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Long-distance entanglement distribution is a fundamen-
tal operation for achieving a large-scale and scalable fully
connected quantum communication network. However, cur-
rent entanglement distribution methods cannot simultane-
ously meet the requirements of increasing user numbers
and distribution distances. Here, we develop a three-user
fully connected entangled distribution quantum network in
the experiment. We demonstrate that the self-made period-
ically poled lithium niobate (PPLN) waveguide can achieve
a fidelity of over 96% for the entangled state shared be-
tween users in the network. The results show that by intro-
ducing additional noise, the fidelity of the entangled state
shared between any two users in the network is still greater
than 85% after completing entanglement distribution over
200 km, which is far higher than the fidelity without adding
noise. Our work provides a new, to the best of our knowledge,
approach and experimental basis for building a large-scale
and scalable fully connected quantum communication net-
work over long distances. © 2025 Optica Publishing Group. All
rights, including for text and data mining (TDM), Artificial Intelligence
(AI) training, and similar technologies, are reserved.
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Quantum entanglement distribution is a crucial approach for
constructing large-scale, fully connected, scalable quantum
communication networks. This technology is currently widely
applied in various fields of quantum information processing,
including quantum teleportation [1–4], quantum key distribu-
tion (QKD) [5–7], quantum repeaters [8,9], and quantum se-
cure direct communication (QSDC) [10]. Moreover, it plays an
essential role in the development of different types of quan-
tum communication networks, such as QKD networks [11–13],
quantum entanglement swapping networks [14,15], quantum

entanglement distribution networks [16–18], QSDC networks
[19,20], and fully connected multi-user quantum networks
[21,22].

In a large-scale quantum communication network, we achieve
long-distance quantum information processing tasks through
quantum entanglement distribution [23]. However, as the com-
plexity of the network and the number of users continue to
increase, current entanglement distribution technologies strug-
gle to maintain high fidelity and support long-distance quan-
tum communication tasks. Advances in photonic-chip-based
quantum networks [24–26] have also demonstrated significant
progress toward scalable quantum communication. Recently,
Huang et al. [27] developed a 16-user quantum communica-
tion network, but it can only perform QKD tasks between any
two users up to 100 km apart, with no key sharing possible be-
yond 200 km. Fortunately, our preliminary research has found
that, in noisy conditions, reducing the fidelity of the entangled
state shared between users can enable long-distance quantum
communication tasks [28], such as quantum secret sharing,
quantum teleportation [29], and quantum entanglement distri-
bution [30]. Therefore, by introducing additional noise, we can
construct a scalable and fully connected long-distance quantum
entanglement distribution network.

Here, we propose a long-distance multi-user fully connected
quantum entanglement distribution network in noisy environ-
ments, utilizing 𝑀 self-made periodically poled lithium niobate
(PPLN) waveguide-integrated chips to achieve a large-scale
fully connected quantum network for 𝑁 users. In this work,
we present a fully connected quantum entanglement distribu-
tion network spanning 200 km for three users by incorporating
additional noise. We employ two bespoke micron-scale PPLN
waveguides to create entangled photon pairs, subsequently di-
viding the generated single photons across six international
telecommunication union (ITU) channels and allocating the
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Fig. 1. Fully connected topologically long-distance quantum net-
work with integrated PPLN waveguides.

time-energy entangled state to three users. The fidelity of the
entangled state shared among users exceeds 96%. It is shown
that the fidelity of the entangled state shared between any two
users within the network remains above 85% after 200 km of
entanglement distribution by modulating the amount of noise.
This fidelity is considerably greater than that achieved without
the addition of noise. Our experiment offers a novel solution for
the development of a large-scale, scalable, fully connected, and
long-distance quantum communication network.

We design a multi-user fully connected quantum network
based on the integration of multiple PPLN waveguides. Integrat-
ing 𝑀 PPLN waveguides on a single chip, when a pump light
is injected into the 𝑀 waveguides through a 1 × 𝑀 beam splitter
(BS), the spectral width of the photon pairs generated via the
spontaneous parametric down-conversion (SPDC) process in the
PPLN waveguides has a full width at half maximum (FWHM)
that exceeds 150 nm. As shown in Fig. 1, when the number of
users in the network is 𝑁, we need at least 𝑁(𝑁−1)

2 pairs of
entangled photons to achieve a fully connected entanglement
among all users, with each user operating at 𝑁 − 1 wavelengths.
Since each PPLN waveguide can generate a maximum of 20
pairs of entangled photons in the C-band (1530–1565 nm), one
PPLN waveguide can support the fully connected network of
up to 6 users. As the number of users in the fully connected
network increases, we can achieve their fully connected entan-
glement by increasing the number of PPLN waveguides. Here,
we consider a simple case, using 𝑀 = 2 PPLN waveguides to
achieve a fully connected quantum network for 𝑁 = 3 users. In
our experiment, we use two temperature-stable type-0 PPLN
micro-waveguides with a thickness of 3 μm and a length of
1.5 cm. With a cross-section of 3 × 4 μm2 and side walls angled
at around 65 degrees.

Considering the noise model, in practical entanglement distri-
bution scenarios, noise is inevitable. Here, we consider bit-flip
noise. Bit-flip noise affects both channels. Assuming that each
qubit is independently affected by the noise in the entangle-
ment distribution process, the initial global density matrix can
be described as follows [31]:

𝜚 = ∑
𝑛𝑎

𝑖=1
∑

𝑛𝑏

𝑗=1
𝐸𝑖𝑗 (𝑝𝑎, 𝑝𝑏) 𝜌𝐸†

𝑖𝑗 (𝑝𝑎, 𝑝𝑏) . (1)

Here, 𝐸𝑖𝑗 (𝑝𝑎, 𝑝𝑏) = 𝐹𝑖 (𝑝𝑎) ⊗ 𝐺𝑗 (𝑝𝑏), where 𝐹𝑖 (𝑝𝑎) =
𝐹𝑖 (𝑝𝑎) ⊗ 1 and 𝐺𝑗 (𝑝𝑏) = 1 ⊗ 𝐺𝑗 (𝑝𝑏) represents Kraus op-
erators associated with the noise types acting on one user
and another user entangled qubits, respectively. 𝑛𝑎 and 𝑛𝑏
respectively represent the number of Kraus operators required
to describe the noise in two channels. Since we are considering
only two types of noise, 𝐹𝑖 and 𝐺𝑗 specifically denote the Kraus
operators for bit-flip. Due to the possibility of different noises
acting at different times, we explicitly show the dependence of

Fig. 2. Experimental setup. Multi-user fully connected quan-
tum entanglement distribution network in noisy environments. PC,
polarization controller; SNSPD, superconducting nanowire single-
photon detector; TDC, time-to-digital converter.

the Kraus operators on these probabilities 𝑝𝑎 and 𝑝𝑏. The 𝑝𝑎
and 𝑝𝑏 represent the extent of the noise impact on two channels,
respectively. When we set 𝑝𝑎 = 𝑝𝑏 = 0, it corresponds to the
noiseless case.

The improvement of entanglement fidelity by adding bit-flip
noise is caused by the noise compensation mechanism. Although
noise usually reduces the fidelity of entangled states, our system
utilizes controllable bit-flip noise to counteract the environmen-
tal noise accumulated during long-distance optical fiber trans-
mission. The experimental setup is illustrated in Fig. 2. First, a
continuous-wave laser at 1551.7 nm is amplified to 11 mW us-
ing an erbium-doped fiber amplifier (EDFA) and then used to
excite the first PPLN waveguide for frequency doubling, gener-
ating a pump light with a central wavelength of 775.8 nm. To
remove any residual 1551.7 nm laser light, we insert a wave di-
vision multiplexer (WDM) with 180 dB high isolation before
the pump light enters the second PPLN for SPDC. Through
these operations, we successfully obtain broadband SPDC pho-
ton pairs at the output of the second PPLN. Throughout this
process, both the second harmonic generation (SHG) and SPDC
fully utilize the quasi-phase-matching (QPM) properties of the
PPLN, requiring the system temperature to be stably maintained
at 325.4 K. Considering that single-photon detectors respond
to 775.8 nm light as well, we again use a WDM to filter out
this pump light and employ a DWDM with 100 GHz spacing
to separate the generated photon pairs by wavelength. In the
next step, we add a polarization controller (PC) into each user
channel to intentionally introduce additional bit-flip noise. In
our experiment, we systematically calibrate the azimuthal an-
gles of the PC’s three-paddle fiber loops while monitoring the
single-photon detection rate in real time. When the detection
rate reaches its maximum value, this indicates that the exter-
nally introduced bit-flip noise has reached an optimal level
to compensate for the inherent bit-flip noise in the environ-
ment. Each end user is equipped with two 1 GHz unbalanced
Mach-Zehnder interferometers (MZI) and two superconducting
nanowire detectors. These detectors have efficiencies that ex-
ceed 80%, dark count rates below 40 counts per second, and
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Fig. 3. (a) Two-photon interference fringes of Alice and Bob at
0 km. (b) Fidelity of entangled photon pairs between users at 0 km.

employ time-correlated single-photon counting technology to
record detection events. The coincidence time window for the
entire experiment is set to 500 picoseconds.

To achieve time-energy entangled photon pairs, we employ a
Franson interferometer composed of an MZI. When the corre-
lated photon pairs enter the MZI, if both photons travel along the
same path, either the long arm or the short arm, the expression
for the corresponding entangled state is:

|𝜓𝜃⟩ = 𝑐𝑜𝑠 𝜃|𝑠𝑠⟩ + 𝑠𝑖𝑛 𝜃|𝑙𝑙⟩, (2)

where |𝑠⟩ and |𝑙⟩ respectively represent the quantum state of
photons passing through the short and long paths of the MZI.

In the experiment, to ensure the capture of correlation ef-
fects between photon pairs while avoiding interference caused
by single-photon coherence, the time parameters must satisfy the
constraint 𝜏1 ≫ 𝜏3 > 𝜏2. Here, 𝜏1 = 1 μs is the coherence time
of the pump laser; 𝜏2 = 10 ps is the coherence time of a single
photon; and 𝜏3 = 1 ns corresponds to the time delay introduced
by the optical path difference between the two arms of the MZI.
The relative phase difference between the MZI arms is actively
controlled by applying voltage to resistive heaters.

In the experiment, the CH32 channel is selected from the
C-band. The first waveguide generates CH30 and CH31 for
connecting Alice and Bob, the second waveguide generates
CH33 and CH31 for connecting Alice and Charlie, and CH34
and CH30 for connecting Bob and Charlie. Then, a multi-user
fully connected quantum network is constructed. In this setup,
continuous-wave pumping of PPLN waveguides generates time-
energy entangled photon pairs through the SPDC process. Due
to the spontaneous nature of the SPDC process, the generation
time of each photon pair is random, leading to a corresponding
relationship between the energies (i.e., frequencies) of the two
photons, but the exact time at which each photon is generated
remains uncertain. This temporal uncertainty results in a short
coherence time for the photon pairs, meaning that their mutual
correlations are limited in the time domain.

To measure the entanglement characteristics, we construct
time-energy quantum networks. In the experiment, we set the
phases of Bob MZI to 0 and 3𝜋/2, respectively. By changing the
MZI voltage of Alice for phase scanning, the two-photon inter-
ference fringes can be obtained as shown in Fig. 3(a). We also
measure two-photon interference fringes between other pair-
wise users. We estimated the maximum relevant fidelity based
on 𝐹 = (1 + 3𝑉) /4 [32]. Where V is the interference visibility.
The result shows the fidelity of 𝐹𝐸𝑋𝑃

𝐴𝐵 = (96 ± 0.2)%, 𝐹𝐸𝑋𝑃
𝐵𝐶 =

(96 ± 0.4)%, and 𝐹𝐸𝑋𝑃
𝐴𝐶 = (96 ± 0.4)%, which are presented in

Fig. 3(b).

Fig. 4. (a) Change in entanglement fidelity when both Alice and
Bob are affected by bit-flip noise. (b) Relationship between fidelity
and distance, with and without noise.

Fig. 5. (a) Two-photon interference fringes of Alice and Bob at
200 km. (b) Fidelity of entangled photon pairs between users at
200 km.

The fidelity in quantum networks can be effectively improved
by adjusting the channel noise. We consider that both Alice and
Bob are subject to bit-flip noise. The fidelity of entanglement
can be given by:

𝐹 (𝜃) = (1 − 𝑝𝑎) (1 − 𝑝𝑏) + 𝑝𝑎𝑝𝑏𝑠𝑖𝑛22𝜃 . (3)

Here, 𝐹 (𝜃) denotes the entanglement fidelity. 𝑝𝑎 and 𝑝𝑏 rep-
resent the extent of the noise impact on Alice’s and Bob’s
channels, respectively.

From Eq. (3), when in the maximum entangled state, we can
draw the picture about the variation of 𝐹 with 𝑝𝑎 and 𝑝𝑏 as shown
in Fig. 4(a). We can find that the fidelity 𝐹 decreases at the be-
ginning as 𝑝𝑎 and 𝑝𝑏 increases. Furthermore, when 𝑝𝑎 and 𝑝𝑏
are greater than 0.5, the fidelity 𝐹 will increase. Theoretically,
the fidelity of entanglement can reach 1.

Without the introduction of additional noise, we can obtain
the blue curve of fidelity with distance according to the theory,
and the experimental results are consistent with the theory [33],
as shown in Fig. 4(b). We find that the entanglement fidelity is
lower than the classical fidelity thresholds [34,35] of 2/3 after
200 km transmission.

In the case of extra noise, we add bit-flip noise to the two
channels, Alice and Bob, and the entanglement fidelity will be
improved compared with the case without noise. This shows that
the quantum network still maintains good entanglement charac-
teristics after 200 km transmission. It can be seen that even with
artificially added bit-flip noise, it is still impossible to achieve a
theoretical fidelity of 1. When the transmission distance exceeds
200 km, the fidelity curve declines. Beyond 200 km, inherent
limitations like fiber loss and dispersion dominate, inevitably
degrading fidelity.

Considering the noise and the distance of 200 km, we mea-
sure the two-photon interference curves of Alice and Bob as
shown in Fig. 5(a), and we can obtain the fidelity of FAB
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𝐹𝐸𝑋𝑃
𝐴𝐵 = (85 ± 0.7)%. The error bars in Fig. 5(a) represent the

standard deviation of repeated measurements (N = 3 trials)
under identical conditions. In the same way, we obtain the fideli-
ties between the other two users 𝐹𝐸𝑋𝑃

𝐵𝐶 = (84 ± 0.1)%, 𝐹𝐸𝑋𝑃
𝐴𝐶 =

(84 ± 0.4)%, as shown in Fig. 5(b).
In the future, we can use pump light at a specific frequency,

based on a single integrated chip with 𝑀 PPLN waveguides
of identical performance, to generate entangled photon pairs
that can be used to achieve a large-scale entanglement fully
connected network for 𝑁 users.

In summary, we successfully achieved a 200-km multi-user
fully connected quantum entanglement distribution network in
noisy environments by utilizing two PPLN waveguides and
DWDM technology. Through the PPLN waveguides, we gen-
erated three pairs of entangled photons and distributed them
to three users to construct the network. This network provided
a time-energy entangled state with a fidelity greater than 96%
to facilitate entanglement distribution tasks among the three
users. Furthermore, bit-flip affects both channels. We demon-
strated that, under optimized noise parameters, the fidelity of
the entangled photon pairs could still reach 85% after trans-
mission over 200 km, significantly surpassing scenarios without
added noise. Our approach paves a new way for constructing
an efficient and robust quantum communication network under
complex real-world conditions.
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