sherson et al., 2006).

In our review, we have limited the discussion to bipar-
tite quantum communication (only including third par-
ties by the protocol design, such as in the case of quan-
tum digital signatures). However, continuous-variable
quantum communication is being naturally developed
toward quantum networking, e.g., with the recent re-
sults in multi-user quantum key distribution (Hajomer
et al., 2024a) and the generation of multipartite entan-
glement (Asavanant and Furusawa, 2024) for continuous
variable teleportation networks. In parallel to this de-
velopment, continuous-variable quantum communication
will benefit from methods aimed at improving its effi-
ciency, such as quantum repeaters or multiplexing, as
well as from technological advances such as photonic in-
tegration, hybrid and satellite-based realizations, aimed
at reducing the cost and making the technology more
applicable and broadly available. Continuous-variable
quantum communication remains an active field of re-
search despite its immense progress in the past decades,
and this review will hopefully encourage and stimulate
this development.
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