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1. InWURdXcWiRn 

TKH SXUSRVH RI DHOLYHUabOH D1.4: DiVVePiQaWiRQ aQd E[SORiWaWiRQ POaQ LV WR SURYLdH aQ RYHUYLHZ 
RI WKH dLVVHPLQaWLRQ aQd H[SORLWaWLRQ SOaQV, SRWHQWLaO aQd VWUaWHJLHV IRU WKH QKISS SURMHcW aQd 
aSSOLcaWLRQV ZLWKLQ WKH QKISS CRQVRUWLXP (PaLQO\ E[aLO aQd TKaOHV). 

TKH WaUJHWHd aXdLHQcH cRQVLVWV H[cOXVLYHO\ RI WKH EXURSHaQ CRPPLVVLRQ, SaUWQHUV dLUHcWO\ 
LQYROYHd LQ WKH QKISS SURMHcW, aQd HYHQWXaOO\ UHVHaUcK LQVWLWXWLRQV aQd cRPSaQLHV LQYROYHd LQ WKH 
EXURQCI LQLWLaWLYH ZLWK WKH aJUHHPHQW RI QKISS SaUWQHUV. IW LV H[SHcWHd WKaW WKH dRcXPHQW LV 
SRVLWLRQHd aV a JHQHUaO RYHUYLHZ RI WKH IXWXUH dLVVHPLQaWLRQ aQd H[SORLWaWLRQ ZRUN RI WKH QKISS 
SaUWQHUV. 

TKLV dRcXPHQW LV VWUXcWXUHd LQ IRXU PaLQ SaUWV. FLUVWO\, LQ cKaSWHU 2 a JHQHUaO dLVVHPLQaWLRQ VWUaWHJ\ 
IRU WKH SURMHcW LV IRUPXOaWHd, IROORZHd b\ WKH LQdLYLdXaO SOaQV IURP SaUWQHUV. CKaSWHU 3 RYHUYLHZV 
WKH H[SORLWaWLRQV VWUaWHJLHV, bRWK JHQHUaO aQd SHU SaUWQHU. CKaSWHU 4 SURYLdHV aQ XSdaWH UHJaUdLQJ 
aQaO\VLV RI WKH PaUNHW OaQdVcaSH. TKH ILQaO cKaSWHU 5 dUaZV cRQcOXVLRQV aQd SUHVHQWV a VXPPaU\ 
IRU WKH dLVVHPLQaWLRQ aQd H[SORLWaWLRQ acWLYLWLHV.  

 

2. Plan fRU diVVeminaWiRn Rf fRUegURXnd 
 

a. GHQHUaO VWUaWHJ\ 

TKH QKISS SURMHcW LV H[SHcWHd WR SOa\ aQ LPSRUWaQW UROH LQ WKH dHYHORSPHQW RI EXURSHaQ-PadH 
QKD KaUdZaUH, IRU SRWHQWLaO H[SORLWaWLRQ b\ PHPbHUV RI WKH EXURQCI LQLWLaWLYH. TKH 
dLVVHPLQaWLRQ acWLYLWLHV ZLOO PaLQO\ IRcXV RQ WKH JHQHUaO aVSHcWV RI WKH SURMHcW dXULQJ WKH WZR aQd 
a KaOI \HaUV WR cRPH (JHQHUaO aQQRXQcHPHQW aQd JRaOV, LQcOXdLQJ EXURSHaQ VRYHUHLJQW\ LQ WKH 
WHOHcRPPXQLcaWLRQV aQd c\bHUVHcXULW\ ILHOdV), XQWLO a PRUH dHWaLOHd dLVVHPLQaWLRQ RI WKH RXWcRPHV 
RI WKH SURMHcW (dHVcULSWLRQ RI WKH SURWRW\SH aQd SOaQV IRU LQdXVWULaOLVaWLRQ). 

TKH SURMHcW LdHQWLILHV WKH IROORZLQJ JRaOV aV SULRULW\ dLVVHPLQaWLRQ RbMHcWLYHV: 

x AQQRXQcHPHQW RI WKH SURMHcW VWaUW WR bRWK HcRQRPLc aQd WHcKQRORJLcaO VWaNHKROdHUV; 
x DLVVHPLQaWLRQ WKURXJK HacK QKISS PHPbHUV VKRZV, HYHQWV HW PHdLa cKaQQHOV; 
x PUHVHQWaWLRQ RI WKH RXWcRPHV (cRPPXQLcaWLRQ IRUP WR bH dHWHUPLQHd). 

TKLV dRcXPHQW dHVcULbHV LQ dHWaLO WKH SOaQV RI WKH QKISS SaUWQHUV LQ WKH abRYHPHQWLRQHd aUHaV. 
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Quantum description of light	
 Photons Wave Discrete Continuous 

A single  "mode" of the 	
quantized electromagnetic field  	

(a plane wave, or a "Fourier transform 
limited" pulse) is described as a	
 quantized harmonic oscillator :	
  operators a, a+,  N = a+ a, etc... 
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Parameters : Number of photons n 
 
Destruction operators a  
 
Creation operators a+  
 
Number operator N = a+a 
 

Amplitude & Phase (polar) 
Quadratures X & P (cartesian) 

α 

φ	

Quantum description of light	
 Photons Wave Discrete Continuous 

X = (a + a+)/√2 
P = (a - a+)/i√2 

[ X, P ] = i 
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 Photons Wave 

Parameters : Number & Coherence Amplitude & Phase (polar) 
Quadratures X & P (cartesian) 

Discrete Continuous 

Density matrix Representation: 

ρ0,0 

ρ1,1 

ρ2,2 

ρ0,1 ρ0,2 

ρ1,0 

ρ2,0 ρ2,1 

ρ1,2 

… 

… 

… 
… … … … 

ρ = 

Heisenberg : ∆X. ∆P  ≥  1/2  

measurement of  both X and P  

Wigner function W(X,P) 
 

measurement of Xθ = X cosθ + P sinθ	

X = (a + a+)/√2 
P = (a - a+)/i√2 

[ X, P ] = i 

Quantum description of light	

 Coherences  < n | ρ | m > 
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 Photons Wave 

Parameters : Number & Coherence Amplitude & Phase (polar) 
Quadratures X & P (cartesian) 

Discrete Continuous 

Density matrix Representation: Wigner function W(X,P) 
 

Quantum description of light	

Measurement : Counting : APD, VLPC, TES...  Demodulation : Homodyne detection 
Local 
Oscillator 
 

Interference, then subtraction of 
photocurrents :  
 
V1 - V2  ∝ EOLEEQ(θ) 

 ∝ Xθ  = Xcosθ + Psinθ	

Quantum state 
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Homodyne detection, 	
Wigner Function and Quantum Tomography	

X	

P	

θ	

2.∆Xθ	

XLO	

^	

^	

•  Quasiprobability density : 	
	Wigner function W(X,P)	

•  Marginals of W(X, P) 	
	=> Probability distributions P(Xθ)	

•  Probability distributions P(Xθ) 	
=> W(X, P)  (quantum tomography)	

P	
X	

W(X,P)	



9P. Grangier, "Make It Quantum and Continuous", Science (Perspective) 332, 313 (2011)

Coherent
state |a〉

Squeezed 
state

Fock 
state |n=1〉

Cat state 
|a〉 + |-a〉

Gaussian
Wigner Function

Non-Gaussian
Wigner Function
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«  Schrödinger’s  Cat »  state	

P	

X	

∆X.∆P = 1	 P	

X	

•  Resource for quantum information processing	
•  Model system to study decoherence	

Coherent state	 Schrödinger cat state	

Wigner function of a 
Schrödinger cat state  	

•  Classical object in a quantum superposition of distinguishable states	
•  “Quasi - classical” state in quantum optics :  coherent state | α 〉 

|⇥odd cat⇥ = co( |�⇥ � |� �⇥ )
|⇥even cat⇥ = ce( |�⇥+ |� �⇥ )
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Experimental Wigner function	

Wigner function of the prepared state 
Reconstructed with a Maximal-Likelihood algorithm 

Corrected for the losses of the final homodyne detection. 

A. Ourjoumtsev et al, Nature 448, 784, 16 august 2007	

JL Basdevant 
12 Leçons de 

Mécanique  
Quantique 

?	?	

Bigger cats : NIST (Gerrits, 3-photon subtraction), ENS (Haroche, microwave cavity QED), UCSB…	
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Atom field interaction: ⇤ |�⌅ ⇥ |e⌅+ |� �⌅ ⇥ |g⌅

Measure atom in state
|e⌅+ |g⌅⇧

2
⇤ |�⌅+ |� �⌅

John Martinis group 	
(circuit QED,  Santa  Barbara)	
Nature 459, 546 (2009)	
Quantum state synthetizer	

Some examples... 	
	
Serge Haroche group 
(cacity  QED, Paris)	
Nature 455, 510 (2008)	

Schrödinger cats with microwaves in superconducting cavities	

Rob Schoelkopf group 
(circuit QED, Yale)	
Nature 495, 205 (2013)	
Cats with 2, 3 or 4 "legs"...	
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We encode a qubit in the field quadrature space 
of a superconducting resonator endowed with a 
special mechanism that dissipates photons in 
pairs. This process pins down two computational 
states to separate locations in phase space. As we 
increase this separation, we measure an 
exponential decrease of the bit-flip rate while 
only linearly increasing the phase-flip rate. 	

ENS / INRIA / ALICE&BOB electromagnetic cat codes 	
Exponential suppression of bit-flips in a qubit encoded in an oscillator

Raphaël Lescanne1,2, Marius Villiers1,2, Théau Peronnin3, Alain Sarlette2, Matthieu
Delbecq1, Benjamin Huard3, Takis Kontos1, Mazyar Mirrahimi2, Zaki Leghtas4,1,2

1Laboratoire de Physique de l’Ecole Normale Supérieure,
ENS, Université PSL, CNRS, Sorbonne Université,

Université Paris-Diderot, Sorbonne Paris Cité, Paris, France
2QUANTIC team, INRIA de Paris, 2 Rue Simone Iff, 75012 Paris, France

3Université Lyon, ENS de Lyon, Universitée Claude Bernard Lyon 1,
CNRS, Laboratoire de Physique, F-69342 Lyon, France and

4Centre Automatique et Systèmes, Mines-ParisTech,
PSL Research University, 60, bd Saint-Michel, 75006 Paris, France

(Dated: July 30, 2019)

A quantum system interacts with its environment, if ever so slightly, no matter how much care is
put into isolating it. As a consequence, quantum bits (qubits) undergo errors, putting dauntingly
difficult constraints on the hardware suitable for quantum computation. New strategies are emerging
to circumvent this problem by encoding a qubit non-locally across the phase space of a physical
system. Since most sources of decoherence are due to local fluctuations, the foundational promise is
to exponentially suppress errors by increasing a measure of this non-locality. Prominent examples
are topological qubits which delocalize quantum information over real space and where spatial
extent measures non-locality. In this work, we encode a qubit in the field quadrature space of a
superconducting resonator endowed with a special mechanism that dissipates photons in pairs. This
process pins down two computational states to separate locations in phase space. As we increase
this separation, we measure an exponential decrease of the bit-flip rate while only linearly increasing
the phase-flip rate. Since bit-flips are continuously and autonomously corrected at the single qubit
level, only phase-flips are left to be corrected via a one-dimensional quantum error correction code.
This exponential scaling demonstrates that resonators with non-linear dissipation are promising
building blocks for universal fault-tolerant quantum computation with drastically reduced hardware
overhead.

Protecting quantum states against decoherence is a
fundamental problem in physics, and is pivotal for the
future of quantum computing. The theory of quantum
error correction (QEC) and its fault-tolerant implemen-
tation [1, 2] provides a solution. In QEC, groups of noisy
physical qubits are arranged together to encode qubits
with reduced noise, and fault-tolerance establishes that
noisy quantum computers can operate reliably if the noise
is below a threshold. A strong focus in quantum archi-
tecture design has been to increase this threshold to a
value within experimental reach, but the required hard-
ware overhead remains daunting [3]. Therefore, there is a
pressing need for new ideas to encode and protect quan-
tum information.

Let us start by understanding why classical informa-
tion is so stable. Consider a light switch, which has two
stable states labeled 0 and 1. Their stability is provided
by two properties. First, in order to change states one
needs to apply a force to overcome an energy barrier,
usually provided by the deformation of a spring. Second,
friction between mechanical parts is essential for stabil-
ity: when a perturbation randomly deviates the switch
from its stable state, the gained entropy must be dissi-
pated into a reservoir in order to recover the initial state.
Can these two properties be transposed to protect quan-
tum information?

The |0i and |1i states of a qubit, such as electronic or-
bitals of an ion or energy levels of a non-linear resonator,

often have overlapping supports in phase space. First,
one needs to isolate the two states so that they no longer
overlap [4, 5] and separate them by an energy barrier [6–
11]. The second property, friction (or dissipation) leaks
information about the system and therefore seems incom-
patible with the requirement for a qubit to adopt quan-
tum superpositions of states. Remarkably, there exists a
dissipative mechanism, known as two-photon dissipation,
which stabilizes the |0i and |1i states of a qubit without
affecting quantum superpositions of the two [12].

Recent superconducting circuit experiments [13, 14]
have demonstrated that a resonator endowed with two-
photon dissipation develops a manifold of steady states
spanned by two states |0i↵ and |1i↵, lying in two distinct
locations of the resonator two-dimensional (2D) phase
space. The combination of dissipation and non-locality
should prevent random swaps between |0i↵ and |1i↵ (bit-
flips). However, the circuit architectures mediating the
two-photon dissipation impinged errors on the resonator.
These experiments fell short of crossing the demanding
threshold where the correction is faster than the occur-
rence of all errors, including those induced by the cor-
recting mechanism itself.

In this work, we measure an exponential decrease of
the bit-flip rate as we increase the separation between
states |0i↵ and |1i↵, while only linearly increasing the
phase-flip rate (errors that scramble the phase of a super-
position of |0i↵ and |1i↵). The bit-flip time reaches 1 ms,
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Figure 1. The cat-qubit (a) Quantum information is en-
coded in a resonator (blue mirrors) coupled to its environment
through a special apparatus (hatched mirror) where pairs of
photons are exchanged at rate 2 (double arrows). (b) This
dynamics is illustrated by a pseudo-potential V (purple) de-
fined over the resonator quadrature phase space (� plane).
The cat-qubit states |0i↵ and |1i↵ lie in the minima of V and
are separated in phase space as shown by their Wigner rep-
resentations (stacked color plots). Bit-flip errors, which ran-
domly swap |0i↵ and |1i↵, are exponentially suppressed by
increasing this separation. Crucially, this pseudo-potential
does not alter quantum superpositions of |0i↵ and |1i↵ such
as the Schrödinger cat state |+i↵.

a 300-fold improvement over the energy decay time of the
resonator. This was made possible by inventing a circuit
which mediates a pristine non-linear coupling between
the resonator and its environment, thus circumventing
the problems of previous implementations [13, 14]. Our
qubit combines two unique features: only phase-flips re-
main to be actively corrected [15], and its 2D phase space
can be accessed to perform gates [15–18], making it an
ideal building block for scalable fault-tolerant quantum
computation with a significant reduction in hardware
overhead [15].

We follow the paradigm of cat-qubits [16, 19] where
information is encoded in quantum superpositions of res-
onator states (see Fig. 1):

|0i↵ =
1
p
2
(|+i↵ + |�i↵) = |+↵i+O(e�2|↵|2

)

|1i↵ =
1
p
2
(|+i↵ � |�i↵) = |�↵i+O(e�2|↵|2

)

where |±i↵ = N± (|↵i± |�↵i), |↵i is a coher-
ent state with complex amplitude ↵, and N± =

1/
p
2(1± e�2|↵|2). All these states contain an average

number of photons ⇡ |↵|2 for |↵| > 1. A significant

source of errors in a resonator is energy decay which col-
lapses all states (|0i↵ and |1i↵ included) towards the
vacuum, thus erasing any encoded information. This
decay is balanced by a mechanism where the resonator
exchanges only pairs of photons with its environment
(Fig. 1a) [12], known as two photon dissipation. This
dynamics is modeled by the following loss operator

L2 =
p
2

�
a2

� ↵2
�
, (1)

where a is the annihilation operator of the resonator, 2

is the rate at which pairs of photons are exchanged with
the environment and the term in ↵2 results from a drive
which inserts pairs of photons [20]. The cat-qubit states
|0i↵, |1i↵ and all their superpositions are steady states of
this dynamics. A convenient tool to visualize the semi-
classical dynamics of (1) is the pseudo-potential V de-
fined over the complex plane as �rV (�) = d�

dt , where �
is the expectation value of a at time t in a semi-classical
approximation [20]. Stable steady states are local min-
ima of V (see Fig. 1b) and correspond to � = ±↵. An
error process can disrupt the stability of these states and
induce transitions between them. By analogy with a par-
ticle in a double well potential, tunneling (or bit-flips)
from one well to another is exponentially suppressed in
the separation between the two wells (here defined as
|↵|2), as long as the error process fulfills two criteria: it
has to be local and sufficiently weak. An error process
is local if it transforms a state into neighboring states
in phase space [21]. As an example, dominant errors
such as photon loss, gain and dephasing are local. More-
over, the effective error rate err must be weaker than
the confining rate conf = 2|↵|22 [20] inherited from the
confining potential V , in order for the cat-qubit states
to remain localized near the potential minima. The out-
standing challenge to observe an exponential increase in
the bit-flip time is therefore to engineer conf > err for
all dominant local error processes.

Two-photon exchange between a resonator and its en-
vironment does not occur spontaneously. Instead, it is
synthesized by engineering an interaction that exchanges
pairs of photons of the cat-qubit resonator with one pho-
ton of an intentionally lossy mode referred to as the buffer
[13]. The interaction Hamiltonian takes the form

Hi/~ = g2a
†2b+ g⇤2a

2b† , (2)

where b is the annihilation operator of the buffer and
g2 is the interaction strength. Adding a resonant drive
on the buffer, we recover (1) with 2 ⇡ 4|g2|2/b and
↵2

= �✏d/g⇤2 , where ✏d is the drive amplitude and b is
the buffer energy decay rate, engineered to be larger than
g2 [13, 22]. Conveniently, the separation |↵|2 between
the cat-qubit states is readily tunable in situ since it is
proportional to the buffer drive amplitude.

We implement our cat-qubit in a circuit quantum elec-
trodynamics architecture described in Fig 2a operated at

https://arxiv.org/abs/1907.11729	
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Secure quantum communications

classical authenticated 
channel

quantum channel

information

error

Eve

Quantum key distribution allows secret message exchange with information-
theoretic security ® guaranteed against an all-powerful eavesdropper

Alice

Key information is encoded in photonic carriers
Analysis of errors due to Eve’s measurements leads to secret key
Future-proof, unconditionally secure solution to the key distribution problem

Bob



Discrete and continuous-variable QKD

CV allow for easy implementation with standard telecom components:
no photon counters, no cooling, coherent detection

Discrete variables Continuous variables

Key encoding Photon polarization, phase, 
time arrival

Electromagnetic field 
quadratures

Detection Single-photon Coherent 
(homodyne/heterodyne)

Post 
processing

Key readily available Complex error correction

Security General attacks, finite-size, 
side channels

General attacks, finite-size, 
side channels

BB84, Decoy state, Coherent 
One Way, Differential Phase 
Shift, (M)DI protocols

CV-QKD (one or two-way, 
Gaussian or discrete modulation, 
post selection), (M)DI protocols

V. Scarani et al, Rev. Mod. Phys. 2009
E. Diamanti and A. Leverrier, Entropy 2015

F. Xu et al, Rev. Mod. Phys. 2020
S. Pirandola et al, Adv. Opt. Phot. 2020
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TABLE V List of some recent CV-QKD experiments and their performance.

Reference Clock rate Distance/loss Key rate (bps) Year Notes
(Jouguet et al., 2013b) 1MHz 80.5km ⇠250 2013 Full implementation
(Qi et al., 2015) 25MHz — — 2015 Local LO
(Soh et al., 2015) 250KHz — — 2015 Local LO
(Huang et al., 2015a) 100MHz 25km 100K 2015 Local LO
(Pirandola et al., 2015) 10.5MHz 4dB 0.1 2015 CV MDI-QKD
(Huang et al., 2015b) 50MHz 25km ⇠1M 2015 High key rate
(Kumar et al., 2015a) 1MHz 75km 490 2015 Coexistence with classical
(Zhang et al., 2019b) 5MHz 50km 5.8K 2019 Field test
(Zhang et al., 2020) 5MHz 202.8km‡ 6.2 2020 Long distance
‡Ultra-low loss fiber

TABLE VI List of chip-based QKD experiments.

Reference Clock rate Distance/loss Key rate (bps) Year Notes
(Ma et al., 2016a) 10MHz 5km 0.95K 2016 Silicon, decoy-BB84
(Sibson et al., 2017a) 1.72GHz 4dB 565K 2017 InP, DPS
(Sibson et al., 2017b) 1.72GHz 20km 916K 2017 Silicon, COW
(Bunandar et al., 2018) 625MHz 43km 157K 2018 Silicon, decoy-BB84
(Ding et al., 2017) 5KHz 4dB ⇠7.5 2018 Silicon, high-dimension
(Zhang et al., 2019a) 1MHz 16dB 0.14K 2019 Silicon, CV-QKD
(Paraïso et al., 2019) 1GHz 20dB 270K 2019 InP, modulator-free
(Wei et al., 2019b) 1.25GHz 140km 497 2019 Silicon, MDI-QKD

TABLE VII List of recent experiments of other QKD protocols.

Reference Clock rate Distance/loss Key rate (bps) Year
Quantum access network (Fröhlich et al., 2013) 125MHz 19.9km 259 2013
Centric network (Hughes et al., 2013) 10MHz 50km — 2013
RR-DPS (Guan et al., 2015) 500MHz 53km ⇠118.0 2015
RR-DPS (Takesue et al., 2015) 2GHz 20km 2.0K 2015
RR-DPS (Wang et al., 2015c) 1GHz 90km ⇠800 2015
RR-DPS (Li et al., 2016) 10KHz 18dB 15.5 2016
High-dimension (Lee et al., 2014) 8.3MHz — 456 2014
High-dimension (Zhong et al., 2015) CW 20km 2.7M 2015
High-dimension (Mirhosseini et al., 2015) 4KHz — 6.5 2015
High-dimension (Sit et al., 2017) — 0.3km ⇠30K 2017
High-dimension (Islam et al., 2017) 2.5GHz 16.6dB 1.07M 2017
Coherent-one-way (Korzh et al., 2015) 625MHz 307km 3.2 2015
Modulator-free (Yuan et al., 2016) 1GHz 40dB ⇠10 2018

and 5, are the same.

2. After quantum transmission, Alice and Bob share
N EPR pairs. Due to channel disturbance or Eve’s
interference, these N EPR pairs are generally im-
perfect and might be entangled with each other and
Eve’s system. Here, we consider the most general
coherent attacks.

3. In a security proof, it is crucial to evaluate the num-
ber of EPR pairs cost in Step 4.

When Alice and Bob both measure in the local Z basis,
an error occurs when the outcomes are different. We call
it a bit error. Similarly, when they both measure in the
X basis, a phase error occurs when the outcomes are

different. Denote the bit and phase error rates to be eb

and ep, respectively,

eb =
# of bit errors

N
,

ep =
# of phase errors

N
.

(7)

Since we are considering the most general coherent at-
tacks, the errors are in general not independent but cor-
related. Note that bit and phase errors can be defined
in any two complementary bases in the qubit case. For
quantum signals measured in a particular basis, where
the bit error is defined, the phase error denotes the hy-
pothetical error if these signals were measured in its com-
plementary basis. For higher dimension cases, such def-

CVQKD :
some recent

experiments and 
their performance. 

CVQKD : number of 
publication per year

(from Web of Science)



Coherent state CVQKD

• Alice encoding: random modulation of amplitude and phase of coherent states
• Bob measurement: random choice of quadrature of each coherent state with a

homodyne detection system
• Classical error correction and privacy amplification

Quadrature 
measurement 

quantum 
channel

Phase modulator
choice of X or P

Local 
oscillator

Signal 

_

P

j

A

Gaussian modulation

classical
channel

F. Grosshans et al, Nature 2003

Shot noise



Excess noise

Shot noise • Coherent states are modified by losses and excess noise
• These are introduced by Eve and degrade the signal-to-

noise ratio (SNR)  ® Alice and Bob make noise variance 
measurements ® bound on  Eve’s information cBE

CVQKD protocol security

• Given Alice-Bob mutual information IAB
and cBE , the secret key rate is :

• where the efficiency b of the key 
extraction algorithms (data ® bits) 
limits the communication distance

∆Ieff = b IAB - cBE

Best proofs so far : composable security 
for arbitrary coherent attacks in finite-size regime
See e.g. Anthony Leverrier, PRL 114, 070501 (2015) & 118, 200501 (2017) 
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Implementations of CVQKD links
Complete SEQURE Bob set-up

Real-size demonstrations of secure CV 
quantum cryptography links :

* European Project SECOQC, Vienna, 2008 : 
Full QKD network with 6 nodes, 8 links 
CVQKD link 9 km, 8 kbit/s

*  ANR Project SEQURE, Paris, 2012 :
CVQKD link 12 km, 500 bit/s
Automated link with encryptor « Mistral »

* Many other demonstrations worldwide :
• Japan, China, Europe within the 

Quantum Flagship project CiViQ



22

General scheme for coherent telecom

q Independent lasers for signal and local oscillator (LO)
q Commercial coherent detectors (dual polarization heterodyne : ICR)

q Signal recovery : Digital Signal Processor (DSP)
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General scheme for coherent telecom

q Narrow bandwidth lasers for signal & LO (e.g. Pure Photonics, ~15 kHz)
q Commercial coherent detectors (dual polarization heterodyne : ICR)

q Home-made DSP, running on a computer
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AbVWUacW We deVigQed a CV-QKD V\VWeP ZiWh Rff-Whe-VheOf cRPSRQeQWV aQd eVWabOiVhed Whe feaVibiOiW\ 
Rf diVWUibXWiQg 67.6 aQd 66.8 Mb/V VecUeW ke\ UaWeV RQ aYeUage RYeU a 9.5 kP SMF OiQk, XViQg UeVSecWiYeO\ 
SURbabiOiVWicaOO\ VhaSed 64 aQd 256 QAM, aQd UeO\iQg RQ a QRYeO aQaO\WicaO VecXUiW\ SURRf.

IQWURdXcWLRQ 
ContinXoXs Yariable qXantXm ke\ distribXtion 
(CV-QKD) based on GaXssian states is a 
promising solXtion to implement practical secXre 
commXnications oYer insecXre ph\sical links, 
thanks to its compatibilit\ Zith commerciall\ 
aYailable light soXrces and eqXipment[1],[2]. 
E[perimental demonstrations of CV-QKD 
protocols haYe been performed and 
demonstrated the feasibilit\ of distribXting 
seYeral Mb/s secret ke\ rates[3],[4]. SeYeral of 
those demonstrations emplo\ed discrete 
modXlations, like QPSK[5], to alloZ for simpler 
practical implementation and post-processing. 
HoZeYer, Xsing loZ cardinalit\ modXlation 
formats like QPSK, resXlts in significant redXction 
of the proYable secret ke\ rate since these 
constellations are not good appro[imations of a 
bidimensional GaXssian soXrce. Recentl\ Ze 
haYe demonstrated the feasibilit\ of Xsing 
polari]ation diYision mXltiple[ed probabilisticall\ 
shaped (PDM-PCS) 1024-QAM, Zith optimi]ed 
Ma[Zell-Bolt]mann distribXtion, and 
demonstrated the feasibilit\ of aYerage 38 Mb/s 
secret ke\ rate distribXted oYer 9.5 km of single-
mode fiber (SMF). The PCS 1024-QAM is an 
accXrate appro[imation of the GaXssian soXrce; 
hoZeYer, its generation reqXires fine-resolXtion 
digital-to-analog conYertors. Since oXr first 
demonstration, a noYel secXrit\ proof has been 
proposed, Zhich establishes the as\mptotic 
secXrit\ of discrete constellations Zith arbitrar\ 
cardinalit\[6]. Rel\ing on this neZ proof, Ze 
demonstrate in the present Zork the e[perimental 
feasibilit\ of Xsing loZer cardinalit\ 64-QAM and 
256-QAM formats, Zhile increasing the s\mbol-
rate compared to oXr preYioXs Zork[7]. This 
alloZed Xs to improYe oXr preYioXs secret ke\ 
rate resXlts to 67.6 Mb/s for PCS 64-QAM, and 
66.8 Mb/s for PCS 256-QAM, oYer 9.5 km of 
SMF. Both rates are aYeraged oYer 200 blocks of 
2.8 ൈ 10଺ s\mbols, taking into accoXnt finite si]e 
effects. 

CRQWLQXRXV VaULabOe QKD 
In the CV-QKD protocol that Ze implement, the 
transmitter, Alice, prepares coherent states |ߙ⟩ ൌ
|ሺ݌ ൅ 𝑖ݍሻ/2⟩, chosen at random from a discrete 
modXlation. She sends them throXgh an optical 
link to the receiYer, Bob, Zho measXres them 
Xsing phase-diYersit\ coherent detection. 
AfterZards, Alice and Bob reYeal a fraction of 
their data on a pXblic aXthenticated channel to 
eYalXate the qXantXm channel parameters. 
These are Xsed to infer the qXantit\ of information 
obtained b\ EYe and compXte the length of the 
final ke\. Then, Alice and Bob correct 
transmission errors throXgh a step called 
reconciliation. Finall\, the\ perform priYac\ 
amplification to e[tract the final secret ke\ from 
their common data sets. 

The qXantXm channel is characteri]ed, after 
phase diYersit\ coherent detection, b\ the 
eqXation[9]: 

𝑉஻ ൌ
𝑇ߟ
2
𝑉஺ ൅ 𝑁௢ ൅ 𝑉௘௟ ൅  ஻ߦ

Zhere 𝑉஻ is the Yariance of Bob¶s measXred 
states in shot noise Xnits (SNU), 𝑉஺ ൌ 2⟨݊⟩ is the 
Yariance of Alice¶s modXlation, ߟ is the qXantXm 
efficienc\ of the receiYer, 𝑇 is the channel 
transmittance, 𝑁௢ ൌ 1 is the shot noise Yariance, 
𝑉௘௟ is the receiYer¶s electronic noise Yariance and 
 ஻ is the e[cess noise Yariance measXred atߦ
Bob¶s site. The e[cess noise is attribXted to a 
pertXrbation generated b\ EYe¶s attack. Since the 
best location for the attack ZoXld be at the oXtpXt 
of Alice¶s lab, Ze are interested in the e[cess 
noise at the channel entrance ߦ஺ ൌ  .𝑇ߟ/஻ߦ2

FLg. 1 Histogram of (a) PCS 64-QAM Zith ߥ ൌ 0.0749, 
(b) PCS 256-QAM Zith ߥ ൌ 0.0294 for 10଺ s\mbols. 

 

 

MRdXOaWLRQ aQd VHcXULW\ 
In this work the modulation of the coherent states 
is a probabilistic constellation shaping (PCS) 
QAM. A PCS QAM is a standard QAM with a 
Bolt]mann-Ma[well probabilit\ distribution on the 
constellation points, with a free parameter 𝜈[8]. It 
is in fact a discrete modulation with a Gaussian-
like probabilit\ mass function over the 
constellation points as illustrated in Fig. 1. For a 
given 𝑉஺, we choose 𝜈 such that it minimi]es the 
trace distance between quantum states with PCS 
QAM and Gaussian modulation (cf. Fig. 2a in [7] 
and its accompan\ing te[t). In this wa\, we obtain 
the best appro[imation possible of the Gaussian 
modulation with the Ma[well-Bolt]mann 
distribution over the square QAM lattice. 

The securit\ of protocols using PCS QAM 
can be established using e[plicit as\mptotic 
lower bounds on the secret ke\ rate for arbitrar\ 
modulations derived recentl\ b\ Den\s, Brown 
and Leverrier[6]. However, their approach uses a 
simplified model with ideal photodetectors. To 
take into account the quantum efficienc\ of the 
receiver 𝜂 as well as the electronic noise 𝑉௘௟, we 
combine their derivation of the covariance matri[ 
of Alice¶s and Bob¶s states with a realistic model 
for the receiver[9]. Moreover, to tackle the issue of 
statistical errors in parameter estimation, we use 
a worst-case estimator for the e[cess noise[10], 
with 𝑁 ൌ 2.8 ൈ 10଺ s\mbols and securit\ 
parameter ߳ ൌ 10ି଼. Fig 3. gives the secret 

fraction in bits per s\mbol, computed for PCS 64 
QAM and PCS 256 QAM, as well as the one for 
a Gaussian modulation. From this, we infer 
optimal values for 𝑉஺ around respectivel\ 5 and 
10 for 64 QAM and 256 QAM. B\ e[amining 
these theoretical curves, we observe that at its 
peak, the performance of the 256 QAM is ver\ 
close to that of the Gaussian, with higher secret 
fraction than 64 QAM. 

E[SHULPHQWaO V\VWHP 
We assembled a CV-QKD e[perimental s\stem 
with off-the-shelf telecom equipment, outlined in 
Fig. 2a. Alice uses a low-linewidth laser source 
tuned to 1550 nm. A 5 GSample/s arbitrar\ 
waveform generator (AWG) generates a dual 
polari]ation 600 MBaud signal with digital root-
raised cosine (RRC) pulse shape with adjustable 
roll-off factor, which was optimi]ed to 0.4[7]. To 
avoid low frequenc\ noise from the hardware, 
both from Alice and Bob, the baseband signal 
was digitall\ upconverted b\ 500 MH], so the 
useful bandwidth e[tends from 120 MH] to 880 
MH]. Hence, the signal has no frequenc\ 
component around DC. The four outputs of the 
AWG are fed to the analog part of a standard dual 
polari]ation I/Q optical modulator. The channel is 
a 9.5 km conventional SMF link with 2.2 dB 
characteri]ed channel loss. Bob uses a 180� 
h\brid with four amplified balanced photodiodes 
to measure the received coherent states. The 
local oscillator (LO) at Bob¶s site has similar 
characteristics to Alice¶s laser source. The signal 
is sampled using a 1 GH] real-time oscilloscope 
with 5 GSample/s sampling rate. The sampled 
waveforms are stored for offline digital signal 
processing (DSP). Calibration of the shot noise is 
performed periodicall\ using a fast optical switch 
to switch on and off the output of Alice. 

DLJLWaO SLJQaO PURcHVVLQJ 
The CV-QKD signal is interleaved in time with a 
deterministic sequence of QPSK pilot s\mbols, 
with 14 dB higher power than the QKD signal. 
The pilots are public information shared b\ Alice 

FLJ. 3 Secret fraction in bits/s\mbol vs 𝑉஺ where the  
PCS QAM probabilit\ distribution was optimi]ed for 
each point, and with 𝑇 ൌ െ2.2 dB, 𝜂 ൌ 0.6, 𝑉௘௟ ൌ 0.1 

SNU, 𝜉஻ ൌ 0.012 SNU, 𝛽 ൌ 0.95. 

FLJ. 2 (a) E[perimental testbed featuring 10 kH] linewidth lasers sources, conventional I/Q dual 
polari]ation optical modulator, 5 GS/s arbitrar\ waveform generator, 180� h\brid, amplified balanced 
photodiodes (ABPD), 1GH] oscilloscope with 5 GS/s sampling rate. (b) Standard DSP procedure. 

Dual polarization, Nyquist pulses, 600 Mbaud, real LO with 10 kHz bandwith lasers

Þ Optimized shaped constellation (close to Gaussian) + 50% QPSK pilots

Þ Optimized Digital Signal Processing (DSP), excess noise close to  0.01 SNU

Þ Data block of 2 106 symbols, separated by off periods for SNL calibration
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AbVWUacW We deVigQed a CV-QKD V\VWeP ZiWh Rff-Whe-VheOf cRPSRQeQWV aQd eVWabOiVhed Whe feaVibiOiW\ 
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IQWURdXcWLRQ 
ContinXoXs Yariable qXantXm ke\ distribXtion 
(CV-QKD) based on GaXssian states is a 
promising solXtion to implement practical secXre 
commXnications oYer insecXre ph\sical links, 
thanks to its compatibilit\ Zith commerciall\ 
aYailable light soXrces and eqXipment[1],[2]. 
E[perimental demonstrations of CV-QKD 
protocols haYe been performed and 
demonstrated the feasibilit\ of distribXting 
seYeral Mb/s secret ke\ rates[3],[4]. SeYeral of 
those demonstrations emplo\ed discrete 
modXlations, like QPSK[5], to alloZ for simpler 
practical implementation and post-processing. 
HoZeYer, Xsing loZ cardinalit\ modXlation 
formats like QPSK, resXlts in significant redXction 
of the proYable secret ke\ rate since these 
constellations are not good appro[imations of a 
bidimensional GaXssian soXrce. Recentl\ Ze 
haYe demonstrated the feasibilit\ of Xsing 
polari]ation diYision mXltiple[ed probabilisticall\ 
shaped (PDM-PCS) 1024-QAM, Zith optimi]ed 
Ma[Zell-Bolt]mann distribXtion, and 
demonstrated the feasibilit\ of aYerage 38 Mb/s 
secret ke\ rate distribXted oYer 9.5 km of single-
mode fiber (SMF). The PCS 1024-QAM is an 
accXrate appro[imation of the GaXssian soXrce; 
hoZeYer, its generation reqXires fine-resolXtion 
digital-to-analog conYertors. Since oXr first 
demonstration, a noYel secXrit\ proof has been 
proposed, Zhich establishes the as\mptotic 
secXrit\ of discrete constellations Zith arbitrar\ 
cardinalit\[6]. Rel\ing on this neZ proof, Ze 
demonstrate in the present Zork the e[perimental 
feasibilit\ of Xsing loZer cardinalit\ 64-QAM and 
256-QAM formats, Zhile increasing the s\mbol-
rate compared to oXr preYioXs Zork[7]. This 
alloZed Xs to improYe oXr preYioXs secret ke\ 
rate resXlts to 67.6 Mb/s for PCS 64-QAM, and 
66.8 Mb/s for PCS 256-QAM, oYer 9.5 km of 
SMF. Both rates are aYeraged oYer 200 blocks of 
2.8 ൈ 10଺ s\mbols, taking into accoXnt finite si]e 
effects. 

CRQWLQXRXV VaULabOe QKD 
In the CV-QKD protocol that Ze implement, the 
transmitter, Alice, prepares coherent states |ߙ⟩ ൌ
|ሺ݌ ൅ 𝑖ݍሻ/2⟩, chosen at random from a discrete 
modXlation. She sends them throXgh an optical 
link to the receiYer, Bob, Zho measXres them 
Xsing phase-diYersit\ coherent detection. 
AfterZards, Alice and Bob reYeal a fraction of 
their data on a pXblic aXthenticated channel to 
eYalXate the qXantXm channel parameters. 
These are Xsed to infer the qXantit\ of information 
obtained b\ EYe and compXte the length of the 
final ke\. Then, Alice and Bob correct 
transmission errors throXgh a step called 
reconciliation. Finall\, the\ perform priYac\ 
amplification to e[tract the final secret ke\ from 
their common data sets. 

The qXantXm channel is characteri]ed, after 
phase diYersit\ coherent detection, b\ the 
eqXation[9]: 

𝑉஻ ൌ
𝑇ߟ
2
𝑉஺ ൅ 𝑁௢ ൅ 𝑉௘௟ ൅  ஻ߦ

Zhere 𝑉஻ is the Yariance of Bob¶s measXred 
states in shot noise Xnits (SNU), 𝑉஺ ൌ 2⟨݊⟩ is the 
Yariance of Alice¶s modXlation, ߟ is the qXantXm 
efficienc\ of the receiYer, 𝑇 is the channel 
transmittance, 𝑁௢ ൌ 1 is the shot noise Yariance, 
𝑉௘௟ is the receiYer¶s electronic noise Yariance and 
 ஻ is the e[cess noise Yariance measXred atߦ
Bob¶s site. The e[cess noise is attribXted to a 
pertXrbation generated b\ EYe¶s attack. Since the 
best location for the attack ZoXld be at the oXtpXt 
of Alice¶s lab, Ze are interested in the e[cess 
noise at the channel entrance ߦ஺ ൌ  .𝑇ߟ/஻ߦ2

FLg. 1 Histogram of (a) PCS 64-QAM Zith ߥ ൌ 0.0749, 
(b) PCS 256-QAM Zith ߥ ൌ 0.0294 for 10଺ s\mbols. 
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Figure 4. Estimated secret key rate SKR for each block of
acquired data, plotted as a function of the acquisition time,
for PCS 64 and 256-QAM, with 9.5 km SMF link.

Figure 5. Experimental SKR vs distance for PCS 64 and 256-
QAM, compared to theoretical SKR for Gaussian modulation
with similar experimental conditions : 600 MBaud symbol
rate, excess noise ⇠B = 0.0005, fiber loss 0.172 dB per km.

We report thus achievable SKR of 91 Mb/s over 9.5 km
and 24 Mb/s over 25 km, using PCS 256-QAM format,
averaged over 100 transmission blocks of N = 5 ⇥ 106

QKD symbols. PCS 64-QAM gives lower performance,
as theoretically expected. The expected behavior as a
function of distance is shown on Fig. 5, and a comparison
with the current state of the art is provided in [47].

Conclusion. The benchtop experiment presented in
this work opens quite interesting avenues towards faster
and more flexible implementations of CVQKD, within
the standard environment of high bit rate coherent
telecommunications. To take full advantage of these im-
provements, it would be necessary to also improve the
speed of data post-processing, which should be facilitated
by the use of discrete constellation.

METHODS

Pilots amplitude and rate. To correctly retrieve the
low SNR QKD symbols, the DSP relies on QPSK (that
is 4-QAM) pilot symbols with a higher power, that should
be optimized before signal acquisition. This is done by
acquiring QKD signals with various values of the pilot
amplitude, and applying the DSP to estimate the excess
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Figure 3.16: Excess noise �B vs step size µ and number of taps of adaptive equalizer
described in subsection 2.5.2, averaged over 12 acquisitions of PCS 256-QAM signal
with receiver (b) and 25 km of EX3000 fiber.

3.3.4 New experiment

We perform the same experiment than in subsection 3.3.2, with 9.5 km of SMF and
25 km of EX3000 fiber. The 25 km fiber link has a total channel loss of 4.3 dB.
Similarly to subsection 3.3.3, we optimize the most critical DSP parameters to min-
imize the excess noise. For this experiment, we also want to increase the number N
of QKD symbols per acquisition. Until now, we performed both noise calibration
and signal acquisition for each use of the oscilloscope. This way, the two steps were
done consecutively without any delay. Unfortunately, this method reduces the oscil-
loscope memory dedicated to the signal acquisition by two. In this new experiment,
we perform each step separately, and the noise calibration is performed every five
signal acquisition. The new acquisition length is 20 ns, and the number of QKD
symbols for parameter estimation is N = 5� 106.

The o�ine DSP optimization process described in subsection 3.3.3 is performed
on a subset of 12 acquisition. In fact, the figures given as an illustration are actually
obtained with acquisition from this new experiment. Then, the DSP is performed
with the optimized DSP parameters given in 3.3.3.

Figures 3.18 and 3.18 give the estimated excess noise of this new experiment, for
the 9.5 km SMF and the 25 km EX3000 fiber, for PCS 64 and 256-QAM, andthe
associated SKR estimated using the proof for arbitrary modulation protocol, with
assumption � = 0.95, and worst case estimator of the excess noise with N = 5� 106

and security parameter � = 10�8. Table 3.3 summarizes the results with average
values for the modulation variance VA, excess noise �B (both in SNU) and SKR in
Mb/s. Let’s remark that some excess noise values are actually negative. This is
due to statistical fluctuation of the estimations of VB and N0 + Vel. However, with
worst case estimator, the actual excess noise values used to compute the SKR are

Figure 6. Excess noise ⇠B vs step size µ and number of taps
of adaptive equalizer, averaged over 12 acquisitions of PCS
256-QAM signal and 25 km of EX3000 fiber.

noise. Using the results of this experiment, the pilots over
QKD symbols power ratio was adjusted to 14 dB. The
same optimization should be performed for pilot rate.
Contrary to pilot amplitude, the criteria to optimize pi-
lot rate is not the excess noise. In fact, if an increase of
the pilot rate decreases the excess noise, it also decreases
the rate of QKD symbols. Hence, we need to optimize
directly the SKR. Using again an experimental optimiza-
tion, we fixed the pilot rate to 4 pilots over 8 symbols,
i.e. half of the transmitted symbols are actually pilots.
Adaptive equalizer For each experiment, we want to

find the DSP parameters that minimize the excess noise.
Since the DSP is performed o✏ine, we can do a brute
force optimization for the most relevant parameters, on
a few acquisitions. To start with, we jointly optimize
two parameters of the adaptive equalizer for polarization
demultiplexing: ntaps, number of taps, and µ, the step
size. For each couple (ntaps, µ) under test, the DSP is
applied to twelve di↵erent acquisitions. Figure 6 shows
the average excess noise for all the tested (ntaps, µ), for
the experimental PCS 256-QAM data used in the present
work. We observe that the lowest values of excess noise
are achieved with 81 taps [or 97 ???] and step size µ
between 10�6 and 2 10�6.
Signal conditioning We observed the presence of low

frequency components of the excess noise, below 20 MHz,
that we attribute to cuto↵ frequencies of the hardware as
well as additive noise stemming from the electrical line.
To avoid these perturbations, the outputs of the AWG
are digitally upshifted such that the signal has no fre-
quency component in the noisy region. For example, a
800 MBaud signal with RRC pulse shape and roll-o↵ fac-
tor 0 could be upshifted by 500 MHz such that the useful
bandwidth extends from 100 MHz to 900 MHz. The bau-
drate and roll-o↵ factor have to be jointly optimized to
minimize the excess noise. As written above, the ratio of
the QPSK pilots power relatively to the QAM symbols
power has to be optimized to minimize the excess noise.
Noise calibration Since Bob e↵ectively measures sam-

ples U of an electrical tension expressed in volts, and
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Figure 5. Experimental SKR vs distance for PCS 64 and 256-
QAM, compared to theoretical SKR for Gaussian modulation
with similar experimental conditions : 600 MBaud symbol
rate, excess noise ⇠B = 0.0005, fiber loss 0.172 dB per km.

We report thus achievable SKR of 91 Mb/s over 9.5 km
and 24 Mb/s over 25 km, using PCS 256-QAM format,
averaged over 100 transmission blocks of N = 5 ⇥ 106

QKD symbols. PCS 64-QAM gives lower performance,
as theoretically expected. The expected behavior as a
function of distance is shown on Fig. 5, and a comparison
with the current state of the art is provided in [47].

Conclusion. The benchtop experiment presented in
this work opens quite interesting avenues towards faster
and more flexible implementations of CVQKD, within
the standard environment of high bit rate coherent
telecommunications. To take full advantage of these im-
provements, it would be necessary to also improve the
speed of data post-processing, which should be facilitated
by the use of discrete constellation.

METHODS

Pilots amplitude and rate. To correctly retrieve the
low SNR QKD symbols, the DSP relies on QPSK (that
is 4-QAM) pilot symbols with a higher power, that should
be optimized before signal acquisition. This is done by
acquiring QKD signals with various values of the pilot
amplitude, and applying the DSP to estimate the excess
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Similarly to subsection 3.3.3, we optimize the most critical DSP parameters to min-
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and signal acquisition for each use of the oscilloscope. This way, the two steps were
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values for the modulation variance VA, excess noise �B (both in SNU) and SKR in
Mb/s. Let’s remark that some excess noise values are actually negative. This is
due to statistical fluctuation of the estimations of VB and N0 + Vel. However, with
worst case estimator, the actual excess noise values used to compute the SKR are

Figure 6. Excess noise ⇠B vs step size µ and number of taps
of adaptive equalizer, averaged over 12 acquisitions of PCS
256-QAM signal and 25 km of EX3000 fiber.

noise. Using the results of this experiment, the pilots over
QKD symbols power ratio was adjusted to 14 dB. The
same optimization should be performed for pilot rate.
Contrary to pilot amplitude, the criteria to optimize pi-
lot rate is not the excess noise. In fact, if an increase of
the pilot rate decreases the excess noise, it also decreases
the rate of QKD symbols. Hence, we need to optimize
directly the SKR. Using again an experimental optimiza-
tion, we fixed the pilot rate to 4 pilots over 8 symbols,
i.e. half of the transmitted symbols are actually pilots.
Adaptive equalizer For each experiment, we want to

find the DSP parameters that minimize the excess noise.
Since the DSP is performed o✏ine, we can do a brute
force optimization for the most relevant parameters, on
a few acquisitions. To start with, we jointly optimize
two parameters of the adaptive equalizer for polarization
demultiplexing: ntaps, number of taps, and µ, the step
size. For each couple (ntaps, µ) under test, the DSP is
applied to twelve di↵erent acquisitions. Figure 6 shows
the average excess noise for all the tested (ntaps, µ), for
the experimental PCS 256-QAM data used in the present
work. We observe that the lowest values of excess noise
are achieved with 81 taps [or 97 ???] and step size µ
between 10�6 and 2 10�6.
Signal conditioning We observed the presence of low

frequency components of the excess noise, below 20 MHz,
that we attribute to cuto↵ frequencies of the hardware as
well as additive noise stemming from the electrical line.
To avoid these perturbations, the outputs of the AWG
are digitally upshifted such that the signal has no fre-
quency component in the noisy region. For example, a
800 MBaud signal with RRC pulse shape and roll-o↵ fac-
tor 0 could be upshifted by 500 MHz such that the useful
bandwidth extends from 100 MHz to 900 MHz. The bau-
drate and roll-o↵ factor have to be jointly optimized to
minimize the excess noise. As written above, the ratio of
the QPSK pilots power relatively to the QAM symbols
power has to be optimized to minimize the excess noise.
Noise calibration Since Bob e↵ectively measures sam-

ples U of an electrical tension expressed in volts, and
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Figure 5. Experimental SKR vs distance for PCS 64 and 256-
QAM, compared to theoretical SKR for Gaussian modulation
with similar experimental conditions : 600 MBaud symbol
rate, excess noise ⇠B = 0.0005, fiber loss 0.172 dB per km.

We report thus achievable SKR of 91 Mb/s over 9.5 km
and 24 Mb/s over 25 km, using PCS 256-QAM format,
averaged over 100 transmission blocks of N = 5 ⇥ 106

QKD symbols. PCS 64-QAM gives lower performance,
as theoretically expected. The expected behavior as a
function of distance is shown on Fig. 5, and a comparison
with the current state of the art is provided in [47].

Conclusion. The benchtop experiment presented in
this work opens quite interesting avenues towards faster
and more flexible implementations of CVQKD, within
the standard environment of high bit rate coherent
telecommunications. To take full advantage of these im-
provements, it would be necessary to also improve the
speed of data post-processing, which should be facilitated
by the use of discrete constellation.

METHODS

Pilots amplitude and rate. To correctly retrieve the
low SNR QKD symbols, the DSP relies on QPSK (that
is 4-QAM) pilot symbols with a higher power, that should
be optimized before signal acquisition. This is done by
acquiring QKD signals with various values of the pilot
amplitude, and applying the DSP to estimate the excess
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The o�ine DSP optimization process described in subsection 3.3.3 is performed
on a subset of 12 acquisition. In fact, the figures given as an illustration are actually
obtained with acquisition from this new experiment. Then, the DSP is performed
with the optimized DSP parameters given in 3.3.3.

Figures 3.18 and 3.18 give the estimated excess noise of this new experiment, for
the 9.5 km SMF and the 25 km EX3000 fiber, for PCS 64 and 256-QAM, andthe
associated SKR estimated using the proof for arbitrary modulation protocol, with
assumption � = 0.95, and worst case estimator of the excess noise with N = 5� 106

and security parameter � = 10�8. Table 3.3 summarizes the results with average
values for the modulation variance VA, excess noise �B (both in SNU) and SKR in
Mb/s. Let’s remark that some excess noise values are actually negative. This is
due to statistical fluctuation of the estimations of VB and N0 + Vel. However, with
worst case estimator, the actual excess noise values used to compute the SKR are
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noise. Using the results of this experiment, the pilots over
QKD symbols power ratio was adjusted to 14 dB. The
same optimization should be performed for pilot rate.
Contrary to pilot amplitude, the criteria to optimize pi-
lot rate is not the excess noise. In fact, if an increase of
the pilot rate decreases the excess noise, it also decreases
the rate of QKD symbols. Hence, we need to optimize
directly the SKR. Using again an experimental optimiza-
tion, we fixed the pilot rate to 4 pilots over 8 symbols,
i.e. half of the transmitted symbols are actually pilots.
Adaptive equalizer For each experiment, we want to

find the DSP parameters that minimize the excess noise.
Since the DSP is performed o✏ine, we can do a brute
force optimization for the most relevant parameters, on
a few acquisitions. To start with, we jointly optimize
two parameters of the adaptive equalizer for polarization
demultiplexing: ntaps, number of taps, and µ, the step
size. For each couple (ntaps, µ) under test, the DSP is
applied to twelve di↵erent acquisitions. Figure 6 shows
the average excess noise for all the tested (ntaps, µ), for
the experimental PCS 256-QAM data used in the present
work. We observe that the lowest values of excess noise
are achieved with 81 taps [or 97 ???] and step size µ
between 10�6 and 2 10�6.
Signal conditioning We observed the presence of low

frequency components of the excess noise, below 20 MHz,
that we attribute to cuto↵ frequencies of the hardware as
well as additive noise stemming from the electrical line.
To avoid these perturbations, the outputs of the AWG
are digitally upshifted such that the signal has no fre-
quency component in the noisy region. For example, a
800 MBaud signal with RRC pulse shape and roll-o↵ fac-
tor 0 could be upshifted by 500 MHz such that the useful
bandwidth extends from 100 MHz to 900 MHz. The bau-
drate and roll-o↵ factor have to be jointly optimized to
minimize the excess noise. As written above, the ratio of
the QPSK pilots power relatively to the QAM symbols
power has to be optimized to minimize the excess noise.
Noise calibration Since Bob e↵ectively measures sam-

ples U of an electrical tension expressed in volts, and
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New project in the EuroQCI framework: QKiss

=> Industrial
CV-QKD devices

by 2025
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Content of the Talk

Part 1 - Light is quantum !  and propagates far away.
1.1  Discrete and continuous quantum descriptions of light
1.2  A nice tool : the Wigner function

Part 2 - Quantum Key Distribution : DV and CV
2.1 Alice, Bob, and Eve
2.2  Experimental implementations of CVQKD

Part 3 - Towards quantum networks 
3.1  Overcoming channel losses : trusted nodes, satellites, repeaters
3.2  Looking to the future : deterministic photon-photon interactions
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Going beyond point-to-point links towards secure quantum networks: 
* Trusted node networks:
* SECOQC QKD network, 2008
* Durban South Africa network, 2010
* Swiss Quantum Network, 2011
* Tokyo QKD network, 2015
* UK QC Hub (Cambridge, Bristol)
* 2000 km, 60-node network in China
* Planned EU-wide testbed (EuroQCI)

Overcoming channel losses

* Satellite communications:
* MICIUS satellite : intercontinental QKD (China-Austria)
* European Space-QUEST initiative: 

Fundamental physics and quantum communications, S. Joshi et al, 1703.08036
* CVQKD in space ? European projects

Positive secret key rate in principle  for Low Earth Orbit (LEO) – ground link,    
including pointing, diffraction, turbulence, losses (T binning), orbit motion…

* Ultimate solution : quantum repeaters !  require entanglement…
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Amplification a|+ñ + b|-ñ a|+ñ + b|-ñ

a|+ñ + b|-ñ

G G G

How to fight against line losses ? 

1. Exchange
of entangled
states 

2. Entanglement
distillation

|yBñ

Long  distance quantum communications
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Amplification a|+ñ + b|-ñ a|+ñ + b|-ñ

a|+ñ + b|-ñ M M

G G G

How to fight against line losses ? 

1. Exchange
of entangled
states 

2. Entanglement
distillation

|yBñ

Long  distance quantum communications
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Amplification a|+ñ + b|-ñ a|+ñ + b|-ñ

1. Exchange
of entangled
states 

2. Entanglement
distillation

3. Entanglement
swapping 

4. Quantum 
teleportation

a|+ñ + b|-ñ a|+ñ + b|-ñ

M M

G G G

One needs to : * distribute (many) entangled states
* store them (quantum memories)
* process them (distillation)

How to fight against line losses ? 

|yBñ

Long  distance quantum communications
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Delocalized photon subtraction

Q I P C  

"Hamlet state" 
(to be or not to be... a cat)

* Start from two remote
squeezed states | s ñ1 and | s ñ2

* Subtract a photon coherently
from the two beams

* Since subtracting a photon creates
a cat, creation of an entangled state :

| Y ñ = (| s ñ1 | cat ñ2  - | cat ñ1| s ñ2)/√2

How to avoid the bad effect of losses ?  Basic idea :  one should not 
« distribute » the entangled state, but rather create it at a distance

Experiment works fine, high remote entanglement : 
A. Ourjoumtsev et al, Nature Physics, 5, 189, 2009
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Quantum repeaters with entangled cats ?
N. Sangouard et al, JOSA B 27, 137 (2010)

Q I P C  

Difficulty : Bell measurements are needed, and they are extremely sensitive to losses…
=> Low overall efficiency, not significantly better than using entangled photons  :-((

What is missing ?  
- The production of the useful quantum states (qubits, cats…) should

be deterministic, not conditionnal

- For efficient quantum processing (gates, measurements…) one 
would need strong interactions between individual photons 

- OK in the microwave domain, difficult in the optical domain
=> cavity QED or Rydberg states

Entanglement swapping
Bell measurement
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Deterministic Free-Propagating Photonic Qubits with Negative Wigner Functions

Valentin Magro, Julien Vaneecloo, Sébastien Garcia, and Alexei Ourjoumtsev⇤

JEIP, UAR 3573 CNRS, Collège de France, PSL University,
11, place Marcelin Berthelot, 75231 Paris Cedex 05, France

Engineering quantum states of free-propagating light is of paramount importance for quantum
technologies. Coherent states ubiquitous in classical and quantum communications, squeezed states
used in quantum sensing [1, 2], and even highly-entangled cluster states studied in the context of
quantum computing [3, 4] can be produced deterministically, but they obey quasi-classical optical
field statistics described by Gaussian, positive Wigner functions. Fully harnessing the potential of
many quantum engineering protocols requires using non-Gaussian Wigner-negative states [5], so far
produced using intrinsically probabilistic methods. Here we describe the first fully deterministic
preparation of non-Gaussian Wigner-negative free-propagating states of light, obtained by mapping
the internal state of an intracavity Rydberg superatom onto an optical qubit encoded as a super-
position of 0 and 1 photons. This approach allows us to reach a 60% photon generation e�ciency
in a well-controlled spatio-temporal mode, while maintaining a strong photon antibunching. By
changing the qubit rotation angle, we observe an evolution from quadrature squeezing to Wigner
negativity. Our experiment sets this new technique as a viable method to deterministically generate
non-Gaussian photonic resources, lifting several major roadblocks in optical quantum engineering.

Outside the microwave domain [6, 7], photonic non-
Gaussian states are di�cult to produce in an e�cient,
scalable way. Currently, they are generally heralded via
photon detections in parametric fluorescence or Raman
scattering [8], with low probabilities. A major step to-
wards their deterministic generation was made recently,
when optical “Schrödinger cats” were prepared using a
single atom in a high-finesse cavity [9], but the cat’s par-
ity still relied on the random outcome of a measurement.
Single quantum emitters, which form, in principle, the
simplest deterministic non-Gaussian light sources, made
spectacular progress in recent years [10], and measure-
ments of their scattered field statistics revealed quadra-
ture squeezing [11], but to this day losses and noise made
states with negative Wigner functions elusive with this
approach.

Here, we describe the first fully deterministic prepara-
tion of non-Gaussian Wigner-negative free-propagating
optical quantum states. In our setup, a small atomic
cloud placed inside a medium-finesse optical cavity and
driven to a highly-excited Rydberg state acts as a single
two-level collective “superatom”. We coherently control
its internal state, then map it onto a free-propagating
light pulse to produce an optical qubit cos(✓/2) |0i +
sin(✓/2) |1i encoded as a quantum superposition of 0
and 1 photons. Its single-photon character is revealed
by photon correlation measurements showing strong an-
tibunching, while homodyne tomography gives us ac-
cess to the full quantum statistics of the prepared light
fields. In agreement with theoretical predictions, the re-
constructed Wigner functions are quadrature-squeezed
for small mixing angles ✓, and develop a negative region
when ✓ increases and the one-photon component becomes
dominant. The generated states, emitted in the desired
spatio-temporal mode with a high 60% e�ciency [12],

⇤ Corresponding author: alexei.ourjoumtsev@college-de-france.fr

are fully compatible with high-e�ciency quantum mem-
ories [13, 14] and could boost the performance of photonic
quantum engineering platforms.

RESULTS

Experimental protocol

The core of our experimental setup, depicted in
Fig. 1(a), features a single Rydberg superatom strongly
coupled to a medium-finesse single-ended optical cavity
[15]. The superatom is made of about 800 cold 87Rb
atoms initialized in the state |Gi (Fig. 1(b)). In the first
“write” step of our protocol, a 795 nm red write laser and
a 475 nm blue write laser drive a resonant two-photon
transition to the Rydberg state R : 109S, with a de-
tuning �/(2⇡) = �500 MHz from the intermediate state
E : 5P1/2. The ⇠ 20 µm Rydberg blockade range [16]
largely exceeds the 4.5 µm Gaussian rms radius of the
cloud, strongly inhibiting multiple Rydberg excitations
and turning the cloud into an e↵ective two-level system
with a ground state |Gi and a collective singly-excited
Rydberg state |Ri. Rabi oscillations between |Gi and
|Ri driven with the write beams allow us to prepare a
coherent superposition cos(✓/2) |Gi� sin(✓/2) |Ri with a
controlled qubit rotation angle ✓.
During the following “read” step, |Ri is mapped via

the cavity, resonant with the G � E transition, onto a
795 nm single-mode free-propagating photon with fully
controlled spatial, temporal, spectral and polarization de-
grees of freedom. The strong superatom-cavity coupling
strength g = 2⇡ ⇥ 10 MHz, exceeding the decay rates
of both the G � E atomic dipole � = 2⇡ ⇥ 2.87 MHz
and the cavity field  = 2⇡ ⇥ 2.8 MHz, results in a vac-
uum Rabi splitting of two well-separated bright polariton
modes detuned by ±g from the cavity resonance, visible
on Fig. 1(c). Adiabatically increasing the Rabi frequency
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FIG. 1. Deterministic generation of number-encoded photonic qubits with an intracavity Rydberg polariton. (a) Schematics
of the experimental apparatus featuring a small ensemble of cold atoms inside an optical cavity. The photonic states, released
through the cavity coupling mirror, are directed with an acousto-optic modulator (AOM) either towards single photon detectors
(SPD) or an homodyne detection. (b) Diagram of energy levels illustrating the o↵-resonant two photon excitation of a single
Rydberg excitation (write step), followed by photonic state release through a cavity-Rydberg polariton (read step). (c) Cavity
transmission spectra of a laser probe frequency-detuned around the bare cavity resonance (black). The strong collective coupling
of the atomic ensemble to the cavity field yields a vacuum Rabi splitting (red). Additionally coupling to Rydberg level with
the blue read beam creates a dark cavity-Rydberg polariton at zero detuning. (d) Measured temporal evolution of normalized
laser beam intensities (full lines, color code from (b)) and SPD rate proportional to output photon flux I(t) (red dots, right
axis). The dashed line models the photonic state release from the blue read evolution and independently-measured parameters
(see text).

⌦ of the blue read laser beam, coupling E and R, opens a
resonant electromagnetically-induced transparency win-
dow in the spectrum and coherently transfers the exci-
tation from |Ri to an intra-cavity photon |1ci via the
rotation of the dark polariton state

|Di = cos� |Gi |1ci � sin� |Ri |0ci , (1)

with the angle � = arctan(2g/⌦) [17]. In this way,
we can coherently map the atomic state cos(✓/2) |Gi �
sin(✓/2) |Ri onto the free-propagating output photonic
state | ✓i = cos(✓/2) |0i+sin(✓/2) |1i in a well-controlled
mode.

We measure the emitted photon flux I(t) with a single
photon detector (SPD). Figure 1(d) presents the recorded
SPD rate, together with the temporal intensity profiles
of the driving laser pulses. Following Ref. [18], the slow
variation of the blue read pulse and the long lifetime of
the Rydberg state allow us to approximate I(t) as

I(t) = 2 ⌘C ⌘rem cos2 b(t) exp

✓
�2

Z t

t0

cos2 b(t0) dt0
◆
,

(2)

where ⌘C = 2C/(2C+1) = 93% is our intrinsic Rydberg-
to-cavity-photon mapping e�ciency limited by the finite
cooperativity C = g2/(2�) [19], ⌘rem is the remaining
e�ciency term discussed below, b = arctan(2g/(⌦

p
⌘C)),

and t0 is the beginning of the read step. For a very
large cooperativity, this expression reduces to the leak-
age rate 2D = 2 cos2 � of the dark polariton |Di via
its photonic component, multiplied by the population
exp(�2

R t
t0
D(t0)dt0) remaining in |Di at the time t. Us-

ing the measured intensity of the blue read beam to in-
fer the normalized Rabi frequency profile ⌦(t)/⌦max and
the values of g,  and ⌦max = 2⇡⇥11.5 MHz determined
from the transmission spectra in Fig. 1(c), the result of
Eq.2 overlaps with that of a full numerical simulation
and with the experimental data, with a slight deviation
at short time arising from an artifact in the measurement
of ⌦(t).
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FIG. 1. Deterministic generation of number-encoded photonic qubits with an intracavity Rydberg polariton. (a) Schematics
of the experimental apparatus featuring a small ensemble of cold atoms inside an optical cavity. The photonic states, released
through the cavity coupling mirror, are directed with an acousto-optic modulator (AOM) either towards single photon detectors
(SPD) or an homodyne detection. (b) Diagram of energy levels illustrating the o↵-resonant two photon excitation of a single
Rydberg excitation (write step), followed by photonic state release through a cavity-Rydberg polariton (read step). (c) Cavity
transmission spectra of a laser probe frequency-detuned around the bare cavity resonance (black). The strong collective coupling
of the atomic ensemble to the cavity field yields a vacuum Rabi splitting (red). Additionally coupling to Rydberg level with
the blue read beam creates a dark cavity-Rydberg polariton at zero detuning. (d) Measured temporal evolution of normalized
laser beam intensities (full lines, color code from (b)) and SPD rate proportional to output photon flux I(t) (red dots, right
axis). The dashed line models the photonic state release from the blue read evolution and independently-measured parameters
(see text).

⌦ of the blue read laser beam, coupling E and R, opens a
resonant electromagnetically-induced transparency win-
dow in the spectrum and coherently transfers the exci-
tation from |Ri to an intra-cavity photon |1ci via the
rotation of the dark polariton state

|Di = cos� |Gi |1ci � sin� |Ri |0ci , (1)

with the angle � = arctan(2g/⌦) [17]. In this way,
we can coherently map the atomic state cos(✓/2) |Gi �
sin(✓/2) |Ri onto the free-propagating output photonic
state | ✓i = cos(✓/2) |0i+sin(✓/2) |1i in a well-controlled
mode.

We measure the emitted photon flux I(t) with a single
photon detector (SPD). Figure 1(d) presents the recorded
SPD rate, together with the temporal intensity profiles
of the driving laser pulses. Following Ref. [18], the slow
variation of the blue read pulse and the long lifetime of
the Rydberg state allow us to approximate I(t) as

I(t) = 2 ⌘C ⌘rem cos2 b(t) exp
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(2)

where ⌘C = 2C/(2C+1) = 93% is our intrinsic Rydberg-
to-cavity-photon mapping e�ciency limited by the finite
cooperativity C = g2/(2�) [19], ⌘rem is the remaining
e�ciency term discussed below, b = arctan(2g/(⌦

p
⌘C)),

and t0 is the beginning of the read step. For a very
large cooperativity, this expression reduces to the leak-
age rate 2D = 2 cos2 � of the dark polariton |Di via
its photonic component, multiplied by the population
exp(�2

R t
t0
D(t0)dt0) remaining in |Di at the time t. Us-

ing the measured intensity of the blue read beam to in-
fer the normalized Rabi frequency profile ⌦(t)/⌦max and
the values of g,  and ⌦max = 2⇡⇥11.5 MHz determined
from the transmission spectra in Fig. 1(c), the result of
Eq.2 overlaps with that of a full numerical simulation
and with the experimental data, with a slight deviation
at short time arising from an artifact in the measurement
of ⌦(t).

* Only one atom can be excited
within an ensemble of 800 
atoms contained in a sphere of 
4.5 μm radius, due to the effect
of « Rydberg blockade »
=> Rydberg superatom

A glimpse to the future : emitting photonic qubits by superatoms

* An arbitrary superposition 
(cos(θ/2) |G⟩ − sin(θ/2) |R⟩)  
of the ground and excited
states can be created, and 
mapped on demand on the 
photonic superposition 
(cos(θ/2) |n=0⟩ + sin(θ/2) |n=1⟩) 
that leaves the cavity
=> Deterministic generation
of photonic qubits
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Thank you for your attention !

https://qt.eu


