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The entanglement distribution network connects remote users by sharing entanglement resources, which is
essential for realizing quantum internet. We propose a photonic-reconfigurable entanglement distribution net-
work (PR-EDN) based on a silicon quantum photonic chip. The entanglement resources are generated by a quan-
tum light source array based on spontaneous four-wave mixing in silicon waveguides and distributed to different
users through time-reversed Hong–Ou–Mandel interference by on-chip Mach–Zehnder interferometers with
thermo-optic phase shifters (TOPSs). A chip sample is designed and fabricated, supporting a PR-EDN with
3 subnets and 24 users. The network topology of the PR-EDN could be reconfigured in three network states
by controlling the quantum interference through the TOPSs, which is demonstrated experimentally.
Furthermore, a reconfigurable entanglement-based quantum key distribution network is realized as an applica-
tion of the PR-EDN. The reconfigurable network topology makes the PR-EDN suitable for future quantum
networks requiring complicated network control and management. Moreover, it is also shown that silicon quan-
tum photonic chips have great potential for large-scale PR-EDN, thanks to their capacities for generating and
manipulating plenty of entanglement resources. © 2023 Chinese Laser Press

https://doi.org/10.1364/PRJ.489139

1. INTRODUCTION

Quantum entanglement is the crucial resource of quantum in-
formation, which is the basis of many important applications of
quantum communication and quantum information process-
ing. An entanglement distribution network (EDN) distributes
quantum entanglement resources to different parties, which is
an essential step in the development of quantum internet [1,2],
by which quantum information is shared and transported.
Several repeater-free long-distance point-to-point entanglement
distribution experiments have already been reported, such as
the experiments over 300 km in fiber [3], 144 km in free space
[4], and 1200 km from satellite to ground [5]. In these works,
the quantum entanglement is carried by entangled photon
pairs, which could be generated by the spontaneous parametric
down-conversion (SPDC) in χ2 nonlinear media such as non-
linear crystals [6,7] and periodically poled nonlinear wave-
guides [8–13], and spontaneous four-wave mixing (SFWM)
in χ3 nonlinear media, such as silica optical fibers [14–17]
and silicon waveguides [18–21]. Since both processes support
broadband entangled photon pair generation, multiple entan-
glement resources could be selected by wavelength-division

multiplexing (WDM) to connect different users. In this way,
EDNs with star-type layouts could realize a fully connected
network with a mesh topology [22–32]. However, the user
number of the EDN based on WDM would be limited by the
spectrum of entangled photon pairs and bandwidth of the low-
loss transmission window of optical fibers. It is a barrier to real-
izing large-scale quantum networks by WDM.

One way to break this barrier is realizing EDN based on
both space-division multiplexing (SDM) and WDM. It has
been investigated in several works [26,27,30] of entanglement-
based quantum key distribution (QKD) networks. The entan-
glement resources generated by a quantum light source are
divided by WDM. They could be used to support subnets
through passive multi-port beam splitters. They could also be
used to realize the interconnection between users in different
subnets. In this way, a fully connected QKD network with
40 users has been achieved by only one SFWM quantum light
source [30]. However, the user number of this EDN is still lim-
ited by the total entanglement resources provided by the quan-
tum light source. Besides, the port number of the passive beam
splitter is also limited by the loss due to its splitting ratio.
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Moreover, since bothWDM- and SDM-based EDNs consist of
only passive components, they are static networks in which the
distribution of entanglement resources could not be controlled
on demand. Hence, it is difficult to apply them in the scenarios
requiring network control and management.

In recent years, silicon quantum photonics has developed
rapidly. Single mode silicon waveguides and silicon micro-ring
resonators are ideal χ3 nonlinear media to realize quantum light
sources for entangled photon pair generation. The fabrication
of silicon photonic chips is compatible with complementary
metal–oxide–semiconductor (CMOS) technology, which pro-
vides the ability to realize a large-scale quantum photonic cir-
cuit in a finger-sized area. Various quantum photonic functions
have been realized by silicon quantum photonic chips, includ-
ing entanglement states generation in different degrees of
freedom [33–36], quantum communication [37–44], and
quantum computation [45–48]. In these works, complicated
photonic quantum states are realized by arrays of SFWM quan-
tum light sources and are manipulated by arrays of optical
interferometers, achieving sophisticated quantum information
functions. It is natural to utilize the established silicon quan-
tum photonic functionalities to improve the scale and the
capability of EDNs. The array of quantum light sources on
the silicon photonic chip could provide rich quantum entan-
glement resources to support a large-scale EDN. Moreover, the
quantum state manipulation on the chip could support the
controllable quantum entanglement distribution for network
reconfiguration.

In this work, we propose a photonic-reconfigurable entan-
glement distribution network (PR-EDN) based on a silicon
quantum photonic chip. The entanglement resources of the
PR-EDN are generated by an array of SFWM quantum light
sources and distributed to users by the controllable SDM on
the chip, which is realized by on-chip quantum interference.
In the experiment, we design and fabricate a chip on a silicon-
on-insulator (SOI) substrate with a 220 nm top-silicon layer,
which supports a PR-EDN with 3 subnets and 24 users. The
network topology is controlled in three states by thermal phase
shifters on the chip. The performance of quantum entangle-
ment distribution at different network topologies is measured
experimentally, and their QKD applications are demonstrated,
showing its potential for future quantum networks requiring
complicated network control and management.

2. RESULTS

A. PR-EDN Based on the Silicon Quantum Photonic
Chip
The entanglement resources required by the PR-EDN are gen-
erated by an array of SFWM quantum light sources on the sil-
icon chip. The entangled photon pairs with specific signal/idler
wavelengths are used to support the PR-EDN, which could be
post-selected by optical filters at the user ends. This scheme
fully utilizes the advantage of silicon photonics on the large-
scale photonic integration and avoids complicated multi-
wavelength multiplexing and demultiplexing on the chip.
Moreover, since the effective entangled photon pairs generated
by all the quantum light sources have the same joint spectral
amplitude, these entanglement resources could be manipulated

and distributed through quantum interference by on-chip
interferometers. If the PR-EDN is applied as a QKD network,
SDM by passive beam splitting could be applied to further ex-
tend the scale of the network. In such a QKD network, some
entanglement resources are used to support fully connected
subnets, and the rest of the entanglement resources are used
to connect the users in different subnets. Hence, it can be ex-
pected that the network topology among the subnets could be
controlled by the on-chip quantum interference, achieving the
function of network reconfiguration.

Here, we design a silicon quantum photonic chip to dem-
onstrate the main idea of this PR-EDN. It is fabricated on an
SOI substrate with a 220 nm top-silicon layer. The propagation
of lights/photons in the chip is realized by the fundamental
quasi-TE mode of the silicon waveguide. The sketch of the
chip design is shown in Fig. 1(a), and the microscope photo-
graph of the fabricated chip sample is shown in Fig. 1(b). The
entangled photon pairs are generated by SFWM in six long
silicon waveguides (6.5 mm) on the chip. They are located
in three balanced Mach–Zehnder interferometers (MZIs),
which are named as biphoton state generation units (BSGUs).
Besides the long waveguides, each BSGU has two 2 × 2 multi-
mode interference (MMI) couplers and one thermo-optic phase
shifter (TOPSs) on one arm of the MZI. The BSGUs are
pumped by a mono-color continuous-wave (CW) pump light
to generate energy-time entangled photon pairs. In each
BSGU, the pump light is split into two parts coherently in
the first MMI coupler. Then, they propagate along the wave-
guides in two arms and generate photon pairs by SFWM,
which can be regarded as entangled states in the path degree
of freedom. The biphoton state before the secondMMI coupler
is denoted by jΨ1i, which is in the form of

jΨ1i �
1
ffiffiffi

2
p �j1s1iiup � ei2ϕj1s1iidown�: (1)

Here, j1s1iiup (j1s1iidown) represents the state that a photon
pair is generated in the up-arm (down-arm) of the MZI. The
relative phase ϕ in jΨ1i can be controlled by the TOPS in the
MZI. According to the process of time-reversed Hong–Ou–
Mandel (HOM) interference [14,21], jΨ1i interferes in the
second MMI coupler. The output state of the BSGU after
the interference is denoted by jΨ2i, which is related to the
relative phase ϕ,

jΨ2i � cos ϕjΨbunchi � sin ϕjΨspliti, (2)

jΨbunchi �
1
ffiffiffi

2
p �j1s1iiupj0s0iidown − j0s0iiupj1s1iidown�, (3)

jΨspliti �
1
ffiffiffi

2
p �j1s0iiupj0s1iidown � j0s1iiupj1s0iidown�: (4)

In the state of jΨbunchi, the signal and idler photons in a pair
would be output from the same output port of the BSGU,
while which port they would be output from is random. In
contrast, in the state of jΨspliti, the signal and idler photons
in a pair would be output from the two output ports of the
BSGU, respectively. It is worth noting that these operations
are in path degree of freedom and the output photon pairs still
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have the property of energy-time entanglement, which is the
entanglement resources provided by the chip.

The chip has three BSGUs. Their output ports are con-
nected to three passive beam splitting units (PBSUs), as shown
in Fig. 1(a). Two waveguide crossings are used to realize the
connection between BSGUs and PBSUs. Each PBSU has
one 2 × 2MMI coupler and two 1 × 4 MMI beam splitters. As
a result, it supports a subnet with eight users. Entanglement
resources from different BSGUs are mixed up in the 2 × 2
MMI coupler to erase their information of paths. Then, the
signal and idler photons are randomly distributed to eight out-
put grating couplers by two 1 × 4 MMI beam splitters. The
photons would be coupled into optical fibers through these gra-
ting couplers and sent to end users in the subnet. For two spe-
cific end users, the photon pairs they shared are post-selected
according to their paths. They are at the energy-time entangled
state, which supports applications such as QKD. As a result, the
chip could support a PR-EDN of 24 users with 3 subnets.

It is shown in Fig. 1(a) that the pump lights are injected into
three BSGUs through three independent grating couplers on
the chip. If the pump lights in the three BSGUs are incoherent
with each other, the quantum interference in the 2 × 2 MMI
couplers of three PBSUs would be avoided. When the output
states of the three BSGUs are all jΨ2i � jΨbunchi under ϕ � 0,
the signal and idler photons in a pair would be randomly dis-
tributed to two users in the same subnet. But the users in differ-
ent subnets could not share entanglement resources. In this
case, the network is at the intra-subnet state, and its network
topology is shown in Fig. 1(c). When the output states of the
three BSGUs are all jΨ2i � jΨspliti under ϕ � π∕2, the signal

and idler photons in a pair would be distributed to different
subnets, establishing entanglement links between these sub-
nets. However, the users in the same subnet could not share
entanglement resources. In this case, the network is at the inter-
subnet state, and its network topology is shown in Fig. 1(d).
If the output states of the three BSGUs are the superposition of
jΨspliti and jΨbunchi, any two users in the network could share
entanglement resources with each other. It has a fully connected
topology shown in Fig. 1(e), which is named as the all-subnet
state. Consequently, the network topology of the PR-EDN can
be reconfigured among the intra-subnet state, the inter-subnet
state, and the all-subnet state by controlling the TOPSs in the
three BSGUs.

B. Experimental Setup
The sketch of the experimental setup is shown in Fig. 2(a). The
CW pump light is generated by a tunable laser (N7714A,
Keysight Inc.) with a built-in function of frequency modula-
tion. Its center wavelength is 1552.52 nm, corresponding to
the International Telecommunication Union (ITU) channel
of C31. A 500 MHz frequency modulation is applied to the
pump light to reduce its coherent length to about 1 m. The
pump light is amplified by an erbium-doped optical fiber am-
plifier (EDFA). The amplified spontaneous emission (ASE) of
the EDFA is blocked by cascaded dense wavelength-division
multiplexing (DWDM) components with an extinction ratio
higher than 100 dB. Then, the pump light is divided equally
into four paths by a 1 × 4 fiber beam splitter. One is used for
power monitoring, and the other three are injected into the
silicon quantum photonic chip through three grating couplers,
pumping three BSGUs to generate entangled photon pairs. It is

Fig. 1. Chip and the network topology. (a) Design of the silicon quantum photonic chip for the PR-EDN. The entangled photon pairs are
generated in six long silicon waveguides by SFWM and distributed to different users by quantum interference and passive beam splitting.
(b) Microscope photograph of the fabricated chip sample. The chip supports a PR-EDN with three subnets, which are denoted by Subnets
1, 2 and 3, respectively. Each subnet has eight users. We choose two users in each subnet to show the states of network topology at different
configurations, which are denoted by (c) intra-subnet state, (d) inter-subnet state, and (e) all-subnet state.
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worth noting that the fiber lengths of the three paths (between
the 1 × 4 fiber beam splitter and the silicon chip) are different,
which are 1 m, 5 m, and 14 m, respectively. The length
differences of these fibers are far larger than the coherent length
of the pump light, ensuring that the biphoton states generated
from the three BSGUs are incoherent with each other.
According to the physical process of SFWM, the signal and
idler photons are generated symmetrically around the center
wavelength of the pump light (C31). A double-bandpass filter
module consisting of DWDMs of C27 and C35 is used to post-
select the signal and idler photons and remove the residual
pump light after the generated photons outputted from the
chip. Finally, the post-selected photons are detected by NbN
superconducting nanowire single-photon detectors (SNSPDs)
to demonstrate the entanglement distribution by coincidence
counting. The dark counts of the SNSPDs used in our experi-
ments are about 100 Hz. The network topology is manipulated
by the TOPSs in the three BSGUs, which are controlled by a
multi-channel digital-to-analog converter (DAC).

C. Reconfigurable Entanglement Distribution of the
Network
To demonstrate the reconfigurable entanglement distribution
of the network shown in Figs. 1(c)–1(e), we select two repre-
sentative users from each subnet and measure the coincidence
counts between them in the experiment. They are users A and
B of Subnet 1, users C and D of Subnet 2, and users E and F
of Subnet 3. The temporal width of coincidence window is
320 ps. The experimental results of the intra-subnet state
are shown in Fig. 2(d). Only the users in the same subnet

(AB, CD, and EF) have coincidence counts, showing that the
entangled photon pairs can only be shared with the users in the
same subnet at the intra-subnet state. In contrast, only the users
in different subnets share the entangled photon pairs at the
inter-subnet state. The experimental results are shown in
Fig. 2(e). It is obvious that the coincidence counts between
users in different subnets are much higher than those in the
same subnet. The coincidence counts in the same subnet are
mainly due to the calibration error of BSGUs, which could be
avoided by more concise control of the thermal phase shifters in
BSGUs. Figure 2(f ) shows the results of the all-subnet state,
showing that at this state a fully connected topology is achieved
in this network with 24 users. The difference in the coincidence
counts at three network states indicates that we can control the
topology of this EDN through the TOPSs on the chip.

It is worth noting that the average coincidence count rates of
the intra-subnet state, inter-subnet state, and all-subnet state
are 43.5 Hz, 16.9 Hz, and 12.6 Hz, respectively. The difference
of these measured rates is due to the different number of links
sharing the entangled photon pairs at the three network states.
The quantity of the entangled photon pairs provided by the
chip is constant when the network topology changes by con-
trolling the TOPSs. It can be expected that the average coinci-
dence count rate would be higher if the network state has fewer
links. In this PR-EDN, the numbers of links at the intra-subnet
state, the inter-subnet state, and the all-subnet state are 84,
192, and 276, respectively. Hence, the intra-subnet state has
the highest average coincidence count rate, while the all-state
state has the lowest one. It shows that the PR-EDN could not

Fig. 2. Experimental setup and the results of entanglement distribution. (a) Experimental setup for the PR-EDN based on a silicon quantum
photonic chip. In the experiment, we select two representative users from each subnet to demonstrate the characteristics of PR-EDN. They are
users A and B of Subnet 1, users C and D of Subnet 2, and users E and F of Subnet 3. (b) Setup at user ends for Franson-type interference. (c) Setup
at user ends for symmetric entanglement-based DO-QKD. (d)–(f ) Results of coincidence counting between selected users at (d) intra-subnet state,
(e) inter-subnet state, and (f ) all-subnet state.
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only change the network topology but could also adjust
the quantity of entangled photon pairs shared by specific
links. It would improve the flexibility of quantum networks
significantly.

Then, the experiments of Franson-type interference are
implemented to verify the energy-time entanglement carried
by the photon pairs [49], which are the entanglement resources
distributed by the PR-EDN. In the experiments, the signal and
idler photons sent to two users are passed through two unbal-
anced Mach-Zehnder interferometers (UMZIs) and then de-
tected, respectively, as shown in Fig. 2(b). Each UMZI has
a resistive heater to control the phase difference between its
two arms. The phase differences of the two UMZIs are denoted
by α and β, respectively. The time-resolved coincidence count-
ing measurement of the Franson-type interference would have
three coincidence peaks. The first (third) peak is contributed by
the coincidences that the signal photon passes through the long
(short) arm in one UMZI and the idler photon passes through
the short (long) arm in another UMZI. The center peak is con-
tributed by the coincidences that the signal and idler photons
both pass through the long arms in the two UMZIs or they
both pass through the short arms in the two UMZIs, which
are indistinguishable and lead to a two-photon interference
[49]. Coincidence counts of the center peak would vary sinus-
oidally when the total phase differences of the two UMZIs
(ϕ � α� β) vary, showing a two-photon interference fringe.
If the fringe visibilities are higher than 1∕

ffiffiffi

2
p

(70.7%) under
two mutually unbiased bases (i.e., α � θ and α � θ� π∕2,
where θ could be any value), it shows the violation of Bell’s
inequality [50,51], which verifies that the measured photon
pairs have the property of energy-time entanglement.

In the experiments, the topology of the PR-EDN is set at the
all-subnet state without loss of generality. The Franson-type
interference is measured on all the links among the six selected
users (users A–F). For each measurement, the time-resolved
coincidence counts are recorded under different β when α is
fixed at α � θ and α � θ� π∕2, respectively. The typical ex-
periment results of the link between users A and F are shown in
Figs. 3(a)–3(c). Figures 3(a) and 3(b) show the typical results
of time-resolved coincidence counts when the center peak of
coincidence counts reaches its minimum [Fig. 3(a)] and maxi-
mum [Fig. 3(b)], respectively. The coincidence counts of the
center peaks at different β are shown in Fig. 3(c), which are
the fringes of two-photon interference. The blue and purple
points are the experimental data measured under α � θ and
α � θ� π∕2, respectively. Since the phase differences of the
UMZIs are proportional to squares of the voltages applied
on the heaters of the two UMZIs, β is represented by the
squares of the voltages on the corresponding UMZIs. It can
be seen that sinusoidal interference fringes under two mutually
unbiased bases can be obtained clearly. The raw visibilities
(without subtracting accidental coincidence counts) of the
two fringes are 91.03%� 1.77% and 92.93%� 2.34%, re-
spectively, showing the violation of Bell’s inequality. The raw
visibilities of the Franson-type interference on all the 15 links
among users A–F are summarized in Fig. 3(d). The raw visibil-
ities of all the measured fringes are higher than 84%. It shows
that the PR-EDN chip can distribute high-quality energy-time
entanglement to different users, no matter if the two users
are in the same subnet or in different subnets. (The detailed
experimental results of the Franson-type interference are shown
in Appendix D.)

Fig. 3. Experimental results of Franson-type interference. Typical results of time-resolved coincidence counting in the experiment of Franson-
type interference on the link between users A and F, when the center peak of coincidence counts reaches its (a) minimum and (b) maximum.
(c) Two-photon interference fringes measured in the experiment of Franson-type interference on the link between users A and F. The blue and
purple points are experimental data measured under two mutually unbiased bases, respectively. We perform coincidence measurements for 300 s for
each data point. Error bars come from the Poisson distribution of photons. The blue and purple lines are their fitting curves. Here, β is represented
by the squares of the voltages on the corresponding UMZIs. (d) Raw visibilities of the Franson-type interference on all the 15 links among users A–F.
All of them are higher than the local hidden variable (LHV) limit (70.7%).
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D. Reconfigurable QKD Network Based on the
PR-EDN
The proposed PR-EDN could be used to realize a reconfigur-
able QKD network. We demonstrate this application by
symmetric entanglement-based dispersion optics QKD (DO-
QKD) [26] utilizing the resources of energy-time entanglement
shared by the links in the network. In this experiment, the post-
selected photons are not detected directly but are transmitted to
QKD users (Alice and Bob) by optical fibers of 6.15 km, as
shown Fig. 2(c). The photons received by Alice (or Bob) are
split into two paths by a 50:50 fiber coupler. In each path,
the photons pass through a dispersion component and are then
detected by an SNSPD. The dispersion values of the two
dispersion components in the two paths have the same magni-
tude but opposite sign, supporting the symmetric entangle-
ment-based DO-QKD in the network. In the experiment,
we measure the QKD performance of all the 15 links among
the six users (users A–F) at three network states. Each link has
a fiber transmission of 12.3 km. The measurement time of
each link is several hours, ensuring that the impact of finite-size
effect could be considered. The details of the key generation
and security test are introduced in Appendix C.

The experimental results of the QKD network at the three
states are shown in Fig. 4. The secure key rates (after the bin
sifting and considering the performance of error correction and
private amplification [52]) of all the network links at the intra-
subnet state are shown in Fig. 4(a). It can be seen that only
three links of AB, CD, and EF generate secure keys by the
QKD process. Other links between two different subnets do
not support QKD. It is because only the two users in the same
subnet share entanglement resources at this state. In contrast, as
shown by the measured secure key rates of the links at the inter-
subnet state, only the links between two different subnets could
generate secure keys by QKD, while the links of the two users
in the same subnet do not support QKD. When the network is
adjusted to the all-subnet state, since all the links could share
entanglement resources, the secure keys are generated by QKD
in all the links, as shown in Fig. 4(c). The intra-subnet state has
the highest average secure key rate, while the all-subnet state
has the lowest one among three states. This is due to the differ-
ence in the number of links sharing the entanglement resour-
ces. Details of the QKD performance measurement, including

the raw key rates and the quantum bit error rate (QBER), are
introduced in Appendix C. These experimental results show
that the topology of this QKD network can be reconfigured
by controlling the TOPSs on the chip.

3. DISCUSSION

A. Performance of the QKD Network
In the experiment, the average secure key rates are 1.98, 0.53,
and 0.32 bit/s for the networks at the intra-subnet state, inter-
subnet state, and all-subnet state, respectively. The low secure
key rates are partly due to the loss of the experiment system.
The loss of each link in the QKD networks can be divided into
the on-chip loss and the off-chip loss. The on-chip loss is
mainly from the coupling loss between the chip and optical
fibers through the on-chip grating couplers. In this chip sample,
the center wavelength of the grating couplers is shifted to
1580 nm due to the process variation in the fabrication (see
Appendix B for more details). As a result, the coupling loss at
the signal/idler wavelengths is about 6 dB. It could be reduced
to less than 1 dB if more complicated mode size converters and
coupling methods developed in recent years are used [53–55].
In a network link, two grating couplers are required for distrib-
uting photons to two different users. Therefore, an improve-
ment of 10 dB could be expected on the coincidence count
rate by improving the coupling between the chip and optical
fibers, leading to a much better performance of QKD. The
off-chip loss includes the contributions of optical fibers
(12.3 km, ∼2.5 dB), double-bandpass filter module consisting
of cascaded DWDMs for signal/idler photons (∼2 dB × 2),
50:50 fiber couplers (3 dB × 2), dispersion components
(∼3 dB × 2) and efficiencies of SNSPDs (∼60% × 2). Most
of the off-chip loss is intrinsic to the symmetric DO-QKD.
However, it still has some space to improve, such as the cou-
pling ratio of the fiber couplers and the efficiencies of SNSPDs.
Hence, a secure key rate of several tens of bit/s could be ex-
pected in a reconfigurable QKD network supported by a modi-
fied setup with the same silicon quantum photonic chip design.

Another important reason for the low secure key rates is the
impact of the network topology. The PBSUs based on beam
splitters are designed on the chip to extend the users in the
QKD network, introducing an additional loss of 18 dB on each

Fig. 4. Experimental results of the reconfigurable QKD network. Secure key rates of all the 15 links among the six users (users A–F) of the
network at the (a) intra-subnet state, (b) inter-subnet state, and (c) all-subnet state. The secure keys are generated by the symmetric entanglement-
based DO-QKD.
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link. If a network with fewer users is considered by reducing the
number of users in each subnet, the secure key rates could be
improved significantly since the same entanglement resources
would be shared by fewer users.

B. Scalability of the PR-EDN
The scalability of the proposed PR-EDN scheme is based on
the advantages of silicon quantum photonics. Multiple quan-
tum light sources could be designed and fabricated on the sil-
icon chip, providing rich quantum entanglement resources to
support a large-scale EDN. Moreover, large arrays of on-chip
interferometers, beam splitters, and optical switches could also
be designed and fabricated on the same chip, supporting rich
functions of quantum state manipulation and distribution.

In this work, the proposed PR-EDN is an SDM network.
The entanglement distribution between different subnets is
based on the BSGUs. One BSGU can create an entangle-
ment link between two subnets. Therefore, n subnets need
n�n − 1�∕2 BSGUs for the fully connected EDN. Thanks to
the high-density photonic integration of silicon quantum pho-
tonics, it can be expected that a sufficiently large array of
BSGUs could be realized on a chip to support a network with
many subnets and complicated network topology. These
BSGUs are parallel. No additional loss would be introduced
if more BSGUs are fabricated on the chip. Moreover, each sub-
net would receive photons from different BSGUs, which sup-
ports the connections between different subnets. An array of
beam splitters and/or optical switches is required to combine
these photons and send them to different users. Its scale is de-
termined by the number of subnets and the user number in
each subnet. In recent years, large-scale silicon photonic chips
have developed rapidly, pushed by the research and develop-
ment of on-chip optical systems for optical communication,
optical computation, and photonic quantum computation/
simulation. Especially, the port number and the stage number
of cascaded MZI optical switch arrays on silicon photonic chips
have been improved to several tens [56–58]. It can be expected
that more subnets could be supported by the proposed scheme
with the new technical progress of silicon photonics on large-
scale integration. In addition, we only use two specific wave-
length channels in this work. The entangled photon pairs
generated by SFWM on the silicon chip have a broadband
spectrum. More entanglement resources would be provided if
entangled photon pairs with different wavelengths could be uti-
lized by WDM. Introducing more wavelength channels in this
scheme is also an effective way to extend the scale of the chip-
based network with proper designs on handling the wavelength
and path degrees of freedom simultaneously.

4. CONCLUSION

In summary, a PR-EDN is proposed in this work, in which the
entanglement resources are generated and distributed by a sil-
icon quantum photonic chip. On the chip, entanglement re-
sources are generated in silicon waveguides by SFWM and
distributed to users by controllable quantum interference
and passive beam splitting. A chip sample is designed and fab-
ricated, supporting a PR-EDN with 3 subnets and 24 users.
By controlling the TOPSs on the chip, the topology of the

PR-EDN could be reconfigured at the intra-subnet state,
inter-subnet state, and all-subnet state. It is demonstrated ex-
perimentally by measuring the entanglement distribution of all
the 15 links among 6 representative users. Furthermore, a re-
configurable entanglement-based QKD network is realized as
an application of the PR-EDN. The experimental results show
that silicon quantum photonic chips have great potential for
realizing large-scale PR-EDN, thanks to their capacities on gen-
erating and manipulating plenty of entanglement resources.

APPENDIX A: METHOD FOR CONTROLLING
THE NETWORK TOPOLOGY

The reconfigurable entanglement distribution is realized by ad-
justing the TOPSs in BSGUs. The output state jΨ2i of one
BSGU is determined by the relative phase ϕ, as shown in
Eq. (2). In the experiments, we adjust ϕ by applying different
voltages on TOPSs and record the coincidence counts between
users in different subnets to determine the voltages for the three
network states. A representative result of one of the three
BSGUs under increasing voltage on the TOPS is shown in
Fig. 5. It can be seen that the coincidence counts vary sinus-
oidally with the square of the voltages. The relative phase in
MZIs will change π when the square of the voltage changes
about 15 V2, which results in a 2π change in the sinusoidal
fringe of coincidence counts. The coincidence counts reach
a maximum at the voltage indicated by the red arrow, corre-
sponding to jΨspliti. It is the voltage supporting the inter-
subnet state in this BSGU, whereas the coincidence counts
reach a minimum at the voltage indicated by the blue arrow,
corresponding to jΨbunchi. It is the voltage supporting the intra-
subnet state in this BSGU. To realize a superposition of jΨspliti
and jΨbunchi, the voltage should be adjusted to the value indi-
cated by the yellow arrow, which supports the all-subnet state.
The voltages of the TOPSs in the three BSGUs for the different

Fig. 5. Coincidence counts of two users in different subnets under
increasing TOPS voltage in the corresponding BSGU. The voltages
indicated by the blue, red, and yellow arrows represent the values sup-
porting the intra-subnet state, inter-subnet state, and all-subnet state,
respectively. Error bars come from the Poisson distribution of photons.
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network states are determined independently by this method.
In the experiments, all the voltages are below 7 V.

APPENDIX B: FABRICATION PROCESS AND
COUPLING EFFICIENCY OF THE CHIP

The PR-EDN chip is fabricated on an SOI substrate with a
220 nm top-silicon layer. The ZEP-520A photoresist is first
spined on the substrate and followed by the electron beam
lithography (EBL) to define patterns of all the silicon devices.
Then, the patterns are transferred to the top-silicon layer by the
inductively coupled plasma (ICP) dry etching processes. The
etching depths are 70 nm for grating couplers and 220 nm
for other silicon devices. A 1-μm-thick silica layer is deposited
by plasma-enhanced chemical vapor deposition (PECVD) on
the etched silicon devices, which is used as a protected layer.
Finally, metallization processes, consisting of an ultraviolet
lithography process followed by electron beam evaporation
and a lift-off process, are used to form the 100 nm titanium
heaters in TOPSs. Other conducting wires and pads are formed

Fig. 6. Coupling efficiency between the on-chip grating couplers
and optical fibers. The blue region is the wavelength range of photon
pair generation. The yellow region is the wavelength range with the
highest coupling efficiency, which is ∼ − 4.5 dB.

Fig. 7. Detail performance of the reconfigurable QKD network. (a)–(c) Measured raw key rates, (d)–(f ) QBERs, and (g)–(i) secure key rates in
finite-size regime at the intra-subnet state, inter-subnet state, and all-subnet state, respectively.

Research Article Vol. 11, No. 7 / July 2023 / Photonics Research 1321



by 300 nm aluminum. The core area of the PR-EDN chip,
shown in Fig. 1(b), is 3.1 mm × 0.7 mm.

The geometry of waveguides used as nonlinear media in
BSGUs is 450 nm × 220 nm with a propagation loss of
∼0.5 dB=mm. To improve the performance of entanglement
distribution, straight waveguides with a width of 1.2 μm are
applied in the photonic circuits except for BSGUs, which
can reduce the scattering loss due to the roughness of wave-
guide sidewalls. In the bend section, the width of waveguides
is still 450 nm, preventing the impact of higher-order modes.
Two adiabatic tapers with a length of 100 μm are used as the
transition area between the waveguides with different widths.

Figure 6 shows the measured coupling efficiency between
on-chip grating couplers and optical fibers. Due to the

deviation in the fabrication, the highest coupling efficiency
appears near 1580 nm (the yellow region in Fig. 6), which
is ∼ −4.5 dB. However, the coupling efficiency at the wave-
length of signal and idler photons (blue region in Fig. 6) is
∼ −6 dB. It can be expected that the coupling efficiency of
the chip could be significantly improved by state-of-the-art
coupling methods [53–55].

APPENDIX C: DETAIL PERFORMANCE OF THE
RECONFIGURABLE QKD NETWORK BASED
ON SYMMETRIC DO-QKD

In our previous works, the details of the key generation and
security test in symmetric DO-QKD have been discussed

Fig. 8. Experimental results of the Franson type interference on all the links among the six representative users (users A–F).
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[26,30,59]. Secure keys can be obtained from the arrival time of
the energy-time entangled photon pairs by high-dimensional
time encoding. First, we assume that in a period of time, named
a “frame,” the average number of arrival photons is far less than
1. Then, we divide one frame into four slots labeled as “00,”
“01,” “10,” and “11,” and there are three bins in one slot. Two
users compare the frame numbers and bin numbers of the sin-
gle-photon events they recorded. If two single-photon events at
the two sides have the same frame number and bin number,
they are selected out as a coincidence event. The raw keys
can be obtained from the slot labels of the coincidence events
at the two sides.

The security of symmetric DO-QKD is guaranteed by the
nonlocal dispersion cancellation effect [60], which is accom-
plished by a normal dispersion component and an anomalous
dispersion component in the QKD user end, as shown in the
inset figure of Fig. 2(c). The joint measurements of the time-
frequency covariance matrix can be performed by the data ob-
tained by four SNSPDs in two different users, from which we
can calculate the secure key capacity. Details of calculating the
secure key capacity can be found in Refs. [26,30,52,59]. The
secure key rates shown in Fig. 3 can be obtained from raw key
rates and the secure key capacity.

In our experiments, the count rate for all the users is several
tens of kHz, ensuring the sparsity of arrival photons in one
frame (several nanoseconds). To evaluate the impact of the
finite-size effect [61], we continuously take the measurement
for 3 h at the network link where the two users share entan-
glement resources (for example, users A and B in the intra-
subnet state) and for 1 h at the network link where the two
users do not share entanglement resource (for example, users A
and C in the intra-subnet state). The bin widths used in the
intra-subnet state, inter-subnet state, and all-subnet state are
300 ps, 150 ps, and 100 ps, respectively, which have been opti-
mized for a high raw key rate with low QBER. The results of
raw key rates and QBER are shown in Figs. 7(a)–7(f ). It can be
seen that raw keys could not be generated with a reasonable
QBER for the two users sharing no entanglement resource.

In addition, all the links with available entanglement resources
obtained secure keys in the finite-size regime, as shown in
Figs. 7(g)–7(i). The methods to improve the performance of
DO-QKD have been discussed in the main manuscript.

APPENDIX D: EXPERIMENTAL RESULTS
OF THE FRANSON-TYPE INTERFERENCE

To verify the property of energy-time entanglement of the pho-
ton pairs distributed by the PR-EDN chip, we perform the
Franson-type interference by two UMZIs on all the 15 links
among the six representative users (users A–F). In each mea-
surement, we fix the phase α of one UMZI at θ and
θ� π∕2, and sweep the phase β of another UMZI, respec-
tively. The path difference between two arms in the UMZI
(Kylia Inc.) is 400 ps. At each setting of UMZIs, time-resolved
coincidence counts are measured for 300 s, and the counts of
the center coincidence peak are recorded in a time window
of 64 ps. Figure 8 shows all the experimental results of the
15 links. The blue and purple points are the experimental data
measured under α � θ and α � θ� π∕2, respectively, and the
blue and purple lines are their fitting curves. Since the phase
differences of the UMZIs are proportional to squares of the
voltages applied on the heaters of the two UMZI, β is repre-
sented by the squares of the voltages on the corresponding
UMZIs. It can be seen that sinusoidal interference fringes
under two mutually unbiased bases can be obtained clearly
in the experiments of all the links. The raw (without sub-
tracting accidental coincidence counts) and the net (with
subtracting accidental coincidence counts) visibilities of two-
photon interference fringes in Fig. 8 are shown in Table 1.
It can be seen that most fringes have a net visibility higher than
90%. The average net visibilities of under two mutually un-
biased bases are 91.8%� 2.0% and 94.6%� 1.9%, respec-
tively. The lowest net visibility appears at link CE with a
value of 87.9%, which is far higher than 1∕

ffiffiffi

2
p

(70.7%).
These results indicate that the energy-time entanglement is dis-
tributed to different users by the PR-EDN chip successfully.

Table 1. Raw and Net Visibility of Two-Photon Interference Fringes

User Combination

α � θ α � θ� π∕2

Raw Net Raw Net

AB 94.8%� 2.1% 97.2%� 2.2% 93.1%� 3.6% 95.6%� 3.7%
AC 88.3%� 3.4% 91.3%� 3.6% 89.7%� 4.3% 92.7%� 4.5%
AD 90.0%� 3.5% 93.4%� 3.7% 93.1%� 2.7% 96.7%� 2.9%
AE 89.2%� 1.7% 91.8%� 1.8% 94.3%� 2.3% 96.9%� 2.4%
AF 91.0%� 1.8% 93.4%� 1.8% 92.9%� 2.3% 95.4%� 2.5%
BC 96.9%� 3.7% 100.0%� 4.0% 87.3%� 3.5% 91.6%� 3.9%
BD 89.5%� 2.7% 92.8%� 2.9% 93.7%� 2.6% 97.2%� 2.7%
BE 91.9%� 1.2% 94.4%� 1.3% 90.9%� 2.5% 93.5%� 2.6%
BF 90.4%� 1.1% 92.7%� 1.2% 93.1%� 3.9% 95.6%� 4.1%
CD 94.9%� 2.1% 96.3%� 2.1% 90.3%� 5.5% 91.4%� 5.6%
CE 84.9%� 3.1% 87.8%� 3.3% 89.1%� 2.9% 92.7%� 3.1%
CF 87.2%� 2.2% 89.9%� 2.3% 92.3%� 5.1% 95.0%� 5.4%
DE 94.3%� 2.6% 97.1%� 2.7% 93.4%� 2.2% 96.1%� 2.3%
DF 90.6%� 2.3% 93.2%� 2.4% 92.1%� 3.1% 94.9%� 3.3%
EF 90.7%� 2.2% 92.0%� 2.3% 92.4%� 3.1% 93.7%� 3.2%
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