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Abstract Quantum entanglement and quantum steering, as important quantum resources, are of great significance in the field of

quantum information science. Toward practical quantum communication, it is essential to distribute Gaussian entanglement and quantum

steering through optical fiber channels. Here, we experimentally demonstrate the distribution of deterministic Einstein-Podolsky-Rosen

(EPR) entanglement and EPR steering through fiber channels. By transmitting the EPR entangled light and the local oscillator (LO)

over independent fiber channels, the excess noise in the quantum channel is reduced. Utilizing this transmission approach, we extend the

transmission distance of continuous-variable (CV) entanglement distribution to 60.26 km and that of CV EPR steering to 10.06 km in

fiber channels. Our results take a crucial step toward practical quantum communication with CV entanglement and quantum steering in

fiber channels.
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1 Introduction

Gaussian entanglement and quantum steering are essential quantum resources that have pivotal importance in the
fields of quantum computation [1–6], quantum communication [7–13], and quantum metrology [14–16]. Different
from the verification of quantum entanglement with a trusted measurement device, quantum steering verifica-
tion [17–19] is performed in a one-sided-device-independent (1SDI) scenario, where the measurement device on one
side is untrusted [20–25]. It has been shown that one-way steering occurs in a certain asymmetric system [26–30].
Due to its unique feature, EPR steering can be potentially applied to 1SDI channel discrimination [31], secure
quantum teleportation [32], quantum key distribution [22–25], and remote state preparation [33].

Distribution of quantum entanglement and quantum steering in quantum channels is the precondition for the
entanglement-assisted or steering-assisted quantum communication [33–37]. Although the distribution distance of
discrete-variable (DV) quantum entanglement has been extended to over hundreds of km in fiber channel, the
transmission distance of continuous-variable (CV) quantum entanglement remains to dozens of km [38], and the
distribution distance of CV quantum steering is around 2 km [11]. This is because the CV entanglement and steering
not only decrease with loss, but also are affected by the excess noise introduced in the fiber channel. Most challeng-
ing, the sudden death of deterministic quantum entanglement and steering happens in a noisy environment [39].
Compared to probabilistic generation of DV entanglement, CV entanglement can be generated deterministically,
which enables high-efficiency entanglement-based quantum communication. Thus, the extension of transmission
distance for CV entanglement and steering in a fiber channel is essential.

Here, we experimentally demonstrate the distribution of Gaussian entanglement through a 60.26 km fiber channel
and CV quantum steering over a 10.06 km fiber channel. The two EPR entangled modes at the central quantum
server are transmitted to two users, Alice and Bob, through fiber channels, respectively. In order to reduce the excess
noise introduced in the fiber channel, we transmit the local oscillator (LO) beam through another independent fiber
channel. By measuring the received modes in the time domain at the users’ stations with a homodyne detector,
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Figure 1 (Color online) The schematic of quantum entanglement and steering distribution through fiber channels. Quantum cloud server

produces the EPR entanglement state and distributes the entangled modes to users (Alice and Bob) through single-mode fiber channels.

we reconstruct the covariance matrix of output states and quantify the distributed quantum entanglement and
quantum steering at different transmission distances. We show that after transmission distances of 60.26 and
10.06 km, the quantum entanglement and steering still exist. Our results provide a reference for CV entanglement-
based and steering-based quantum communication in a fiber channel.

2 The principle

As shown in Figure 1, a Gaussian EPR entangled state is generated by combining two amplitude-squeezed beams
(â1 and â2) at a balanced beamsplitter on the central quantum server. The entangled modes (b̂1 and b̂2) are
subsequently sent to two users (Alice and Bob) via fiber channels, respectively. The transmission distances in two
independent fiber channels are the same, which guarantees the coherence of the distributed modes. Finally, Alice
and Bob perform measurements on the distributed modes to verify the distributed quantum entanglement and
steering.

The shared CV Gaussian entangled state between two users can be characterized by its covariance matrix, with
elements defined as [40]

σij =
1

2
〈ξ̂iξ̂j + ξ̂j ξ̂i〉 − 〈ξ̂i〉〈ξ̂j〉, (1)

where ξ̂ ≡ (x̂1, p̂1, x̂2, p̂2)
T is the vector containing the amplitude and phase quadratures for each mode, and ξ̂i(j)

is the i(j)-th element of the vector ξ̂. The quadrature operators are denoted by x̂ = â† + â, p̂ = i(â† − â), where â†

and â are creation and annihilation operators, respectively. According to this definition, the covariance matrix of
the EPR entangled state is given by

σ =

(

A C

C
T

B

)

, (2)

where the submatrices A =
[

V (x̂1) 0

0 V (p̂1)

]

and B =
[

V (x̂2) 0

0 V (p̂2)

]

represent the two entangled modes respectively,

V (x̂i) (V (p̂i)) and T denote the variance of amplitude (phase) quadratures and transpose, and C =
[

σ(x̂1, x̂2) 0

0 σ(p̂1, p̂2)

]

represents the covariance between two modes.
After transmission through a fiber channel, the distributed mode of the entangled state b̂′i (i = 1, 2) is given by

b̂′i =
√
ηib̂i +

√
1− ηi(ν̂i + N̂i). Here, ηi denotes the channel’s transmission efficiency, while ν̂i and N̂i represent the

vacuum and excess noise introduced in the fiber channel, respectively. Besides the loss and noise introduced in the
fiber channel, the phase fluctuations, which increase with transmission distance, are another parameter that affects
the distributed entanglement and quantum steering. By substituting the expression of the distributed modes into
the covariance matrix, the output covariance matrix through fiber channels can be obtained (see Appendix A for
more details).

For a Gaussian entangled state, the positive partial transpose (PPT) criterion constitutes a sufficient and neces-
sary condition [41]. The bipartite Gaussian states are entangled if and only if the minimum symplectic eigenvalue
ν− of the covariance matrix σ satisfies the inequality ν− < 1. For a two-mode Gaussian state, ν− is determined by

ν− =

√

∆−
√

∆2 − 4ζ

2
, (3)
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Figure 2 (Color online) The experimental setup of Gaussian entanglement and quantum steering distribution through fiber channels. Two

degenerate optical parametric amplifiers (DOPA1 and DOPA2) each prepare a squeezed state possessing 6 dB squeezing and 10 dB anti-

squeezing. The distributed modes of the EPR entangled state are measured by two balanced homodyne detectors. These measurements enable

us to reconstruct part of the covariance matrix. The red lines in the figure represent light at 775 nm, and the orange lines represent light at

1550 nm.

where ζ = detσ and ∆ = detA + detB + 2detC. According to the covariance matrix σ, EPR steering between
Alice and Bob for CV Gaussian states can be quantified as [42]

GA→B = max

{

0,
1

2
ln
detA

detσ

}

,

GB→A = max

{

0,
1

2
ln
detB

detσ

}

,

(4)

when GA→B > 0, Alice is capable of steering Bob’s state. Correspondingly, GB→A > 0 implies that Bob can steer
Alice.

3 The experiment

As illustrated in Figure 2, two amplitude-squeezed states are produced by two degenerate optical parametric am-
plifiers (DOPAs) operated below the threshold, respectively. By combining two squeezed modes at a balanced
beamsplitter with their relative phase locked at π/2, a CV EPR entangled state of amplitude-anti-correlation and
phase-correlation is generated. The two modes of the EPR state are coupled into two single-mode fibers (Corning
SMF-28 ultra) and distributed to Alice and Bob, respectively, with the fiber coupling efficiency of 95%.

To reduce the excess noise in the fiber channel carrying the EPR state, we distribute the LO beam through an
independent fiber channel to Alice and Bob. In this case, the excess noise is significantly lower than that of conven-
tional polarization multiplexing schemes. After receiving the transmitted modes, Alice and Bob employ balanced
homodyne detectors to measure the amplitude and phase quadratures of received EPR lights. The interference
efficiency at every beamsplitter is measured to be 99%. By refining the phase locking system, the phase fluctuations
after propagation through the fiber channels are reduced to 1.15◦ to 3.51◦ with the transmission distance of 0.008
to 30.13 km (Table 1, see Appendix B for more details).

Alice and Bob perform time domain measurements on the distributed modes simultaneously and respectively.
In the measurement, the output signals of the two homodyne detectors are extracted with a sideband frequency of
9 MHz and a filter bandwidth of 30 kHz. At a sampling rate of 1 MS/s, the demodulated signals are captured in
parallel by an oscilloscope with digital storage capability. By changing the relative phase difference of the users’
homodyne detectors, the quadratures (amplitude and phase) of distributed modes are measured.
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Table 1 The experimental parameters at different fiber transmission distances.

Distance (km) Channel efficiency (η1) Channel efficiency (η2) Excess noise Phase fluctuation (◦)

0.008 0.93 0.94 0.007 1.15

1.95 0.85 0.86 0.010 1.58

5.03 0.74 0.74 0.011 1.69

10.05 0.58 0.58 0.013 2.65

20.09 0.37 0.37 0.016 3.21

30.13 0.23 0.23 0.020 3.51

Figure 3 (Color online) Results for entanglement distribution over 60.26 km transmission distance. (a) and (b) show the corresponding AC

signals obtained via homodyne detection, with 500 data points presented in each. (c) and (d) display the correlations of the two users’ data,

each containing 10000 experimental data points. Here, x̂1 and x̂2 (p̂1 and p̂2) denote the amplitude (phase) quadratures of the entangled state.

4 Results

We perform entanglement distribution experiments at transmission distances of 0.016, 3.90, 10.06, 20.10, 40.18, and
60.26 km. Figures 3(a) and (b) display the observed amplitude and phase quadratures in the time domain of two
distributed modes at two users’ stations after transmission of 60.26 km. It is obvious that the correlation exists in
the amplitude and phase quadratures of the two distributed modes. We also plot the anti-correlation (correlation)
in the amplitude (phase) quadrature of the two distributed modes after a 60.26 km single-mode optical fiber, as
shown in Figures 3(c) and (d). This confirms that the quantum correlation of the EPR entangled state exists after
the transmission through 60.26 km fiber channels.

Based on the measured amplitude and phase quadratures of two distributed modes, we reconstruct the covariance
matrix of the distributed state at different transmission distances (see Appendix C for more details). Then we
quantify the distributed entanglement and quantum steering according to (3) and (4), respectively. The relevant
experimental parameters are summarised in Table 1, where the transmission distances from source to Alice (Bob)
are presented, and the total transmission distances are double those distances. The channel efficiency decreases as
transmission distances increase, while excess noise and phase fluctuation increase with the transmission distances.

The average PPT values of the distributed state are 0.29, 0.35, 0.44, 0.55, 0.72, and 0.82 at the corresponding
transmission distances, as represented by the red data points in Figure 4(a). Furthermore, the theoretical prediction
(blue curve in Figure 4(a)) depicts the PPT values for EPR beams transmitted through the single-mode fiber,
matching well with the experimental data. Entanglement remains observable over a transmission distance of more
than 60.26 km. The PPT values increase gradually with transmission distance, which means that the distributed
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Figure 4 (Color online) Experimental results. (a) The experimental results (red solid squares) for the minimum symplectic eigenvalues (PPT

values) of the EPR entangled light closely match the theoretical prediction (blue solid curve) across the transmission distance; (b) the steerability

GA→B (Alice to Bob, red solid squares) and GB→A (Bob to Alice, blue solid squares) are measured at transmission distances of 0.016, 3.90,

and 10.06 km. The gray curve represents the theoretical prediction for both GA→B and GB→A, which are fully overlapped. The error bars are

derived from ten datasets.

entanglement decreases gradually as transmission distance increases.

In Figure 4(b), the Gaussian steerability GA→B (GB→A) is measured as 0.54 (0.58) at 0.016 km, 0.40 (0.35) at
3.90 km, and 0.18 (0.16) at 10.06 km. The gray curve represents the theoretical prediction of the steerability
depending on transmission distance, which matches well with the experimental data. Clearly, the Gaussian steer-
abilities decrease as transmission distance increases, vanishing beyond 17.5 km. Small differences are observed for
the steerabilities GA→B and GB→A in transmission distances of 0.016 and 3.90 km, since the criterion of Gaus-
sian steerability is more sensitive to the imperfection of elements in the covariance matrix than that of Gaussian
entanglement.

According to the experimental results shown in Figures 4(a) and (b), as the transmission distance increases,
quantum steering disappears before entanglement does. This occurs because, in the quantum correlation hierarchy,
quantum steering is a stricter correlation than entanglement; when there is steering, there must be entanglement,
but entanglement does not guarantee steering.

5 Conclusion and discussion

In conclusion, we experimentally demonstrate the distribution of CV EPR entanglement in a 60.26 km fiber channel
and CV quantum steering in a 10.06 km fiber channel by transmitting the EPR entangled lights and the LO light
over independent fiber channels. In this case, the fiber-induced excess noise is reduced, enabling an extension
of the transmission distance. By reconstructing the covariance matrices of distributed modes, we quantified the
distributed CV EPR entanglement and steering through fiber channels. Our result takes a crucial step toward
practical quantum communication with entanglement. Based on distributed quantum entanglement and steering,
various quantum communication protocols can be achieved, such as quantum dense coding, quantum swapping,
quantum secret sharing, quantum conference, and 1SDI quantum communication. Furthermore, the distributed
entanglement and steering can be used to construct quantum communication networks.

In our experiment, the signal and the LO beams are transmitted through separate optical fibers to reduce the
excess noise in fiber channels, which also introduces a challenge in maintaining stable phase locking between the
two paths to minimize their relative phase fluctuations. Future efforts to enhance system stability and extend
transmission distances could employ advanced strategies, such as optimized phase-locking systems, low-loss fibers,
and a higher squeezing level of the CV entanglement source. Furthermore, the current distribution schemes for
CV EPR entanglement and steering can be extended to multipartite quantum systems, including CV multipartite
Greenberger-Horne-Zeilinger entangled systems and multipartite cluster entangled systems. So far, the proof-of-
principle experiments of deterministic distribution of multipartite Gaussian entanglement and steering in a network
with a quantum server and multiple users have been demonstrated [43,44]. Based on our research, a local quantum
network involving quantum entanglement can be established by means of sharing a multipartite entangled state
across quantum nodes over tens of kilometers of fiber channels. Such an extension would establish a versatile
platform for practical multi-node quantum network applications.
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