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We experimentally demonstrate long-distance continuous-variable quantum key distribution over a 50km standard optical ﬁber based on continuous-variable Einstein-Podolsky-Rosen entangled states. The
entanglement survives despite being distributed over a high-loss optical ﬁber channel. At a channel excess
noise level of 0.01 shot-noise units, we achieve an asymptotic secret key rate of 0.03 bit per sample,
which is superior to the optimized coherent-state protocol. The superiority is even more evident at a highchannel excess noise level of 0.1 shot-noise units. Our work paves the way toward practical applications
of continuous-variable quantum key distribution under high amounts of excess channel noise.
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I. INTRODUCTION
Quantum entanglement, distributed among distant parties, plays a key role in quantum information processing. It
serves as key resources in quantum teleportation, quantum
key distribution (QKD), etc. [1,2]. Relying on the fundamental laws of quantum physics, QKD allows remote users
to share an information-theoretically secure random bit
string, which can be used as a secret key [3–6]. Combined
with the one-time pad strategy, secure private communication can be achieved, which is necessary in a variety of
domains [5].
Continuous-variable (CV) QKD encodes the key information in the quadratures of a light ﬁeld and uses coherent
detection techniques, such as homodyne (or heterodyne)
detection [7–9]. Its advantages over qubit-based QKD protocols include cost-eﬀective detection technique instead of
dedicated single-photon-counting technology, higher key
rates at metropolitan distances [10], and superior ability to
coexist with classical signals in optical networks [11–13].
For practical implementations, a number of CV QKD protocols have been proposed and demonstrated [8–36] based
on coherent states, squeezed states, and Einstein-PodolskyRosen (EPR) entangled states. Compared to the coherentstate protocol, the squeezed-state protocol is more robust
against channel excess noises and can tolerate higher channel loss [22,23]. By using CV EPR sources, the modulatedentangled-states QKD protocol [24] and one-sided deviceindependent QKD protocol [29,30] have recently been proposed and demonstrated. However, these previous proofs
of principle used short-distance free space as the quantum
*
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channel, and the optical loss of the transmission channel
was modeled by a variable attenuator or an equivalent
theoretical beam splitter.
In this article, we report the ﬁrst long-distance CV QKD
over a standard single-mode ﬁber based on a CV EPR
entangled state. To this end, a two-color CV EPR state is
prepared, and one beam of the EPR state at 0.8 µm is kept
and measured at the side of the ﬁrst participant (Alice),
whereas the other one (Bob) uses a telecommunications
wavelength of 1.5 µm, distributed over a 50-km singlemode ﬁber. By operating the EPR source in parametric
deampliﬁcation and optimizing the relevant parameters,
we suppress the carrier power of the EPR state to the level
of 1 µW, which is low enough to avoid the undesired nonlinear scattering eﬀects in optical ﬁbers [37–39]. In addition, by developing polarization and time-multiplexing
techniques, we can suppress the adverse eﬀect of the
intense local oscillator on the signal ﬁeld during propagation along the same ﬁber. Using these approaches,
CV EPR entanglement is successfully distributed over the
long optical ﬁber with very low excess noise. We further
demonstrate that CV QKD is feasible based on these distributed entangled states, with performance superior to the
coherent-state protocol.
II. THEORETICAL ANALYSIS OF THE
PROTOCOL
Figure 1(a) shows our QKD scheme with a mixed twomode Gaussian entangled state, i.e., a mixed EPR state.
The impure EPR states arise from the fact that any realistic
preparation process of the EPR states inevitably introduces
some linear losses (t1 , t2 ) and excess noise (ξ1 , ξ2 ) [2],
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and perfect pure-EPR states do not exist in real scenarios.
After preparing the EPR states, Alice keeps one partite of
each state and sends the other partite to Bob via an insecure quantum channel, which is fully controlled by the
third participant, Eve. This channel is characterized by the
channel transmittance η and excess noise ε. Both Alice
and Bob randomly measure the quadrature x or p of their
respective modes by homodyne detection with respective
detection eﬃciencies ηA and ηB . After the measurements,
the measurement bases are announced via an authenticated
classical channel, and only those samples measured in the
same quadratures are retained. For the reverse reconciliation protocol considered here, Bob sends the syndrome of
his data to Alice, and Alice corrects her data to be identical
to that of Bob. Finally, Alice and Bob perform the privacy
ampliﬁcation step using two universal hash functions and
extract the ﬁnal secure key.
In the asymptotic limit of inﬁnitely long exchanged signals, it is suﬃcient to consider the collective attack to
ensure the security of our QKD protocol [40–43]. The
corresponding secret key rate is given by
I = βIAB − χBE .

VA
VA
1
1
log
= log2
,
2 2 VA|B
2
VA − C2AB /VB

(2)

where VA and VB are the variances of the quadratures
measured by Alice and Bob, respectively. VA|B denotes
the conditional variance, while CAB denotes the correlation coeﬃcient between Alice’s and Bob’s measured
quadratures.
Consider a mixed two-mode Gaussian entangled state
generated from a nondegenerate optical parametrical
ampliﬁer (NOPA). The variance of the modes’ quadratures
and the correlation coeﬃcient and quantum correlation
between the modes’ quadratures are, respectively,
V A0 = V B0

V A = η A V A0 + 1 − η A ,

χtot = χline + χhom /η,

(x̂A0

2


− x̂B0 ) = (p̂A0

CAB





1
= ηA GCA0 B0 = ηA G (1/s − s) + nE .
2

(6)

In order to facilitate the theoretical calculation of the
secret key rate, the two-mode mixed EPR state is puriﬁed to a four-mode entangled state [24,44]. To this end,
two independent EPR states are injected into a MachZehnder interferometer in which two quadrature squeezers
are located, as shown in Fig. 1(b). By setting six parameters, namely, the variances of the two EPR states (V1 , V2 ),
the transmittances of the two beam splitters (T1 , T2 ), and
the squeezing parameters of the squeezers (r1 , r2 ), any
two-mode Gaussian state AB0 generated in our experiment can be represented by, and puriﬁed into, a four-mode
entangled state CDAB0 .
We assume that the covariance matrix of the twomode Gaussian states AB0 generated in our experiment is
given by



γAB0

1
(1/s − s) + nE ,
2

(3)
+ p̂B0 )2 = 2s,

where s is the two-mode squeezing and nE represents the
excess noise of the antisqueezed quadrature. We assume
the quantum channel is characterized by the transmittance

(5)

Here, χtot denotes the total added noise for the channel
input site; χline denotes the channel added noise for the
channel input site, which includes two parts: the noise due
to linear losses (vacuum noise) and the excess noise ε; χhom
denotes the added noise of the realistic homodyne detector
for Bob’s input site; and ηB and υel are the eﬃciency and
electronic noise of the measurement apparatus. The correlation coeﬃcient between Alice’s and Bob’s measured
quadratures is

CA0 B0 = x̂A0 x̂B0  = p̂A0 p̂B0  =


(4)

χline = 1/η − 1 + ε,

χhom = (1 + υel )/ηB − 1.

⎛

1
= (1/s + s) + nE ,
2

VB = G(VB0 + χtot ),

where G = ηηB is the total transmittance and

(1)

Here, β represents the data reconciliation eﬃciency, χBE
represents the Holevo quantity between Bob’s data and
Eve’s quantum states, and IAB represents the Shannon
mutual information between the measurement results of
Alice and Bob, given by
IAB =

η and excess noise ε; in this case, the variances of the
quadratures measured by Alice and Bob are

γA
=
T
σAB
0

VAx
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⎜ 0
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⎝CAB0
0

0
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CAB0
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CAB
0
0
VBx0
0

0

⎞

CAB0 ⎟
⎟
⎟.
0 ⎠
p
V B0
p

(7)
The impure two-mode Gaussian states AB0 can be puriﬁed
by considering them to be part of a four-mode pure state
CDAB0 . The covariance matrix γCAB0 D of the four-mode
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state can be obtained by using the following transformation:
T
γCE1 F1 D = YBS1 · γCE0 F0 D · YBS1
, γCefD = YS · γCE1 F1 D · YST ,
T
,
γCAB0 D = YBS2 · γCefD · YBS2

(8)

where
YBS1 = IC ⊕

E F
SE01F01

⊕ ID ,

YBS2 = IC ⊕

ef
SE1 F1

(9)
E F

ef

Here, IC and ID are the identity matrices, SE01F01 and SE1 F1
are the beam splitter transformation matrices, and SE1 and
SF1 are single-mode squeezing matrices [45]. In order to
determine the related puriﬁcation parameters V1 , V2 , T1 ,
T2 , r1 , and r2 , we refer to the solutions of the following set
of six equations:

γCAB0 D [6, 6] =
γCAB0 D [6, 4] =

xB ( p B )

B

H

Bob

The mode B0 is sent to Bob via an unsafe quantum channel
(characterized by the transmittance η and excess noise ε).
We can write the covariance matrix γCDAB1 by using the
relationship
γB1 = η(γB0 + χline I ), σAB1 =
√
σCB1 = ησCB0 .

√

ησAB0 , σDB1 =

p

γCAB0 D [4, 4] = VA ,

ησDB0 ,
(12)

γCDABHG = Y[γCDAB1 ⊕ γH0 G ]YT ,
γCAB0 D [5, 3] =

√

Here, I is the identity matrix. The mode B1 received by
Bob is detected by a realistic homodyne detector with
electronic noise υel and quantum eﬃciency ηB . This imperfect detection can be modeled by applying a beam splitter
transformation SBBH
to the modes B1 and H0 , where the
1 H0
transmittance of the beam splitter ηB models the eﬃciency
of the detector and the thermal state H0 with variance N0
simulates the electronic noise υel of the detector. Thus, the
covariance matrix γCDABHG of the six-mode state CDABHG
is given by

γCAB0 D [5, 5] = VBx0 ,
p
V B0 ,
p
CAB0 ,

B

⊕ ID ,

YS = IC ⊕ SE1 ⊕ SF1 ⊕ ID .
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FIG. 1. Schematic diagram of
the CV QKD protocol with entangled states. (a) The original protocol where Alice prepares a mixed
two-mode entangled state. (b) The
equivalent protocol where Alice
puriﬁes her mixed state to a fourmode pure state.

x
CAB
,
0

(10)

where γCAB0 D [i, j ] represents the matrix element in the ith
row and j th column, which is a function of the six puriﬁcation parameters fi,j (V1 , V2 , T1 , T2 , r1 , r2 ), as described by
Eq. (8). At this stage, all the elements of the matrix γCAB0 D
are known, and the matrix γCDAB0 of the four-mode pure
state CDAB0 can be obtained by rearranging the lines and
columns of the matrix γCAB0 D :
⎞
⎛
σCD σCA σCB0
γC
⎜σT
γD
σDA σDB0 ⎟
⎟
⎜ CD
γCDAB0 = ⎜ T
(11)
⎟.
T
γA
σAB0 ⎠
⎝ σCA σDA
T
T
T
σCB
σDB
σAB
γ B0
0
0
0

(13)

where Y = (ICDA ⊕ SBBH
⊕ IG ), ICDA and IG are the iden1 H0
tity matrices, SBBH
represents
the beam splitter transfor1 H0
mation matrix, and γH0 G is the covariance matrix of the
EPR source H0 G.
The optimality of Gaussian attacks [40–42] provides a
powerful tool to estimate the Holevo quantity using the
covariance matrix formalism. The Holevo quantity χBE
between Bob’s data and Eve’s quantum states is given by
x

χBE = S(ρE ) − S(ρEB ),

(14)

where S(ρ) denotes the von Neumann entropy of the
x
quantum state ρ, and ρEB represents Eve’s quantum state
conditional on Bob’s detection results. As states ρCDAB1 E
xB
x
and ρCDAEHG
are pure, S(ρE ) = S(ρCDAB1 ) and S(ρEB ) =
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III. EXPERIMENTAL SETUP AND RESULTS

xB
).
χBE = S(ρCDAB1 ) − S(ρCDAHG

(15)

For the Gaussian states considered here, we have S(ρ) =

i G[(λi − 1)/2] with the bosonic entropic function
G(x) = (x + 1)log2 (x + 1) − xlog2 x. Here, λi represents
the symplectic eigenvalues of the covariance matrix, which
characterizes the state ρ.
xB
The covariance matrix γCDAHG
describing the state
xB
ρCDAHG conditional on Bob’s detection results xB is
x

T
B
= γCDAHG − σCDAHG;B (X γB X )MP σCDAHG;B
, (16)
γCDAHG

X =


1
0


0
,
0

(17)

and MP stands for the Moore-Penrose matrix inverse.
T
The matrices γCDAHG , γB , σCDAHG;B , and σCDAHG;B
are
submatrices of the covariance matrix γCDAHGB


γCDAHG σCDAHG;B
,
(18)
γCDAHGB =
T
σCDAHG;B
γB
which can be obtained by permuting the elements of the
matrix γCDABHG (13). At this stage, the Holevo quantity is
given by
χBE =

4
i=1

G[(λi − 1)/2] −

9
j =5

BHD

Bob
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where

50:50
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FIG. 2. Schematic of the experimental setup for continuous variable quantum key distribution
with EPR states. Green line, 532nm pump laser for the EPR
source; red line, down-conversion
ﬁelds; blue line, 810-nm signal (LO); orange line, 1550nm signal (LO); DBS, dichroic
beam splitter; FM, Faraday mirror; AM, amplitude modulator;
PM, phase modulator; PBS, polarization beam splitters; BHD, balanced homodyne detector; PC,
polarization controller.

G[(λj − 1)/2],
(19)

where λi and λj are the symplectic eigenvalues of the
xB
covariance matrices γCDAB1 and γCDAHG
, respectively.
Here, the symplectic eigenvalues {λj } can be obtained by
ﬁnding the eigenvalues {∓iλj } of the matrix γ , where the
symplectic form is deﬁned as


0 1
n
≡ ⊕i=1 ω, ω ≡
.
(20)
−1 0

Figure 2 shows the schematic diagram of the experimental setup. A bright two-color continuous-wave EPRentangled state, generated from a NOPA, is located
at Alice’s station. The NOPA consists of a bowtieshaped cavity and a nonlinear periodically poled KTiOPO4
(PPKTP) crystal. A 532-nm single-frequency laser is
employed to pump the nonlinear resonator from two
opposite directions. In one direction, the nonlinear resonator operates above threshold to produce bright downconversion ﬁelds, which serve as local oscillators (LOs)
for Alice’s and Bob’s homodyne detection and provide
the seed ﬁeld for the NOPA. In the other direction, the
NOPA operates below threshold to generate the bright
two-mode entangled state (see Ref. [46] for details of
the EPR source). By operating the NOPA in parametric
deampliﬁcation and optimizing the relevant parameters,
the carrier power of the EPR state is eﬀectively suppressed
to around 1 µW, which is low enough to avoid the nonlinear
scattering noise in a long-distance single-mode ﬁber.
Figure 3(a) illustrates typical quantum correlation outcomes when detecting either the amplitude quadrature
(xA , xB ) or the phase quadrature (pA , pB ) of the EPR
source with a balanced homodyne detector (BHD). The
measurements are implemented at the sideband frequency
of 3.5 MHz with a bandwidth of 500 kHz. Quadrature correlations (with a correlation coeﬃcient of 0.95) are clearly
visible between Alice’s and Bob’s measurement results
when they simultaneously measure the same quadrature of
their modes. From the measurement results, the two-mode
squeezing and antisqueezing levels are 4.7 and 11.2 dB,
respectively.The corresponding value of the EPR critep

x
rion [2] is VA|B
· VA|B = 0.65 < 1, which indicates the
generated two-mode state is indeed quadrature entangled.
One mode of the EPR source at 810 nm is kept by Alice
herself and directed to a free-space BHD, where either
the amplitude or phase quadrature is detected. The other
mode, at the telecommunication wavelength of 1550 nm,
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(a)

(b)

FIG. 3. Observed correlations between Alice’s and Bob’s
amplitude quadrature x and phase quadrature p using balanced
homodyne detection. The black points represent the correlations
of vacuum states. The blue points represent the quadrature data
of Alice and Bob, which are normalized to the noise standard
deviation of a vacuum state. (a) Correlations of the initial EPR
source. (b) Correlations between Alice’s and Bob’s quadrature
data when one mode of the EPR source at the telecommunication wavelength of 1550 nm is sent to Bob via a 50.2-km standard
single-mode ﬁber.

and its corresponding LO, are coupled into single-mode
polarization-maintaining ﬁber devices (with coupling eﬃciency of 95%) and then injected into a 50.2-km standard single-mode ﬁber spool (placed on an optical table)
through polarization multiplexing and time multiplexing.
Here, the multiplexing approaches eﬀectively suppress the
excess noises resulting from the relatively intense LO ﬁeld,
including the leakage and the nonlinear optical scattering
of the LO beam. The LO is ﬁrst split by a 50:50 ﬁber beam
splitter, and one output beam is reﬂected back to the NOPA
for supplying the seed ﬁeld. The other beam is modulated
by a high-extinction-ratio (40 dB) Mach-Zehnder amplitude modulator (AM) with a pulse generator to produce
a 10-µs width and 50-kHz repetition rate pulse train. The
time multiplexing is implemented by a delay line composed of a 1-km single-mode ﬁber followed by a Faraday
rotation mirror, which reﬂects the LO pulse with a polarization rotation of 90°, and therefore, eliminates undesired
birefringence-induced polarization variation during the LO
pulse propagation along the single-mode ﬁber delay line.
On Bob’s side, a manual ﬁber-polarization controller
recovers the precise polarization states of both the signal and the LO, with a polarization extinction ratio above
30 dB. In this case, the two optical ﬁelds are polarization
demultiplexed by polarization beam splitters (PBSs). To

ensure time overlapping of the signal and the time-delayed
LO ﬁelds, another delay line is inserted in the signal’s
path. The optical-path-matched signal and LO interfere on
a 50:50 ﬁber beam splitter, and the amplitude or phase
quadrature of the signal is detected by using an all-ﬁber
shot-noise limit BHD. The system is calibrated in advance
to ensure the measured quadratures of Alice are in phase
with those of Bob. To this end, the slow phase drifts
between the signal and LO at both sides are compensated
by piezoelectric-transducer-based phase shifters. To switch
the measurement basis between the phase and amplitude
quadrature, a phase shift of 0 or π/2 is applied randomly to each LO beam via by a high-speed waveguide
electro-optical phase modulator. The error signal for the
phase lock loop is extracted from the homodyne detector
output, which is high-order low-pass ﬁltered with a cutoﬀ frequency of 2 kHz. In this way, the high-frequency
phase variation components due to the high-speed phase
modulator are averaged out.
A two-channel data acquisition card with a rate of
10 MHz samples Alice’s and Bob’s quadrature data. The
data acquisition of the system is triggered by the pulse
generator (which provides a driving signal for the AM to
produce the pulsed LO beam), and an electronic delay is
introduced to precisely synchronize the arrival times of
the two entangled beams; in this way, maximum correlation is obtained between Alice’s and Bob’s data. For each
signal mode with a 10-µs window, the 100 sampled data
points are mixed down at 3.5 MHz and successively lowpass ﬁltered using a 100-tap ﬁnite-impulse-response ﬁlter
with a cut-oﬀ frequency of 500 kHz. The ﬁltered data are
then added together to yield a single value that deﬁnes the
quadrature of the signal mode.
Alice’s BHD has an electronic noise of υel = 0.005 and
an eﬃciency of ηA = 86%, which includes an optical propagation eﬃciency of 96%, photodiode quantum eﬃciency
of 93%, and homodyne visibility of 98.5%. For Bob’s
BHD, the electronic noise is υel = 0.09 and the eﬃciency
is ηB = 55% (optical propagation eﬃciency of 62%, quantum eﬃciency of the photon diodes of 89%, and homodyne
visibility of 99.5%). Figure 3(b) plots a typical correlation
outcome between Alice’s and Bob’s amplitudes and phase
quadratures over a standard single-mode telecom ﬁber of
50.2 km. Quadrature correlations (with a correlation coefﬁcient of 0.5) are clearly visible between Alice’s and Bob’s
measurement results. From themeasured data, the EPR
p
x
criterion is determined to be VA|B
· VA|B = 0.982 < 1,
which states that the two-mode state shared between Alice
and Bob is still quadrature entangled. The degradation of
the quantum correlations is mainly caused by the linear
loss introduced by the single-mode ﬁber, and the added
excess noises are very small.
Using a subset of the raw data measured by Alice’s
and Bob’s homodyne detection, the total excess noise and
channel transmission of the QKD system are determined
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to be 0.01 shot-noise units (SNU) and η = 0.098,
respectively. In our system, ﬁve noise sources mainly contribute to the excess noise ε: the leakage of the LO pulse,
the nonideal phase-locking between the LO beam and signal, the depolarized guided acoustic wave Brillouin scattering (GAWBS) of the LO beam, the spontaneous Raman
scattering (SRS) of the LO, and the systematic excess
noise. In the following, we analyze quantitatively the
amount of excess noise due to each of these mechanisms.
Due to the direct utilization of the EPR protocol and the
fact that no modulation is required, the excess noise arising from the modulation errors occurring in a preparation
and measurement scheme does not exist here. Considering
the total extinction ratio of 70 dB (including the extinction
ratio of the LO pulse of 40 dB plus the polarization extinction ratio of 30 dB) and the average noise photon number
of approximately 1 at the sideband 3–4 MHz, the excess
noise due to the leakage of the LO pulse is approximately
10−7 photons, which is negligible. The phase-locking ﬂuctuations between the LO and signal ﬁelds can cause variation in Bob’s measurement basis and induce an excess
noise of (x̂ )2  − (x̂)2  ≈ V0A φ 2 , where φ is the standard deviation of the phase-locking ﬂuctuations. In our
system, the signal variance is V0A ≈ 7.7, and the deviation
of the phase ﬂuctuations is around 0.9o , which induces an
excess noise level of approximately 0.002 SNU.
Another source of excess noise is the depolarized
GAWBS noise, where a small portion of LO photons are
scattered to the signal mode [37–39]. Notably, the polarization isolation assumption is invalid here because of
depolarization scattering. However, the frequency bandwidth range (3–4 MHz) we use is well below the ﬁrst
depolarized GAWBS mode (approximately 20 MHz for
our telecom single-mode ﬁber). There is still some residual
scattering background noise in the low-frequency range.
Such excess noise at the sideband 3–4 MHz is observed to
be 9.2 SNU with only polarization multiplexing employed.
However, this scattering noise is further suppressed by
40 dB due to the time multiplexing of the LO and the
signal, which results in an ultimate excess noise level of
approximately 0.001 SNU. The SRS of the LO is also an
excess noise source for the QKD. For a 50-km standard
telecom single-mode ﬁber, the induced excess noise due to
the SRS is around 0.01 SNU, which is suppressed by the
time-multiplexing technique and contributes to the excess
noise with an amount of around 10−6 SNU. The systematic
excess noise, including the stability of the EPR source and
the calibration of the SNU, contributes to a typical excess
noise level of 0.007 SNU.
Figure 4 plots the secret key rate achieved by our CV
QKD system. A reconciliation eﬃciency of β = 0.95 is
used. For a 50.2-km standard telecommunication ﬁber,
using the channel parameter estimation results η = 0.098,
ε = 0.01, and other experimentally determined parameters, we achieve a secret key rate of 0.03 bit per sample

FIG. 4. Secret key rate produced by the CV QKD system. Two
diﬀerent levels of excess noises are investigated, ε = 0.01 and
ε = 0.1.

for EPR states (the solid circle in the ﬁgure). For the same
experimental parameters, if we instead employ a coherentstate-based protocol with optimized modulation variance
(VA = 4.5), the corresponding secret key rate is 0.019 bit
per sample (empty circle). To investigate the performance
of our QKD system under diﬀerent excess noise levels, we
add noise to Bob’s data to simulate an excess noise level of
ε = 0.1. In this case, the experimental key rate decreases to
0.01 bit per sample (solid triangle). In contrast, the secret
key rate for a coherent-state-based protocol with optimized
modulation variance (VA = 4.5, other experimental parameters unchanged) drops dramatically to 4.8 × 10−4 bit per
sample.
The solid and dashed lines show the theoretically predicted key rate as a function of diﬀerent channel distances
(standard ﬁber with an attenuation of 0.2 dB/km). From the
above results, we conclude that the CV QKD system with
EPR states performs better than the coherent-state based
system; in particular, its superiority is more evident when
the system’s excess noise level is relatively high.
IV. CONCLUSION
In summary, we have experimentally demonstrated
long-distance continuous-variable quantum key distribution over a 50-km standard optical ﬁber based on
continuous-variable entangled states. The achieved secret
key rate is higher than that of the coherent-state protocol,
in particular in a high-channel excess noise environment.
It has been shown that CV QKD possesses an outstanding
ability to coexist with classical signals in optical networks
[11–13]. Due to its robustness to the channel noise, the
entanglement-based CV QKD protocol is well suited for
a noisy channel and will further boost the multiplexing
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capacity. Encouragingly, the performance of our current
QKD system can be improved further by enhancing the
degree of entanglement and bandwidth of the EPR source
[47–49]. In this way, a high-speed, more robust QKD system can be achieved. On the other hand, our work paves
the way toward practical applications of one-sided deviceindependent CV QKD using EPR states over long-distance
ﬁbers [29,30].
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