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Abstract
Entanglement-assisted quantum communication has substantial advantages in surpassing the power of classical
communication by utilizing the entangled state. Up to now, most of entanglement-assisted quantum communications
with dense coding are limited to the proof-of-principle experiments. Here, we experimentally demonstrate the
deterministic entanglement-assisted quantum communication based on the continuous-variable (CV) entangled state
over 20 km commercial �ber channels. We propose a new CV dense coding scheme with improved classical signals and
show that the transmission distance of CV entanglement-assisted quantum communication can be extended
compared with that using �xed classical signals. By applying the frequency division multiplexing technique, we
simultaneously decode 10 classical signals submerged in the shot noise of coherent state with the help of CV entangled
state after the transmission through a 20.121 km �ber channel. The results show that around 3 times of channel capacity
in classical communication with coherent state are achieved in the CV entanglement-assisted communication with the
frequency division multiplexing technique. Our result takes a crucial step towards realizing the deterministic
metropolitan entanglement-assisted quantum communication in practical quantum channels.

Introduction
Quantum entanglement, which serves as an important

quantum source, is widely used in quantum commu-
nication1–7, quantum computing8–10, and quantum sen-
sing11–13. As a typical entanglement-assisted quantum
communication (EAQC) protocol, quantum dense coding
enables two communication parties to enhance the
channel capacity with the shared quantum entangle-
ment14. In quantum dense coding, two classical bits are
encoded on one quantum bit from an Einstein-Podolsky-
Rosen (EPR) pair or beam, and therefore the capacity of a
quantum channel is doubled if the particle or beam is
transmitted and all messages are retrieved14. Besides the
advantage of enhancing the channel capacity in quantum
communication, quantum dense coding has potential
advantages in quantum key distribution15–20, since the
signal-to-noise ratio (SNR) is improved due to the lower

noise background of the correlated noise for entangled
state. In addition, quantum dense coding can also be used
in quantum metrology21 since two non-commuting
observables are measured simultaneously.

Since the first experimental demonstration of quantum
dense coding with entangled photon pairs22, it has been
experimentally demonstrated in several physical systems,
including optical system23–29, nuclear magnetic resonance
system30, and atomic system31–33. Various entangled
states, including spin and orbital angular momentum
entangled state28, orbital angular momentum multiplexed
entangled state33 and high-dimensional entangled state27

have been applied to improve the channel capacity in
EAQC with dense coding. Besides the point-to-point
quantum communication, quantum dense coding has also
been extended to network communication with multi-
partite entangled states, where dense coding between two
parties is controlled by other communication parties34–37.

Compared with quantum dense coding with the
discrete-variable (DV) system, the deterministic quantum
dense coding can be achieved with the continuous-
variable (CV) system since the generation of Gaussian
entangled state and the detection system are
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deterministic38–41. The deterministic quantum dense
coding allows signal transmission with high efficiency42,
in contrast to the low efficient transmission in DV systems
caused by the probabilistic generation of entangled pho-
tons through weak parametric down-conversion7. Besides,
the CV quantum dense coding system is compatible with
the current optical communication system, since the way
to encode classical signals and the detector used in the CV
scheme are widely used in classical optical communica-
tion systems. In the CV quantum dense coding, the
classical signals encoded on both amplitude and phase
quadratures of one EPR entangled beam are decoded
simultaneously with the help of the other EPR beam. The
channel capacity is enhanced since both correlated noise
of amplitude and phase quadratures of EPR beams are
lower than the shot noise limit (SNL), which leads to the
increase of SNRs of two classical signals. However, most
demonstrations of EAQC with dense coding still remain
in proof-of-principle experiments, i.e. the transmission
distances are limited to meter scale.

Here, we experimentally demonstrate the deterministic
EAQC based on the CV entangled state in the fiber
channel. Compared to previous proof-of-principle
experiments, we extend the transmission distance of
deterministic EAQC from meters to 20.121 km, which has
potential applications in the metropolitan quantum
communication. The EAQC over 20 km is achieved by
applying the improved classical signals considering the
transmission efficiency in the encoding process and
transmitting the EPR entangled beams and local beam
through independent fibers, which reduces the excess
noise added to the EPR entangled beams to about
0.01 shot noise unit (SNU). We show that the measured
SNRs of weak encoded signals are improved by applying
CV entangled state and the channel capacity in the EAQC
is higher than that with the coherent state in 0.002, 2.017,
5.043, 10.074, and 20.121 km fiber channels, respectively.

Furthermore, the channel capacity of the EAQC is
enhanced significantly by the frequency division multi-
plexing (FDM). Our results demonstrate the feasibility of
the deterministic EAQC in the fiber channel and take a
key step toward metropolitan quantum communication.

Results
The principle

As shown in Fig. 1, the CV EPR entangled state with
optical modes b̂1 and b̂2, which are used as encoded and
decoding modes in the CV quantum dense coding
respectively24, is obtained by coupling two amplitude
squeezed states â1 and â2 on a 50:50 beamsplitter. In the
encoding process, Alice encodes classical signals x̂s and p̂s
on the amplitude and phase quadratures of the optical
mode b̂1 simultaneously. The amplitude and phase
quadratures of the encoded mode are given by x̂bE

1
¼

x̂b1 þ x̂s and p̂bE
1

¼ p̂b1
þ p̂s respectively. After the

encoding process, Alice sends both optical modes b̂
E
1 and

b̂2 to Bob through quantum channels. In the decoding
process, Bob couples the encoded mode b̂

E
1 and decoding

mode b̂2 on a 50:50 beamsplitter and obtains two dis-
placed squeezed states d̂1 and d̂2, whose amplitude and
phase quadratures are measured by two homodyne
detectors, respectively. In this way, the correlated EPR
noise of the encoded and decoding modes are canceled
and the encoded classical signals of x̂s and p̂s are retrieved
simultaneously with the noise background of squeezed
noise, which is below the SNL corresponding to the noise
of vacuum state (see Materials and Methods for details).

The performance of deterministic EAQC can be quan-
tified by the channel capacity. For the communication in a
channel with Gaussian noise, the Shannon channel
capacity is expressed by C ¼ 1

2 log2½1 þ SNR�41. Since the
encoded amplitude and phase signals are decoded
simultaneously, the channel capacity of the deterministic
EAQC is given by

C ¼ 1
2

log2½1 þ SNRx� þ 1
2

log2½1 þ SNRp� ð1Þ

where SNRx and SNRp represent the SNRs of amplitude
and phase signals respectively. Based on the expression of
output states at Bob’s station [Eq. (8) in Materials and
Methods], we obtain SNRs of amplitude and phase
signals, which are given by

SNRx ¼ 1
2V x̂sð Þ
V x̂a1ð Þ

SNRp ¼ 1
2V p̂sð Þ
V x̂a2ð Þ

ð2Þ

where V ðx̂sÞ and V ðp̂sÞ are the variances of modulated
classical signals, the coefficient 1/2 indicates that the
signals are splitted by the 50:50 beamsplitter during the

Alice Bob

AM PM

HD2

HD1d1

d2

b1a1

bE
1

b2a2

x

p

Fig. 1 The principle of the deterministic EAQC with dense coding.
Alice encodes classical signals on the amplitude and phase
quadratures of one of the CV EPR entangled beams by an amplitude
modulator (AM) and a phase modulator (PM) and distributes the EPR
entangled beams to Bob. After receiving the transmitted EPR
entangled beams, Bob performs the joint measurement by coupling
two beams on a 50:50 beamsplitter and measuring the output states
with two homodyne detectors (HDs) simultaneously. In this way, the
classical signals encoded on the amplitude and phase quadratures are
decoded simultaneously

Ren et al. Light: Science & Applications           (2026) 15:83 Page 2 of 10



decoding process (see Materials and Methods for
details).

When the EPR entangled state is replaced by two
coherent states ĉ1 and ĉ2, the noise background of the
demodulated signals are V ðx̂c1 Þ ¼ V ðx̂c2 Þ ¼ 1 respec-
tively, which is the same as SNL. In this case, if the weak
classical signals with variance of V ðx̂sÞ ¼ V ðp̂sÞ ¼ 2 (two
times of SNL) are encoded by Alice, the variances of the
decoded classical signals are 1

2 V ðx̂sÞ ¼ 1
2 V ðp̂sÞ ¼ 1 at

Bob’s station, which are submerged in the noise of the
coherent state since SNRx = SNRp = 1. When the EPR
entangled state is used as the quantum resource, the
encoded weak classical signals will be retrieved simulta-
neously with SNRx = SNRp > 1, which embodies the
advantage of deterministic EAQC, since the noise back-
ground V ðx̂a1Þ ¼ V ðx̂a2Þ ¼ e�2r is reduced below the SNL
when r > 0 in Eq. (2).

Considering the transmission in the fiber channel, the

received modes at Bob’s station turn into bbE0

1 ¼ ffiffiffi
η

p
b̂

E
1 þffiffiffiffiffiffiffiffiffiffiffi

1 � η
p ðν̂1 þ ζ̂1Þ and b̂

0
2 ¼ ffiffiffi

η
p

b̂2 þ ffiffiffiffiffiffiffiffiffiffiffi
1 � η

p ðν̂2 þ ζ̂2Þ
respectively, where η = ηdηtηc represents the total effi-
ciency of the system, ηd represents the detection effi-
ciency, ηt = 10−0.2L/10 represents the transmission
efficiency in the fiber channel with transmission distance
L, ηc represents the transmission efficiency of other fiber
devices, ν̂i represents the vacuum state introduced by the
loss, and ζ̂ i is the excess noise with the variance of δi in

the fiber channel. In this case, the SNRs at Bob’s station
are given by

SNR0
x ¼ 1

2ηV x̂sð Þ
ηV x̂a1ð Þþ1

2ð1�ηÞ½V x̂ν1ð ÞþV x̂ν2ð Þþδ1þδ2�

SNR0
p ¼ 1

2ηV p̂sð Þ
ηV x̂a2ð Þþ1

2ð1�ηÞ½V ðp̂ν1
ÞþV ðp̂ν2

Þþδ1þδ2�

ð3Þ

where V ðx̂ν1Þ ¼ V ðx̂ν2Þ ¼ V ðp̂ν1
Þ ¼ V ðp̂ν2

Þ ¼ 1 are the
variances of the vacuum states (see Materials and
Methods for details).

The SNRs and channel capacity decrease with the
decrease of transmission efficiency according to Eqs. (1)
and (3). By substituting Eq. (3) into Eq. (1), we theoreti-
cally predict the achievable channel capacity and trans-
mission distance of deterministic EAQC based on
quantum dense coding, as shown in Fig. 2. When fixed
classical signals (V f ðx̂sÞ ¼ V f ðp̂sÞ ¼ 2) are encoded at
Alice’s station, i.e. the amplitude of encoded signals are
fixed, the transmission distance is limited to 10 km when
the channel capacity of EAQC is higher than that of
coherent state, as shown by the gray dashed curve in Fig.
2. In order to extend the transmission distance, we pro-
pose a new encoding method, where Alice improves the
encoded signals to V iðx̂sÞ ¼ V iðp̂sÞ ¼ 2=η by considering
the effect of transmission efficiency, which can be regar-
ded as normalizing the encoded classical signals to the
sender (Alice). In this case, the variances of decoded
signals at Bob’s station in Eq. (3) turn into 1

2 ηV iðx̂sÞ ¼
1
2 ηV iðp̂sÞ ¼ 1, which means that the retrieved signals are
just submerged in the SNL at different transmission dis-
tance. The simulation results show that the transmission
distance can be extended over 30 km with improved
classical signals, where the channel capacity of EAQC is
still higher than that of coherent state, as shown by the
black solid curve in Fig. 2. When the squeezing (anti-
squeezing) level is increased to -10 dB (+15 dB), it is
obvious that the channel capacity and transmission dis-
tance can be further increased. Thus, we choose the
improved classical signals in the encoding process in our
experiment.

The experiment
In the experiment, two squeezed states at 1550 nm are

generated from two optical parametric amplifiers (OPAs)
respectively, as shown in Fig. 3. The OPA, which is a
semi-monolithic cavity, consists of a periodically poled
potassium titanyl phosphate (PPKTP) crystal and a con-
cave mirror (see Materials and Methods for details).
When the OPA is operated in the de-amplification status,
where the relative phase between the pump beam and
seed beam is controlled to π, an amplitude squeezed state
with the squeezing (antisqueezing) level of − 6 (+ 10) dB
is prepared. By coupling two squeezed states on a 50:50
beamsplitter with the relative phase of π/2, the CV EPR
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Fig. 2 Theoretical prediction for the dependence of channel
capacity on transmission distance with different encoded
classical signals. The transmission distance with improved classical
signals is increased compared with that using �xed classical signals at
Alice’s station. The black solid and gray dashed curves are obtained
with the squeezing (antisqueezing) level of −6 dB (+10 dB), and the
blue dotted and orange dot-dashed curves are obtained with the
squeezing (antisqueezing) level of −10 dB (+15 dB). Phase �uctuation
is not considered here
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