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A Sixteen-user Time-bin Entangled Quantum
Communication Network With Fully Connected Topology

Yiwen Huang, Zhantong Qi, Yilin Yang, Yuting Zhang, Yuanhua Li,* Yuanlin Zheng,
and Xianfeng Chen*

Quantum key distribution (QKD) promises unconditionally
information-theoretic secure communication guaranteed by the laws of
physics and has become one of the most crucial candidates in future security
aspects. Developing a large-scale network with a scalable and integrated
scheme is of great significance for expanding the advantages of QKD
protocols among multiple users. Here, a sixteen-user fully connected
quantum network by using a novel time-bin entangled source implemented in
the integrated multi-channel periodically poled lithium niobate waveguides is
proposed. Based on this entangled source, the quantum processor prepares
120 entangled photon pairs to allocate 15 links to each user by utilizing dense
wavelength division multiplexing technology. To enable the users’
communication with each other simultaneously, a phase-compensated
Mach-Zehnder Interferometer based on a Fourier-transform setup to control
the relative phase of the interferometer for all the involved wavelength
channels is developed. The experimental results show that the network can
support sixteen users for long-distance communication with each other
simultaneously. The novel scheme of time-bin entangled sources paves an
efficient way for implementing large-scale quantum resources in a compact
integrated platform, and the time-bin entangled network promises a new
potential for constructing large-scale and extensible quantum networks with
an integrated photonic architecture.

1. Introduction

Quantum key distribution (QKD) technology is an inevitable
choice for future secure communication due to its information-
theoretic security with the nature of quantum physics.[1–3] Thus
far, as the QKD technology has gradually reached a mature
level,[4–8] how to realize a large-scale quantum communication
network effectively has become a thriving research field.[9,10]
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To date, there are already several cat-
egories of quantum network config-
urations, such as quantum repeater
networks based on trusted nodes,
point-to-point networks,[11,12] point-to-
multipoint networks,[13,14] and fully con-
nected networks.[15] As the paradigmatic
quantummechanical resource, quantum
entanglement has become the key in-
gredient in many quantum-information
tasks, such as quantum repeaters,[16]

teleportation,[17–19] QKD,[20] and entan-
glement swapping.[21] Entanglement-
based quantum network offers the
promise platform for many dramatic
applications,[22,23] such as distributed
quantum computation,[24] quantum
sensing,[25] and multi-user commu-
nication. Experimental advances in
entanglement-based quantum technique
open up the possibility of a fully con-
nected quantum Internet, which may
revolutionize the way of information
exchange in the future.
The future quantum network will

be a multi-user, scalable, secure
and widespread connectivity net-
work, and should integrate different

transmission links, such as satellite communication, ground-
based free space communication, and long-distance optical
fiber communication links.[26,27] Recently, the fully connected
quantum communication network based on quantum en-
tanglement has attracted much attention in constructing a
large-scale metropolitan network. Such type of network con-
figuration enables users’ communication with each other
at the same time when minimizing the infrastructure and
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Figure 1. Conceptual illustration of the fully connected network architecture. a) Structure of the physical topology of the network. b) Structure of the
communication topology of the network.

hardware.[28,29] Polarization-entangled fully connected QKD net-
work was demonstrated experimentally by using a Sagnac-type
polarization-entangled source and dense wavelength division
multiplexing (DWDM) technology.[15,28] However, in this cat-
egory of entanglement-based fully connected networks, the
number of quantum correlations and communication links be-
comes increasingly complex and grows quadratically in demand
as the number of users increases. Although the scheme of using
passive beam splitters to probabilistically distribute entangled
photon pairs between the users can significantly relax the re-
quirement of quantum resources,[30] the intrinsic loss from the
beam splitters would reduce the signal-to-noise ratio and secure
the key rate of the corresponding two-party communication.
How to flexibly provide enough quantum resources becomes
an urgent and important issue for constructing the large-scale
quantum communication network.
Here we propose a sixteen-user quantum network with a

fully connected architecture by using DWDM technology and a
time-bin entangled source based on integrated periodically poled
lithiumniobate (PPLN) waveguides. To effectively implement the
fully connected network topology, we develop a novel time-bin en-
tangled source based on integrated multi-channel PPLN waveg-
uides and prepare 120 entangled photon pairs to allocate 15 links
to each user by utilizing dense wavelength division multiplexing
technology. Besides, we designed a phase-compensated Mach-
Zehnder Interferometer (MZI) based on a Fourier-transform
setup to enable the end users to communicate with each other
simultaneously. The novel scheme of time-bin entangled sources
implemented in integrated multi-channel PPLN waveguides can
easily obtain large amounts of quantum resources while main-
taining the simple structure and compact size of the quantum
system. Our time-bin entangled network paves a novel way for
constructing large-scale and extensible quantum networks with
an integrated photonic architecture, which provides a new option
to construct QKD interconnected networks with dense users in
metropolitan areas.

2. Network Architecture and Experimental Setup

The time-bin entanglement-based network architecture can be
conceptually understood as the superposition of physical layer
and communication layer, as presented in Figure 1. The physical

layer consists of all the hardware shown in Figure 2, mainly in-
cluding the waveguide-based time-bin entanglement source, the
multiplexing and demultiplexing module for photon pairs allo-
cation, single transmission fibers for entanglement distribution,
and the entanglement detection modules. At its very core, the
quantum processor is responsible for the fabrication of entan-
gled photon pairs and distribution to the remote end users. Each
user is equipped with an MZI and 2 single-photon detectors, ex-
actly the same as in standard two-party quantum communica-
tion schemes. In the communication layer, each pair of users
can leverage themultiplexed photon pairs to generate secure keys
with the assistance of classical communication technologies.
To implement the fully connected network architecture with

N users, a minimum of N(N − 1)∕2 quantum correlated photon
pairs are required. The quantum processor multiplexes N − 1
channels into each single-mode fiber for each user so that all
the users can share a time-bin entangled state with every other
user. For a sixteen-user fully connected network, 120 quantum
correlated links at the C-band are needed, which is quite dif-
ficult for an entangled source by pumping a nonlinear crystal.
As the number of users increases, the physical topology of the
resulting network remains elementary and grows linearly be-
cause all channels needed by each user are multiplexed into the
same single-mode fiber, while the structure of the communica-
tion layer and number of required quantum links becomes in-
creasingly complex and grows quadratically. Preparing enough
quantum-correlated links at C-bandwith theminimal system loss
becomes an important technique. An effective approach to imple-
ment this functionality is to adopt photonic integrated circuits,
e.g., high-efficiency waveguide structures.[31,32] We developed a
time-bin entangled source at telecommunications wavelengths
based on integrated PPLN waveguides to construct a fully con-
nected network.
The experimental setup is depicted in Figure 2. A picosecond

pulse laser at 1545.3 nm with a repetition frequency of 80 MHz
is launched into a 1-GHZ unbalanced Mach-Zehnder interfer-
ometer (MZI), to create double pulses with the time modes of t0
for the short arm and t1 for the long arm, respectively. Then, the
double pulses are frequency doubled in a type-0 PPLNwaveguide
by second-harmonic generation. The second harmonic is split
into 6 components and coupled to the 6 nominally identical
integrated PPLN waveguides to generate entangled photon pairs
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Figure 2. Experimental setup for the sixteen-user fully connected QKD network. a) Experimental setup. The specific ITU wavelength channels of all users
are presented in the wavelength allocation part, in which the color numbers indicate the 100-GHz DWDM channels multiplexed from the representative-
colored AWGs. One can easily distinguish the entangled photon pairs according to the ITU channel numbers, which add up to 81 for every photon pair like
{CH40, CH41} and {CH21, CH60}. b) Typical spectrum of the SPDC source based on PPLN waveguide. The curve is the theoretical result calculated by
using the Sellmeier equation.[33] c) Schematic of theMZIs for the end users. Inset: The diagram loaded on Alice’s SLM to control the relative phases to be
zero for the fifteen wavelength channels. MZI, 1-GHz unbalanced Mach-Zehnder interferometer; PC, polarization controller; WDM, wavelength division
multiplexing filter; AWG, arrayed waveguide grating; BS, beam splitter; DWDM, dense wavelength division multiplexing filter; SNSPD, superconducting
single photon detector. OC: Optical collimator; BS: 50:50 beam splitter; PZT: Piezoelectric transducer; PBS: polarization beam splitter; DG: Diffraction
grating; SLM: Spatial light modulator; AL: Achromatic lens; HWP, half-wave plate.

by spontaneous parametric down-conversion (SPDC) process.
One can express the superposition state of the photon pairs
emitted at different temporal modes denoted by t0 and t1 as
|𝜙⟩ = 1∕

√
2 (|t⟩0|t⟩0 + e2i𝜃|t⟩1|t⟩1), where 𝜃 is the phase of the

MZI. The main parameters of the on-chip PPLN waveguides
are listed in Table 1, in which the efficiency of the nonlinear
processes is measured by using a continuous wave at 1545.3 nm.
Because of the weak dispersion at the telecommunication
wavelength of PPLN waveguides, the spectrum spans a full
width at a maximum of ≈70 nm, covering the whole telecom C-
and L-band. The spectrum of the SPDC photons is symmetric
with respect to the central wavelength of 1545.3 nm, which
corresponds to the central wavelength between the International
Telecommunication Union (ITU) 100 GHz DWDM grid of chan-
nel 40 and channel 41. Due to energy conservation during the
SPDC processes, the photon pairs are naturally frequency-time
entangled with the state of frequency anticorrelated biphoton

Table 1.Main parameters of the PPLN waveguides.

Waveguides SHG efficiency
[%/W]

SPDC spectral brightness
[pairs/nm/mW]

PPLN 1 450 1.7 × 108

PPLN 2 300 7.2 × 107

PPLN 3 500 1.9 × 108

PPLN 4 250 6.5 × 107

PPLN 5 400 1.1 × 108

PPLN 6 350 8.7 × 107

states. Thus, we can obtain time-bin entangled photon pairs of
{CH40, CH41}, {CH39, CH42}, and so on.
To implement the network architecture with a fully connected

topological graph in Figure 1b, we first use 6 identical arrayed
waveguide gratings (AWG) that cover the ITU channels of
CH21-CH60 to divert the signal and idler photons generated in
each PPLN waveguide into 20 entangled photon pairs, i.e., CH21
to CH40 for idler and CH41 to CH60 for signal. Then, sixteen
thin-film DWDM filters with fifteen different wavelength chan-
nels are leveraged to multiplex 15 designed wavelength channels
together in the single mode fibers to distribute to the end users.
It is essential to ensure the fifteen photon channels of each user
received from the quantum processor are entangled with other
users, respectively. To achieve this, we first allocate fifteen signal
channels from the SPDC source to user Alice and allocate their
correlated idler channels to the other users Bob-Zoe, respectively,
which guarantees Alice and every other user share a different
time-bin entangled state. Then, fourteen signal channels and
the correlated idler channels are allocated to user Bob and the
other users Charile-Zoe, respectively, and so on. In this way,
120 time-bin entangled photon pairs are ultimately distributed
to the sixteen end users, which ensures that all the users can
share a different time-bin entangled photon pair with every other
user and a fully connected network topology is successfully con-
structed. The specific ITU wavelength channels of all users are
shown in the wavelength allocation part in Figure 2a. Every user
is equipped with a 1-GHZ unbalanced MZI and 2 superconduct-
ing nanowire single-photon detectors (SNSPDs, Photec Corp.)
with a detect efficiency of over 80%, which is able to implement
a passive basis choice. The detection events of the SNSPDs are
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Figure 3. Experimental results between Alice and all other users. a) All the quantum correlations between the sixteen users. b) Temporal cross-
correlations between the time traces of Alice’s and other users’ detectors. The cross-correlation peaks at different positions represent the combinations
of two-photon coincidence clicks between Alice and all other users, as indicated by the color labels.

recorded by a time-correlated single photon counting. To ensure
that all the users can communicate with other users at the same
time, it is of great importance to simultaneously stabilize the rel-
ative phase of the end users’ interferometers for all wavelength
channels, which is quite challenging due to the frequency-
sensitive feature of MZI. We design a special unbalanced MZI
cascaded phase compensator based on a Fourier-transform
setup to overcome this challenge (see Materials and Meth-
ods). The photons are randomly detected in the time basis
{|t⟩0, |t⟩1} and energy basis {(|t⟩0 + |t⟩1)∕√2, (|t⟩0 − |t⟩1)∕√2}
and the end users can extract a secure key from their
local measurement results for each entangled photon
pair following the Bennett-Brassard-Mermin 92 protocol
(BBM92).[34]

3. Analysis of the Network Performance

To characterize the performance of the constructed network, we
first measure the coincidence count between sixteen users after
the entanglement distribution. During the analysis of the net-
work performance, the fiber distances used between the source
and the users range from 10 to 40m, while the total system losses
between each pair of end users range from 9 to 11 dB. The ex-
perimental measurements are performed simultaneously for ev-
ery 8 end users due to the limited number of detection devices.
To ensure the system has a high signal-to-noise ratio, the down-
converted mean photon number 𝜇 is controlled to be 0.001 per
pulse for each ITU channel. The experimental results are shown
in Figure 3a, in which any 2 users have coincidence events with a
count rate over 103 per second with the coincidence count to acci-
dental coincidence count ratios (CAR) of higher than 30. Itmeans
that any 2 users share one pair of entangled photons with each
other, indicating a fully connected topological graph has been es-
tablished. It is worth noting that a count rate of over 104 per sec-
ond can be easily achieved by increasing the pump power of the
SPDC. As the discrete mode of time-energy entanglement, time-
bin entanglement encodes the quantum information in the ar-
rival time of photons directly, which is quite different from polar-
ization entanglement. The end users can detect an arrival-time-
difference histogram with 3 peaks for every photon pair due to
all the possible path combinations, in which the central peak cor-

responds to the energy basis {(|t⟩0 + |t⟩1)∕√2, (|t⟩0 − |t⟩1)∕√2}
and the other 2 correspond to the time basis {|t⟩0, |t⟩1}. Therefore,
in order to avoid leaking secure information, it is necessary to
combine all the time labels of the different detectors for each user
into one dataset, where the peak and detector information can-
not be distinguished. All users then share the previously merged
dataset through an authenticated channel and compute tempo-
ral cross-correlation histograms to find the coincidence events.
Figure 3b shows the typical temporal cross-correlation functions
between Alice and the other users. By using this temporal cross-
correlation function, one can easily identify the different entan-
gled photon pairs.
It is of great importance to confirm that the quantum pro-

cessor distributes high-quality entanglement in all available
channels allocated to each user. The quality of the time-bin
entanglement of each user is characterized by performing the
Franson-type interferometry experiment.[35] We measure the
Franson-type interference on a superposition basis by sweeping
the phase in the idler interferometer while keeping the phase
of the signal interferometer of Alice at 2 non-orthogonal phase
settings. Figure 4a shows the typical two-photon interference
fringes between Alice and Bob. The average visibility is calculated
to be V = (Nmax − Nmin)∕(Nmax + Nmin) = 96.7% ± 0.9%, which
exceeds the 1∕

√
2 visibility necessary for the violation of CHSH

Bell inequality.[36,37] Moreover, we further measure the two-
photon interference fringes between Alice and other users and
calculate the state fidelities using the formula F = (3V + 1)∕4.[38]
Figure 4b shows the typical fidelities for time-bin entanglement
between user Alice and all other users. The average fidelities of
different entangled states are calculated to be over 95%, which
reveals the high quality of time-bin entanglement in the network
architecture.

4. QKD based on BBM92 Protocol

The security communication distance and the safe key rate are
important indexes in the practical quantum communication
network. Next, we demonstrate QKD between the sixteen users
by using the standard BBM92 protocol in the established time-
bin entangled communication network. By using the temporal
cross-correlation functions, the users can obtain the raw key
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Figure 4. Experimental results for two-photon interference. a) Typical two-photon interference fringes under 2 phase bases between Alice and Bob. b)
The fidelities of different entangled states shared by Alice and other users. The uncertainty is calculated by using aMonte-Carlo routine assuming Poisson
counting statistics.

after sifting the coincidence events with photons detected on
the same basis. According to the security proof of Koashi and
Preskill,[39] the secure key rate is given by:

R ≥ Q
[
1 − fH

(
eb
)
−H

(
ep
)]

(1)

Where f is the error correction efficiency, H(x) = −xlog2(x) −
(1 − x)log2(1 − x) is the binary Shannon entropy, Q is the sifted
key rate, eb and ep represent bit error rate and phase error rate re-
spectively. According to Gottesman and Lo’s security proof, QKD
with two-way classical communication can tolerate a higher bit
error rate than that with one-way classical communication,[40]

which can help to improve the security distance. After perform-
ing the two-way classical communication, one can obtain the final
key rate as[41]:

R ≥ Q
[
1 − fH

(
e
′

b

)
−H

(
e
′

p

)] [
e2b +

(
1 − eb

)2] ∕2 (2)

where e′b = e2b ∕[e2b + (1 − eb)
2] and e′p ≤

2ep(1 − ep − eb)∕[e2b + (1 − eb)
2]. Due to the finite-size effect,

there would be a deviation of the phase error rate from the

measured bit error rate on the complementary basis.[5,42] The
random sampling method can provide an upper bound for this
deviation with a fixed failure probability 𝜖. The phase error rate
is estimated to be ep ≤ eb +

√
log(1∕𝜖)(nt + 1)∕(2Nne), where

N = nt + ne and nt, ne are the raw keys in the time basis and
energy basis, respectively, while the quantum bit error rate can
be evaluated from the two-photon interference visibility V to be
ep = (1 − V)∕2.[43] After measuring the coincidence counts and
accounting for finite key effects with the failure probability of
𝜖 = 10−5, we calculate the expected secure key rates for Alice and
the other users using Equation (2). Figure 5a shows the secure
key rate versus transmission distance for Alice and the other
users in the fully connected network. We first control the down-
converted mean photon number to be 𝜇 = 0.001 to test the
secure key rate of the network system. We measure the quantum
cryptographic key for 300 s at a 50 km fiber distance and obtain
a typical sifted key rate of 53.9 kbits with an overall quantum
bit error rate of 2.9%. The QBERs in a time basis {|t⟩0, |t⟩1} and
the energy basis {(|t⟩0 + |t⟩1)∕√2, (|t⟩0 − |t⟩1)∕√2} are 2.7%
and 3.0%, respectively. To calculate the final secure key rate, we
set the error correction efficiency to be f = 1.16 and obtain

Figure 5. Secure key rate between Alice and the other users in the time-bin entanglement network. a) Secure key rate of the time-bin entangled network as
functions of transmission fiber length. The five-pointed blue stars represent the experimental results. The colored solid curves are theoretical predictions
of the secure key rate versus transmission distance with two-way communication, while the dashed curves are theoretical predictions without two-way
communication. b) Secure key rate of the time-bin entangled network as a function of down-converted mean photon. The five-pointed orange star
represents the experimental test.
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an average secure key rate of 53 bits/s. Besides, the typical
secure key rate at a 100 km fiber distance is obtained to be 4
bits/s with the quantum bit error rate of 3.1%. One can easily
improve the key rate by increasing the down-converted mean
photon number of the network. Figure 5b shows the available
secure key rate of the time-bin entangled network as a function
of down-converted mean photon. When the down-converted
mean photon is increased to be 𝜇 = 0.015, we obtain a se-
cure key rate of 5.1 kbits/s with the quantum bit error rate of
3.4% at 0 km and obtain a secure key rate of 637 bits/s with
the quantum bit error rate of 4.3% at a 50 km fiber distance.
These experimental and theoretical results show that the end
users can achieve QKD with two-way classical communica-
tion over a 100-km transmission distance in optical fiber. It is
worth noting that using a pump laser with higher repetition
frequency, such as 1 Ghz, to pump the SPDC processes can
significantly improve the secure key rates of the end users in the
network.

5. System Loss and Scalability

Total loss of the quantum system can significantly influence the
final safe key rate and security communication distance, which is
mainly determined by the quantum processor before the entan-
glement distribution. For a fully connected entanglement-based
quantum network, the system loss primarily results from the
coupling loss of the SPDC waveguides and the insertion loss
of the multiplexing and demultiplexing modules. In our exper-
iment, the fully connected quantum network architecture is im-
plemented entirely by using commercially available telecommu-
nication equipment, which include 6 40-channel AWGs and six-
teen 15-channel thin-film DWDM filters. The AWGs based on
integrated planar waveguide technology are leveraged to demul-
tiplex the time-bin entangled photon pairs generated from each
PPLN waveguide into 40 ITU channels, while the sixteen thin-
filmDWDMs are utilized tomultiplex the entangled photon pairs
to one fiber link to distribute to the end users. The AWGs exhibit
insertion losses per channel between 2.5 to 3.2 dB while the in-
sertion losses per channel of the DWDMs vary from 0.5 to 3 dB.
Figure 6 shows the total loss of all the 120 entangle channels
for every 2 users resulting from the coupling loss of the SPDC
waveguides and the insertion loss of the multiplexing and de-
multiplexingmodules. The total loss for each correlated channels
is ≈10 dB, which means the quantum system can provide high-
quality entangled states for the end users.
As 2 significant parameters of a metropolitan quantum net-

work, the secure communication distance and available network
users directly determine the network coverage. Compared with
continuous-wave pumped entangled networks, our quantumnet-
work has more favorable scalability in terms of increasing the
secure communication distance and the number of users. In a
time-bin entangled network, using a pulse laser with a higher
repetition rate as the pump of the entangled source can signifi-
cantly increase the communication distance and improve the key
generation rate. It is worth concerning that how many end users
that can be supported in the network while maintaining its per-
formance. In general, it is determined by the signal to noise ratio
and quantum resource of the network.

Time-bin entangled network can achieve a better signal to
noise ratio than those pumped by a continuous-wave laser.
For a continuous-wave pumped fully connected network, the
multiplexed photons from all the received wavelength channels
may click the SNSPD simultaneously because of the uncertainty
of the generation of entangled photon pairs in the time domain.
Consequently, the noise level grows higher with the number of
users as the count rate of each detector increases but the coinci-
dence rate per link is unchanged. However, this limitation can be
overcome to a great extent in a time-bin or polarization entangled
network pumped by a pulse laser. In the pulsed-pump scheme,
the photon pairs can only generate during the duration of the
pump laser. By carefully designing the photon arrival time of the
corresponding channels by adjusting the fiber length of different
wavelength channels when multiplexing fifteen wavelength
channels together in the single mode fibers, the photons of
different wavelength channels can be detected at different time
positions of the pulse period, whichmakes the users can commu-
nicate with each other in the two-party communication scheme
with the help of an additional pulse synchronizing signal. In
such way, the quantum processor can significantly reduce the
noise count of each node and improves the signal-to-noise ratio
of the network, which is beneficial to expand the network archi-
tecture and increase the number of users while maintaining the
performance.
On the other hand, the available quantum resource, i.e.,

the number of entangled photon pairs with the wavelength
within communication band, also limits the number of users
of the network. Although a SPDC source based on single PPLN
crystal or waveguide can provide a spectrum with a full width
at half maximum of ≈70 nm, the number of the photon pairs
in communication band is still limited for a large-scale network
with, e.g., 50 users. To construct the fully-connected network
topology with 50 end users, the quantum processor needs to
multiplex 49 photon channels into one single-mode fiber for
each user so that all the users can share a time-bin entangled
state with every other user. It means that the quantum processor
needs to prepare 1225 quantum entangled photon pairs, a total

Figure 6. Total losses in each quantum correlated channel between the 16
users.
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2450 photon channels, which is quite challenging to implement
so many quantum resources by using a traditional source based
on a crystal. The time-bin entangled sources implemented in
the on-chip multi-channel PPLN waveguides can easily obtain
more entangled photon pairs while maintaining the simple
structure and compact size of the system. One can generate the
required entangled photon pairs through the SPDC processes by
pumping more PPLN waveguides. With the increase of users in
the network, it is inevitable that 2 channels at same wavelength
are multiplexed into one user if only C-band wavelength chan-
nels are utilized to construct the network topology. An efficient
method to alleviate this problem is to use more wavelength chan-
nels, such as the communication S- and L-band, to construct the
fully connected network topology. Besides, using both DWDM
filters and passive beam splitters flexibly in the wavelength al-
location processes can reduce the demand of quantum resource
as well as the complexity of multiplexing and demultiplexing
module.
Compared with the previously reported polarization entangled

network, our time-bin entangled network has 2 distinct advan-
tages in terms of preparing quantum resource and entanglement
distribution. The time-bin entangled sources developed in our
work can easily implement large-scale quantum resources in a
compact integrated platform, while it is difficult for a polariza-
tion entangled source based on a Sagnac interferometer to keep a
compact size of the quantum system. Besides, time-bin entangle-
ment is based on a coherent superposition of 2 temporal modes
and shows intrinsic robustness for propagation through long-
distance fiber, while polarization entanglement requires real-
time active compensation for polarization drifts in the fiber. In
a time-bin entangled network, there may be potential loophole
in testing Bell inequality with Franson setup.[44] Fortunately, the
post-selection loophole has been addressed in proof-of-principle
experiments.[45] An effective method is replacing one passive
beam splitter by a balanced MZI acting as an optical switch to
address the potential loophole.[46]

6. Conclusion

In conclusion, we implement a sixteen-user time-bin entangled
QKD network with a fully connected architecture by using com-
mercially available DWDM technology and a novel time-bin en-
tangled source based on integrated PPLN waveguides. To effec-
tively implement the fully connected network topology, 120 time-
bin entangled photon pairs generated by the high-efficiency on-
chip PPLNwaveguides aremultiplexed into 16 singlemode fibers
for entanglement distribution to the sixteen remote users. The
network can provide high-quality time-bin entangled states with
the fidelity of higher than 95% and is able to support the sixteen
users preforming QKD with each other over a 100-km transmis-
sion distance in optical fiber. Our scheme paves an efficient way
for implementing large-scale quantum resources in a compact in-
tegrated platform, which promises a new potential for construct-
ing a scalable quantum communication network. Such a time-
bin entangled fully connected network provides a new option to
construct a QKD interconnected networks with dense users in
metropolitan areas while minimizes the infrastructure as well as
the user hardware needed.

7. Experimental Section
To quantify high-quality entanglement of different end users, one needs
to guarantee that the MZIs were indistinguishable in the path travel time
differences within the single photon coherence time. To ensure that all
the users could communicate with other users at the same time, it was
of great importance to simultaneously stabilize the relative phase of the
end users’ interferometers for all wavelength channels. Figure 2c shows
the structure of the MZIs for the end users. The 1-GHZMZI structure was
formed by 2 polarization beam splitters, 2 mirrors, and a PZTmounted on
a mirror, while the phase compensator was based on a Fourier-transform
setup which consists of 2 diffraction gratings, 2 achromatic lenses, and
a spatial light modulator (SLM). In the MZI, the photons polarized ver-
tically pass through the long path, while the other take the short path.
After the MZI, the photons were spectrally dispersed by a grating with a
diffraction efficiency of 95% and then focused to an elongated spot with
the wavelength varying from 𝜆min to 𝜆max by an achromatic lens. A SLM
with a resolution of 1920 × 1200 pixels was placed in the focal plane of
the lens to implement the phase control of MZI for different wavelength
channels. The SLM could only modulate the phase of horizontally polar-
ized photons and acts as a mirror for vertically polarized photons. Another
PBS and a half wave plate rotated at 22.5◦ were used to eliminate the po-
larization information and split the photons into 2 parts. Then, one could
change the relative phase of the MZIs for different wavelength channels
by adjusting the corresponding phase of the diagram loaded on the SLM
according to the spatial position of the spot for different wavelength chan-
nels. An auxiliary laser was used to feedback-control the PZT to stabilize
the phase of the MZIs. Before performing the QKD experiment, the clas-
sical interference for the MZIs measured by using continuous wave lasers
at the central wavelengths of the involved ITU wavelength channels was
first tested. By adjusting the corresponding phase of the diagram loaded
on the SLM, the classical interference visibilities for different wavelength
channels were measured to be higher than 98%, proving that the Fourier-
transform phase compensation setup could simultaneously control the
relative phase of the MZIs for different wavelength channels.
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