
A flexible and resource-efficient quantum network
enabled by integrated photonics
xiaolei jiang 

Henan Key Laboratory of Quantum Information and Cryptography
xinhang li 

State Key Laboratory of Photonics and Communications
wei gao 

State Key Laboratory of Photonics and Communications
yanyang zhou 

Henan Key Laboratory of Quantum Information and Cryptography
yu zhou 

Henan Key Laboratory of Quantum Information and Cryptography
yihao fan 

State Key Laboratory of Photonics and Communications
yudong li 

Henan Key Laboratory of Quantum Information and Cryptography
jianyou chu 

Henan Key Laboratory of Quantum Information and Cryptography
yifei lu 

Henan Key Laboratory of Quantum Information and Cryptography
chun zhou 

Henan Key Laboratory of Quantum Information and Cryptography
hongwei li 

Henan Key Laboratory of Quantum Information and Cryptography
yuyao guo 

State Key Laboratory of Photonics and Communications
liangjun lu 

State Key Laboratory of Photonics and Communications
linjie zhou 

State Key Laboratory of Photonics and Communications
jianping chen 

State Key Laboratory of Photonics and Communications
wansu bao 

https://doi.org/10.21203/rs.3.rs-11269600/v1
https://doi.org/10.21203/rs.3.rs-11269600/v1


Henan Key Laboratory of Quantum Information and Cryptography

Article

Keywords:

Posted Date: October 29th, 2026

DOI: https://doi.org/10.21203/rs.3.rs-11269600/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Additional Declarations: No competing interests reported.

https://doi.org/10.21203/rs.3.rs-11269600/v1
https://creativecommons.org/licenses/by/4.0/


A flexible and resource-efficient quantum network

enabled by integrated photonics

Xiaolei Jiang1,2†, Xinhang Li3,4†, Wei Gao3,4†, Yanyang Zhou1,2*,

Yu Zhou1,2, Yihao Fan3,4, Yudong Li1,2, Jianyou Chu1,2,

Yifei Lu1,2, Chun Zhou1,2, Hongwei Li1,2, Yuyao Guo3,4*,

Liangjun Lu3,4, Linjie Zhou3,4, Jianping Chen3,4, Wansu Bao1,2*

1Henan Key Laboratory of Quantum Information and Cryptography,
IEU, Zhengzhou, 450001, Henan, China.

2Synergetic Innovation Center of Quantum Information and Quantum
Physics, University of Science and Technology of China, Hefei, 230026,

Anhui, China.
3State Key Laboratory of Photonics and Communications, Shanghai

Jiao Tong University, Shanghai, 200240, China.
4SJTU-Pinghu Institute of Intelligent Optoelectronics, Shanghai Jiao

Tong University, Pinghu, 314200, Zhejiang, China.

*Corresponding author(s). E-mail(s): zyy@qiclab.cn;
guoyuyao1992@sjtu.edu.cn; bws@qiclab.cn;

Contributing authors: jxl@qiclab.cn; lxh190015@gmail.com;
gao we@sjtu.edu.cn;

†These authors contributed equally to this work.

Abstract

Quantum key distribution (QKD) is evolving toward large-scale metropoli-
tan networks that interoperate with modern communication infrastructures.
Although wavelength division multiplexing (WDM) architectures hold great
promise for high secure-key throughput and multi-user access, existing imple-
mentations suffer from security vulnerabilities introduced by trusted nodes,
limited topological flexibility, and high resource overhead. Here, we experimen-
tally demonstrate a flexible and resource-efficient mode-pairing QKD network
enabled by integrated photonics, which natively supports trusted-node-free net-
working. Each user employs a Hz-level ultra-narrow-linewidth hybrid-integrated
laser chip paired with a high-speed thin-film lithium niobate modulator chip
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for quantum state preparation, while a silicon-based wavelength-selective switch
chip is deployed at the detection center. By introducing a novel global network-
management strategy, the network fully decouples conventional physical-topology
connections from resource-allocation constraints, allowing dynamic adaptation to
time-varying communication demands and dynamic user access/leave. It achieves
secure key sharing among all users with at most three distinct wavelengths
and N Bell-state measurement units, delivering superior flexible scalability and
resource-efficient full-connectivity compared with conventional WDM architec-
tures. In a proof-of-principle three-user network, we achieve secure-key generation
over both symmetric and asymmetric metropolitan hundred-kilometer-scale
fiber-link configurations. Further point-to-point tests verify secure-key genera-
tion over 300 km with the asymptotic key rate exceeding the repeaterless bound.
By combining photonic integrated circuits with a favorable network-management
strategy, this work provides a chip-scale pathway toward compact, low-cost, and
scalable large-scale metropolitan quantum networks.

1 Introduction

Quantum key distribution (QKD)[1–3] has been extensively demonstrated in both
laboratory and field scenarios[4–11]. The next major development goal lies in
large-scale practical metropolitan quantum networks that can be deeply integrated
with 5G/6G communication infrastructures. Among various candidate networking
solutions[12–28], wavelength division multiplexing (WDM) networks stand out for
their secure-key generation efficiency, link stability, and supported user capacity. They
enable the co-transmission of quantum and classical signals over a single shared opti-
cal fiber, improving the utilization of existing infrastructures while enhancing the data
transmission security of classical optical networks[29–31].

Nevertheless, current WDM quantum networks still face multiple practical lim-
itations. Networking schemes based on trusted nodes introduce inherent security
risks[32–38]; communication links are rigidly bound to specific wavelengths[25], hinder-
ing adaptation to dynamically changing communication demands; and as users access
or leave the network, the demand for wavelength and detection resources changes sig-
nificantly, resulting in poor resource-utilization efficiency and high network-operation
complexity. Collectively, these factors impede the practical deployment of large-scale
quantum networks.

Notably, the mode-pairing (MP) QKD protocol[39, 40] natively supports trusted-
node-free networking and offers excellent secure-key rate (SKR) performance over
long distances[41–44], establishing an ideal protocol foundation for compact, scalable
metropolitan quantum networks. However, state-of-the-art MP-QKD demonstrations
still rely on high-cost, bulky lasers and discrete modulators. Photonic integrated
chips[26, 27, 45–56], with their miniaturization, low-cost, and wafer-scale batch fabri-
cation capability, offer a promising implementation to overcome these hardware-level
limitations.
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Here, we experimentally demonstrate a flexible and resource-efficient MP-QKD
network enabled by integrated photonics. Each user adopts a III-V/Si3N4 hybrid-
integrated self-injection locked dual-external-cavity laser (SIDECL) chip, capable of
simultaneously generating two Hz-level ultra-narrow-linewidth wavelength channels,
paired with high-speed thin-film lithium niobate (TFLN) modulator chips with a
bandwidth exceeding 20 GHz. The chip-based transmitter design supports parallel
transmission of multi-wavelength quantum states and assigns independent wave-
length channels to each communicating user pair. At the detection center, an 8×8
silicon-Si3N4 three-dimensional (3D) wavelength-selective switch (WSS) chip dynam-
ically reconfigures wavelength-link mappings on demand. To further improve network
flexibility and resource-utilization efficiency, we introduce a novel global network-
management (GNM) strategy. With this strategy, the overall network connectivity is
fully decoupled from rigid constraints on wavelength and detection resource allocation,
requiring at most three distinct wavelength channels and N Bell-state measure-
ment units (MUs) to implement secure-key exchange among all users. This unique
characteristic endows the network with flexible scalability and resource-efficient full-
connectivity, enabling real-time adaptation to time-varying communication demands
and dynamic user access/leave. Meanwhile, we implement the MP-QKD protocol with
the post-measurement compensation (PMC) method to mitigate the reliance on strong
reference light and further reduce the overall system resource overhead. We experi-
mentally demonstrate a proof-of-principle three-user network under both symmetric
and asymmetric fiber-link configurations, with average finite-size SKRs of 23.71 kbps
and 2.25 kbps over 100 km symmetric and 125 km asymmetric fiber links, respec-
tively. In point-to-point transmission scenarios, SKRs of 25.8 kbps and 3.6 kbps are
obtained over 200 km and 250 km symmetric fiber links, respectively, and the asymp-
totic SKR surpasses the repeaterless Pirandola-Laurenza-Ottaviani-Banchi (PLOB)
bound[57, 58] over a 300 km fiber link. Compared with prior trusted-node-free net-
work demonstrations, this work exhibits a distinct advantage in both performance
and resource-utilization efficiency. Featuring high integration density, the proposed
architecture offers a viable chip-scale route toward practical large-scale quantum
networks.

2 Results

2.1 Network Architecture

Fig. 1a illustrates an MP-QKD network consisting of N users, whose user set is
defined as U1, U2, ..., UN (N ≥ 3). The high-cost single-photon detection modules are
centrally deployed at the detection center. Under original network-management strate-
gies, at least N distinct wavelengths are required to avoid signal crosstalk and sustain
full-connectivity. Specifically, networks with an odd number of users demand N wave-
lengths, while networks with an even number of users require N − 1 wavelengths.
Meanwhile, a total of N(N−1)/2 Bell-state MUs, each comprising beam splitters (BS)
and single-photon detectors (SPDs), are necessary to maintain the full-connectivity
property. In practical network scenarios, dynamic topology adjustments are frequently
encountered, such as user access/leave events, as well as time-varying communication
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Fig. 1 a Schematic diagram of the N -user MP-QKD network. b Schematic diagram of the global
network-management strategy. c The number of wavelengths required for the original strategy and
our strategy. d The number of MUs required for the original strategy and our strategy. e Conceptual
diagram of the proposed photonic integrated MP-QKD network architecture. f -h Photographs of the
core photonic chips: SIDECL chip, TFLN modulator chip, and WSS chip.

demands, including on-demand secure-key distribution for specified high-priority user
pairs. Although original WDM networks allocate independent wavelength and detec-
tion resources to arbitrary user pairs to perform secure-key exchange, it is strictly
limited by the rigid wavelength-port mapping of conventional WDM devices. Any
fluctuation in network topology or communication traffic necessitates the realloca-
tion of wavelength and detection resources, leading to limited flexibility and poor
resource-utilization efficiency.

4



To address the above practical challenges, we introduce a GNM strategy, as shown
in Fig. 1b. This hybrid networking framework adopts a ring structure for the outer
links and a point-to-point structure for the inner links. Representative examples for
even (N = 4) and odd (N = 5) user counts are presented at the bottom of Fig. 1b.
Solid lines between users denote assigned wavelength links: networks with an even
number of users require only two distinct wavelengths, whereas those with an odd
number of users require three distinct wavelengths. Each user simultaneously emits
two independent wavelengths over the ring-based network structure using N MUs.
The dashed-line connections represent the point-to-point structure where links are
not directly connected in the ring structure: without modifying the existing hard-
ware configuration, exclusive wavelength channels and dedicated MUs are no longer
pre-allocated for each link. By adopting the available wavelength and MU resources,
secure-key sharing can be realized for any user pair to accommodate dynamic commu-
nication demands. This strategy is applicable to arbitrary user sizes, and dynamic user
access/leave operations introduce no additional signal crosstalk, thereby endowing the
network with flexible scalability and resource-efficient full-connectivity. Furthermore,
we adopt the PMC method[44] for frequency-offset estimation and phase drift com-
pensation (see Section 5 of the Supplementary Information for details). This approach
eliminates the requirements for strong reference light and extra auxiliary hardware
modules, thereby further reducing system resource overhead compared with previ-
ous MP-QKD systems[24, 41, 43]. As shown in Figs. 1c and 1d, the proposed GNM
strategy reduces wavelength resource consumption from N to at most three and trans-
forms the quadratic scaling of MU resources into a linear relationship with the number
of users, achieving substantial resource reduction while maintaining scalability and
full-connectivity.

Fig. 1e depicts our proposed flexible and resource-efficient MP-QKD network
enabled by integrated photonics. Each user utilizes a chip-scale transmitter com-
posed of a hybrid-integrated SIDECL chip and a TFLN modulator chip to implement
quantum-state preparation. Through precise frequency locking between its dual exter-
nal cavities assisted by high-Q microring resonators (MRRs), the SIDECL chip
simultaneously outputs two independent continuous-wave (CW) optical carriers with
ultra-narrow-linewidths and high side-mode-suppression ratios (SMSRs), satisfying
the indistinguishability requirement for high-visibility two-photon interference. The
modulator chip is fabricated on a TFLN platform and monolithically integrates inten-
sity modulators (IMs) and phase modulators (PMs) to fully support decoy-state
modulation and phase randomization. The left inset of Fig. 1e verifies the broad wave-
length tunability and parallel-output capability of each user. The transmitter chip
simultaneously emits two wavelengths, satisfying the wavelength requirements of the
ring structure for arbitrary user numbers under our GNM strategy. At the detection
center, a multi-channel WSS chip serves as the core routing component. Quantum sig-
nals delivered through fiber links enter designated input ports and are delivered toward
N MUs. According to the configured wavelength and detection resource allocation, the
WSS chip routes signals with identical wavelengths from paired users to the same MU,
where interference and the resulting detection events are used for key distillation. The
right inset of Fig. 1e illustrates that, in contrast to the rigid wavelength-port mapping
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of conventional WDM components, the WSS chip can dynamically route input signals
at different wavelength to target output ports by leveraging the resonant character-
istics of MRRs. When secure-key distribution must be prioritized for non-adjacent
high-priority user pairs, the laser chips of the corresponding user pair are tuned to
an identical wavelength channel. Through thermo-optic tuning, the WSS chip rapidly
reconfigures its routing state to direct these signals to a shared MU. This fulfills on-
demand key distribution for arbitrary non-adjacent user pairs with superior resource
efficiency. Notably, this capability is difficult to realize in conventional WDM network
architectures. Figs. 1f-1h display the photographs of the core integrated photonic chips.

2.2 Chips design

High-visibility quantum interference and multi-user parallel wavelength-division trans-
mission in MP-QKD networks critically depend on laser sources featuring narrow-
linewidth and broad wavelength tunability. Although integrated microcombs[25, 26,
28] can deliver multi-wavelength parallel outputs to build communication links for
diverse user pairs, they require complex auxiliary control techniques to sustain long-
term frequency stability and reliable system operation. Here we design a customized
SIDECL chip deployed at each user, which generates two CW optical carriers config-
urable for independent network link allocation. As illustrated in Fig. 2a, two reflective
semiconductor optical amplifiers (RSOAs) are edge-coupled to a low-loss Si3N4 chip
through inverse-taper spot-size converters with a measured coupling loss below 2.5 dB
per facet. Each RSOA is paired with two thermally tunable MRRs, labeled MRR1-
MRR2 and MRR3-MRR4, which form independent Vernier filters for ECL1 and ECL2.
Thermo-optic phase shifters PS1 and PS2 tune the round-trip phase of each cavity,
and 2×2 multimode interferometers (MMIs) multiplex the dual-wavelength outputs.
The microscope image of the fabricated SIDECL chip is shown in Fig. 2b. As pre-
sented in Fig. 2e, the device achieves a wavelength tuning range of approximately
57 nm with an SMSR exceeding 58 dB. Since the relative frequency drift of lasers
between two users must remain sufficiently stable for high-visibility interference, both
laser branches are coupled to a shared ultra-high-Q-factor MRR5 in a Sagnac-assisted
feedback path. MRR5 features a circumference of 66.5 cm, a free spectral range (FSR)
of 287.5 MHz, and a loaded Q factor of 2× 107. When the Vernier-selected modes of
both ECLs coincide with resonances of MRR5, resonant backscattering returns nar-
rowband optical feedback to the corresponding external cavity. This optical feedback
suppresses frequency noise at both operating wavelengths, whereas the Vernier filters
retain the capability for independent wavelength tuning of each laser channel. In this
way, the laser achieves improved linewidth performance without sacrificing wavelength
agility. As shown in Figs. 2f and 2g, the intrinsic and integral linewidths are 1.29 Hz
and 1.31 kHz for ECL1, and 0.94 Hz and 0.80 kHz for ECL2, respectively (see Section
1 of the Supplementary Information for details).

Low quantum bit error rates (QBERs) rely fundamentally on high-fidelity quan-
tum state modulation and robust long-term system operation, which impose rigorous
demands on modulators with high ER and broad electro-optic bandwidth. Silicon-
based modulator chips rely on carrier-based modulation mechanisms, which introduce
inherent state-dependent optical loss. The optical attenuation varies with the applied
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Fig. 2 a Schematic of the experimental setup for a three-user photonic integrated MP-QKD network.
b-d Microscope images of the SIDECL chip, TFLN modulator chip, and 8×8 WSS chip. e Measured
superimposed lasing spectra and SMSR of the SIDECL chip during coarse wavelength tuning. f

Measured intrinsic linewidths of ECL1 and ECL2. g Measured integral linewidths of ECL1 and ECL2.
h Normalized optical transmission as a function of voltage squared for the IM1 on the TFLN chip.
i Electro-optical bandwidth of the IM on the TFLN chip. j Transmission spectra of eight through-
paths of the WSS chip. k Rise time and fall time dynamic responses of the WSS chip. l Measured
channel isolation across all routing paths under individual injection at three target wavelengths.

modulation voltage and phase condition, distorting the prepared quantum states
and elevating the QBER. TFLN offers a low-loss waveguide platform with a strong
Pockels effect, enabling high-speed intensity and phase modulation without carrier-
induced absorption. To meet the stringent modulation requirements of MP-QKD
systems, we design a monolithically integrated high-performance TFLN modulator
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chip that enables pulse shaping, decoy-state modulation, and phase randomization
for high-quality quantum state preparation. The optical output of SIDECL chip is
fiber-connected to a TFLN modulator chip that converts the CW optical carriers into
quantum states. The chip integrates three intensity modulators (IM1-IM3) and two
phase modulators (PM1-PM2) in a cascaded optical layout. This functional partition
separates pulse generation, decoy-state intensity control, and phase randomization
while maintaining a compact device footprint. The microscope images of the fab-
ricated TFLN modulator chip are shown in Fig. 2c. The intensity-modulation ER
reaches approximately 32 dB shown in Fig. 2h. Integrated microheaters stabilize the
optical modulator bias points during long-duration data acquisitions. The modula-
tor electrodes adopt a length of 11.6 mm and a gap of 4.6 µm, yielding a packaged
3-dB electro-optic bandwidth exceeding 20 GHz (Fig. 2i) and half-wave voltages of
Vπ=2.6 V. The packaged modulator chip exhibits a fiber-to-fiber insertion loss (IL) of
approximately 25 dB (see Section 2 of the Supplementary Information for details).

Multi-user networks require flexible and reconfigurable wavelength routing along-
side low-crosstalk parallel channel transmission to support simultaneous key gen-
eration among multiple user pairs. Conventional rigid optical devices lack the
capability for dynamic channel switching and flexible wavelength resource allocation.
To overcome this limitation and enable adaptive network reconfiguration and parallel
multi-channel transmission, we fabricate a compact 8×8 silicon-Si3N4 3D WSS chip at
the detection center to implement dynamic wavelength-link mapping. As illustrated
in Fig. 2a, the WSS chip is constructed as a crossbar architecture of 64 independently
addressable 2×2 add-drop microring switch elements (SEs). Each SE Sij is positioned
at the intersection of horizontal silicon input waveguide Ii and vertical Si3N4 output
waveguide Oj, enabling wavelength-selective routing from a designated input port to
a designated output port via thermo-optic tuning. Fig. 2j presents the transmission
spectra of all through ports in the absence of active thermo-optic tuning. The Si3N4

microring optical switches exhibit a measured FSR of 4.8 nm, while the closely aligned
resonance wavelengths across all channels demonstrate good as-fabricated wavelength
uniformity without initial trimming. The rise and fall time of the WSS chip are defined
as the 10–90% and 90–10% transition times relative to the steady-state low and high
optical levels. The experimentally measured rise and fall times are 13.2 µs and 52.8
µs (Fig. 2k). The overall network reconfiguration latency is jointly determined by the
switching time of the WSS chip and other system components, while the µs-scale
response of the WSS chip enables rapid reconfiguration of the entire network. Fig. 2l
presents the measured isolation across all routing paths at three target wavelengths
(1548.776 nm, 1549.588 nm, and 1550.390 nm). The channel isolation ranges from
32.26 dB to 56.72 dB, ensuring sufficient crosstalk suppression for parallel multi-user
wavelength multiplexed routing (see Section 3 of the Supplementary Information for
details).

2.3 Experimental setup

To validate the feasibility of the presented network architecture and the comprehensive
performance of the photonic integrated system, we constructed a proof-of-principle
three-user network shown in Fig. 2a. Here, Alice, Bob, and David represent users,
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while Charlie denotes the detection center. Each user is equipped with a SIDECL chip
and TFLN modulator chip. According to our GNM strategy, λA−B = λ1 = 1548.776
nm, λA−D = λ2 = 1549.588 nm, λB−D = λ3 = 1550.390 nm. The wavelength settings
of the SIDECL chips at each user are: A emits λ1 and λ2; B emits λ1 and λ3, D emits
λ2 and λ3. The TFLN modulator chip is driven by an arbitrary waveform generator to
produce optical pulse sequences satisfying the MP-QKD protocol requirements. The
first-stage IM slices the CW light into pulses with a width of 400 ps and a repetition
rate of 625 MHz; the second and third IMs perform decoy-state intensity modulation.
Two cascaded PMs implement phase randomization of all optical pulses. The mod-
ulator chip is packaged in a metallic enclosure maintained at a stable temperature
during all experimental runs. Before entering the fiber channel, quantum signals are
attenuated to the single-photon level by a variable optical attenuator (VOA). An elec-
tronic polarization controller (EPC) compensates polarization drift accumulated over
fiber transmission. After fiber transmission, signals from each user are coupled into
the WSS chip which is mounted on a thermoelectric cooler stage to provide active
temperature stabilization. A polarization beam splitter (PBS) is deployed at WSS out-
put ports to ensure polarization consistency prior to the MU. Optical pulses interfere
at a 50:50 BS, and the resulting interference signals are detected by superconduct-
ing nanowire single-photon detectors (SNSPDs). SNSPD1 and SNSPD2 are used for
two-photon interference measurements. Polarization controllers are placed before each
SNSPD to maximize the detection responsivity, while the system detection efficiency
is approximately 70%. The detected events are acquired by a time-to-digital converter
and subsequently processed by a central server for post-processing. The other output
port of the PBS is connected to SNSPD3 and SNSPD4, whose detection data are used
for polarization and time-delay feedback. Real-time system feedback information is
delivered to each user via a dedicated Ethernet link.

Based on the above experimental setup, we performed three groups of experiments
with the topologies depicted in Figs. 3a-3c. The first experiment corresponds to the
symmetric network configuration (Fig. 3a), where users A, B, and D are each con-
nected to the detection center C via a 50 km fiber. At the central node (Fig. 3d),
quantum signals from A, B, and D are fed into input ports I1, I2 and I3 of the WSS
chip, respectively. Internal SEs S11, S16, S22, S23, S34 and S35 are activated to keep
transmission paths I1−O1, I1−O6, I2−O2, I2−O3, I3−O4 and I3−O5 conduc-
tive. Specifically, the two wavelength signals from A are output via ports O1 and O6;
the two wavelengths from B exit through O2 and O3; the dual wavelengths of D are
routed to O4 and O5. Signals carrying identical wavelengths from distinct users are
directed to the same measurement unit for interference measurements. Benefiting from
the high channel isolation of the WSS chip, quantum signals on all links propagate
exclusively along predefined routes without mutual crosstalk, thus guaranteeing inde-
pendent parallel communication among multiple users. To verify the flexibility of the
network, we assume that the original users leave the network while new users request
network access. To emulate a more practical scenario, we consider an asymmetric user
distribution case. Fig. 3b shows the asymmetric network configuration, where the fiber
lengths from A, B, and D to C are 50 km, 75 km and 75 km. The new users connect
input ports I4, I5 and I6 of the WSS chip, respectively. The WSS chip is required
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Fig. 3 a Symmetric configuration of three-user network. b Asymmetric configuration of three
new-user network. c Point-to-point configuration of three-user network. d Wavelength and routing
configurations for the symmetric network links in a. e Wavelength and routing configurations for the
asymmetric network links in b.

to reconfigure its SEs by transitioning from the previous symmetric network: closing
the previously enabled SEs and activating S41, S46, S52, S53, S64 and S65. The con-
figuration at the detection center is illustrated in Fig. 3e. To enable stable operation
of the MP-QKD protocol over asymmetric fiber links, we optimize the quantum-state
modulation intensities and compensate the time-delay across fiber channels, realizing
secret key distribution. To independently characterize the long-distance transmission
performance of chip-based users, we performed an additional point-to-point experi-
ment without connecting the WSS chip (Fig. 3c). The detailed protocol and parameter
estimation method are listed in Section 4 of Supplementary Information.

2.4 System performance

In the experiments, the PMC method was adopted for relative phase estimation and
compensation. Specifically, by accumulating and analyzing the X-basis measurement
data, the fast Fourier transform (FFT) algorithm was applied to accurately estimate
the relative frequency drift between the lasers of the two communicating users, thereby
enabling relative phase compensation. In practice, as the channel loss increases, the
volume of accumulated valid data decreases correspondingly, leading to an elevated
FFT estimation error rate. To address this issue, we optimized the integration window
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Fig. 4 a Distribution of adjacent differences between frequency estimates acquired via successive
FFT operations for each user pair. a1-a3 Frequency distribution of single-shot FFT estimations
for each pair in symmetric network configuration. a4-a6 Frequency distribution of single-shot FFT
estimations for each pair in asymmetric network configuration. b Z-basis and X-basis QBERs of
each user pair in the symmetric network. c Z-basis and X-basis QBERs of each user pair in the
asymmetric network. d SKR in logarithmic scale versus transmission loss between pairwise users, with
comparisons to other state-of-the-art trusted-node-free works[22–28]. e Measured SKRs in symmetric
network, asymmetric network, and point-to-point configurations.

length and triggering threshold of the FFT algorithm, achieving an optimal trade-
off between estimation accuracy and efficiency. Fig. 4a presents the distribution of
adjacent difference values between frequency estimates obtained by consecutively per-
forming 105 FFTs for each user pair within the [−1, 1] interval. This distribution
effectively characterizes the stability of consecutive FFT estimations. For the sym-
metric network configuration, the adjacent difference values are tightly concentrated
within[−0.015, 0.015], showing compact distribution and small fluctuations. For the
asymmetric network configuration, the difference distributions are more dispersed,
indicating degraded FFT estimation stability. Figs. 4a1-4a6 show the frequency dis-
tribution of single-shot FFT estimations for each pair. It is clearly observed that
under symmetric, low channel loss conditions (Figs. 4a1-4a3), the amplitude difference
between the main frequency and sideband frequencies is pronounced. For asymmetric,
higher channel loss conditions (Figs. 4a4-4a6), the amplitude gap between the main
frequency and sideband frequencies is smaller, which is the primary source of phase
estimation errors.
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Figs. 4b and 4c plot the QBERs distribution of all user pairs under the X basis and
Z basis. Each data point in Fig. 4b corresponds to data accumulated over about 5 s,
and those in Fig. 4c are obtained with around 10 s of accumulation. Benefiting from
the excellent ER provided by the TFLN modulator chip, the Z basis QBERs of all user
pairs are stably controlled within 1%, thereby ensuring the fundamental reliability
of key generation. Meanwhile, the laser chip features an ultra-narrow-linewidth and
superior frequency stability. Combined with the PMC method, the frequency offset
induced by laser frequency differences can be accurately estimated, and the relative
phase difference between users can be precisely compensated, so the X-basis QBERs
are well distributed between 25% and 35%. Fig. 4b shows results for the symmetric
network configuration. The average Z-basis QBER values of pairs A−B, A−D, and
B − D are 0.48%, 0.50%, and 0.59%, respectively. The average X-basis QBERs are
27.01%, 26.96%, and 26.60%. For the asymmetric network configuration, the average
Z-basis QBERs of A−B, A−D and B−D are 0.69%, 0.60%, and 0.45%. The average
X-basis QBERs are 28.82%, 28.07%, and 29.02%. In Fig. 4c, the X-basis QBERs
under the asymmetric network setup are generally higher. This phenomenon mainly
originates from errors in relative phase difference compensation induced by insufficient
valid coincidence counts during PMC processing.

In the symmetric network experiments, 1.25×1012 optical pulses were transmitted
for each user pair, while 6× 1012 pulses were allocated to each pair in the asymmetric
network experiments. According to the detection results collected by the central net-
work node, the Z-basis data are used for secure key generation, and the X-basis data
are adopted for system parameter estimation. The final SKR under the finite-key con-
dition is plotted in Fig. 4d. The light-red curve represents the simulated SKR for the
network configuration incorporating the WSS chip and its associated insertion loss;
the dark-red curve corresponds to point-to-point SKR results obtained without the
WSS chip. The two SKR curves diverge because the introduction of WSS chips brings
extra optical loss. Colored scattered points denote the experimental results of different
user pairs. As presented in Fig. 4e, at a fiber distance of 100 km, the finite-size SKRs
of A − B, A − D, and B − D reach 23.38 kbps, 22.53 kbps, and 25.23 kbps, respec-
tively. Over 125 km fiber channel, A− B and A−D achieve finite-size SKRs of 2.32
kbps and 2.18 kbps, and B −D obtains 2.8 kbps over a 150 km fiber link. In point-
to-point configuration over 200 km and 250 km fiber links, A − B and A − D yield
final finite-size SKRs of 25.88 kbps and 3.60 kbps. Moreover, the asymptotic SKR of
B −D surpasses the PLOB bound at a symmetric fiber distance of 300 km. Detailed
experimental data are summarized in Section 6 of Supplementary Information.

Finally, we further explore user-layer applications of the secret keys obtained in
the 100-km symmetric network experiment. Each user encrypts a 600×400-pixel ani-
mal image using corrected keys under a one-time-pad-like scheme and transmits the
ciphertext to other users through the public classical channel. As illustrated in Fig. 5,
user pairs that distill shared secret keys over the same wavelength successfully realize
secret-information sharing.
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Fig. 5 Each user encrypts a 600×400-pixel image via a one-time-pad-like scheme and sends the
resulting ciphertext over the public classical channel. Paired users with shared secret keys distilled
over the same wavelength are capable of performing image decryption.

Table 1 Comparison with prior experimental demonstrations of trusted-node-free networks.

Reference Protocol Architecture Photonic integration Resource overhead3 Best performance

Tang et al.[22] MDI TDM1 None – 16.5 bps(55 km)

Fan et al.[23] MDI PDM2 None – 1.955 bps(50 km)

Zhu et al.[24] MP TDM None – 1.217 kbps(195.85 km)

Yan et al.[25] MDI WDM Laser N ;
N(N−1)

2 267 bps(150 km)

Zheng et al.[26] TF WDM Laser + Modulator N ;
N(N−1)

2 50 bps(370 km)

Zhang et al.[27] TF TDM Laser + Modulator – 2.93 kbps(540 km)

Wang et al.[28] MDI WDM Laser + Modulator N ;
N(N−1)

2 313 bps(200 km)

This work MP WDM Laser + Modulator + Switch 3; N 3.60 kbps(250 km)

1 Time division multiplexing.
2 Polarization division multiplexing.
3 Maximum resource overhead (wavelength; MU) for full-connectivity in WDM networks.
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3 Discussion

We compare our results with prior experimental demonstrations of trusted-node-free
networks[22–28] in Fig. 4d and Table 1. Against conventional Measurement-device-
independent (MDI) QKD systems[22, 23, 25, 28], our work achieves competitive
performance in both transmission distance and SKR. These benefits stem from our
chip-level implementation of high-performance lasers and modulators, together with
the PMC method that guarantees stable MP-QKD operation. When benchmarked
against state-of-the-art photonic integrated Twin-Field (TF) QKD networks[26, 27],
our finite-size SKRs remain below the PLOB bound, and the maximum secure trans-
mission distance is comparatively limited due to insufficient available coincidence
counts under high channel-loss conditions. Nevertheless, owing to our GNM strategy,
the system offers a distinct advantage in flexible reconfigurability. Compared with
prior full-connectivity WDM architectures, our system exhibits significantly improved
resource utilization efficiency.

Beyond the present network demonstration, the combination of the SIDECL,
TFLN modulator and WSS paves a practical path from packaged photonic subsystems
towards fully integrated quantum networks. In the present implementation, the laser
and modulator chips are connected by fiber at each user, and the WSS is packaged sep-
arately from the MUs at the detection center. This modular configuration allows the
III-V/Si3N4 laser, TFLN modulator and silicon-Si3N4 switch to be optimized indepen-
dently, but the remaining fiber-to-chip interfaces increase loss, footprint and sensitivity
to polarization and temperature. Because gain, ultra-low-loss resonant feedback and
high-speed Pockels modulation are not simultaneously available in a single material
platform, a realistic route to a single-chip user encoder is heterogeneous integration.
The InP gain sections could be wafer-bonded or transfer-printed above a low-loss Si3N4

photonic circuit containing the Vernier filters and shared high-Q feedback resonator,
while a bonded TFLN layer provides the cascaded IMs and PMs[59–62]. Adiabatic
or vertically coupled interlayer transitions would then transfer laser outputs to the
modulators without intermediate fiber coupling. Integrated monitor taps and ther-
mal sensors, together with co-packaged radio-frequency and heater-control electronics,
could further stabilize the lasing wavelength, output power and modulator bias. Such
integration would therefore reduce not only the physical footprint but also the num-
ber of environmentally sensitive interfaces that currently separate state generation,
modulation and channel launch.

A similar progression can be envisaged at the detection center. The vertically cou-
pled WSS already acts as a shared photonic backplane for wavelength-link mapping.
Its output buses could be connected directly to on-chip 50:50 couplers, phase-control
and polarization-diversity circuits, and waveguide-integrated SNSPDs[63–65], so that
routing, interference and detection are performed within a common package. Removing
repeated fiber-array and discrete-component interfaces would reduce route-dependent
IL and path-length drift, both of which become increasingly costly at the single-photon
level. Auxiliary monitor photodiodes and closed-loop heater control could provide
automated resonance alignment, while a co-packaged electronic controller stores the
calibrated wavelength-link mapping and updates the active switching elements as user
demand changes[66, 67]. The resulting detection center would remain untrusted from
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the protocol perspective, but its optical and electronic functions would be physically
consolidated. Furthermore, the WSS-chip-based detection center is no longer restricted
to fixed-wavelength channel inputs. This property enables efficient compatibility with
existing colorless network architectures[68].

It should be noted that owing to the limited number of available chips and MUs, we
cannot experimentally demonstrate network scenarios for larger scales. For reconfigu-
ration, the corresponding SEs are enabled or disabled, and their resonant wavelengths
are tuned to match the laser wavelengths, so that identical wavelength signals orig-
inating from the target users are directed into the same MU. Such reconfiguration
of communication links can satisfy diverse communication demands. Moreover, our
scheme cannot achieve secure key sharing for any arbitrary user pair at any time.
Instead, the full-connectivity capability is retained: key sharing among all users is
realized via the ring structure, whereas secure-key distribution between any two
non-adjacent users is performed through the point-to-point structure according to
practical communication demands. Our implementation strikes a trade-off between
costly resources and network functionalities, which appears to be a cost-effective
strategy for deploying large-scale quantum networks.

4 Conclusion

In conclusion, this work proposes a novel flexible and resource-efficient MP-QKD net-
work employing chip-based transmitters and an integrated on-chip switch fabric. Each
user integrates an ultra-narrow-linewidth SIDECL chip and a high-speed TFLN mod-
ulator chip for quantum-state preparation, while the detection center is equipped with
an 8×8 silicon-Si3N4 3D WSS chip. Based on our introduced GNM strategy, the net-
work accommodates dynamic variations in network topology and communication tasks
while requiring at most three distinct wavelength channels and N Bell-state MUs,
thereby offering superior flexible scalability and resource-efficient full-connectivity
compared with conventional WDM architectures. We experimentally demonstrated a
proof-of-principle three-user network and successfully achieved secret key distribution
under symmetric networking, asymmetric networking, and point-to-point transmis-
sion scenarios over metropolitan hundred-kilometer-scale fiber links. Featuring high
integration density and favorable architecture, this work offers a feasible chip-scale
implementation for large-scale deployable quantum networks in the future.
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