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Coexistence of entanglement-based
quantum channels with DWDM classical
channels over hollow core fibre in a four
node quantum communication network

Check for updates

Marcus J. Clark1,2 , Obada Alia1,4, Sima Bahrani1, Gregory T. Jasion3, Hesham Sakr3,
Periklis Petropoulos3, Francesco Poletti3, George T. Kanellos1,5, John Rarity2, Reza Nejabati1,6,
Siddarth K. Joshi2 , Rui Wang1 & Dimitra Simeonidou1

Weexperimentally demonstrate the coexistenceof three entanglement-basedquantumchannelswith
carrier-grade classical optical channels over 11.5 km hollow core nested antiresonant nodeless fibre,
in a four user quantum network. A transmission of 800 Gbps is achieved with four classical channels
simultaneously with three quantum channels all operating in the C-band with a separation of 1.2 nm,
with aggregated coexistence power of−3 dBm. We established quantum key distribution in the four-
node full-mesh quantum network with Bell state fidelity of up to 90.0 ± 0.8%. The secret key rate for all
the links in the network are passively preserved over 55 hours of experimental time.

The landscape of quantum communication networks has evolved from
point-to-point links tomulti-user networks with practical applications1–3. A
key advancement in this field is the integration of entanglement-based
networks, as demonstrated through passive and active architectures4–6. The
entanglement resource enhances the security of quantumkey distribution7–9

and facilitates the seamless coordination of information across inter-
connected nodes, laying the foundation for the envisioned global quantum
network10,11. Furthermore, the integration of classical channels with quan-
tum channels over the existing telecommunication infrastructure emerges
as a critical consideration for the cost-effective deployment and commer-
cialization of quantum networks12.

Undertaking this integration presents a great challenge due to the
substantial power difference between classical channels and quantum
channels. The classical channels introduce additional noise during propa-
gation along the fibre, primarily stemming from optical non-linear effects
such as Raman scattering13–15, and crosstalk of classical channels. Coex-
istence of entanglement-based quantum channels with classical channels in
the same optical bands, e.g., C-band, over short fibre distances and different
optical bands, e.g., O-band for the quantum channels and C-band for the
classical channel, has been demonstrated16,17. However, in these demon-
strations, the additional noise due to the classical communications led to an

increase in theQuantumBit Error Rate (QBER), causing a drastic reduction
in performance, even to the point where Quantum Key Distribution
(QKD) fails.

Ensuring high isolation (>110 dB)18 between the quantumand classical
channels is crucial tominimise the impact of the crosstalk when aggregating
and separating quantum and classical channels. Typically, this isolation is
achieved through a sharp filter or the cascading of multiple filters, thereby
reducing degradation to the quality of the quantum signal. Further, the
classical signals are bright enough that non-linear optical processes occur
within standard solid core fibre. These generate photons at other wave-
lengths and pollute the quantum channels. This could be mitigated by
careful power selection of coexisting classical channels and their channel
allocation with respect to quantum channels. Other potential solutions
include using either free-space optical communication systems or adopting
a novel type of fibre with low nonlinearity.

Recently, a revolutionary new type of fibre technology was developed
based on antiresonant structures, called Antiresonant Hollow Core Fibres
(AR-HCF)19. This new fibre addressed the challenge posed by non-linear
effects during transmission, by guiding light through the hollow core using
the anti-resonance effect within glass membranes, surpassing the perfor-
mance of conventional glass core fibres20. The evolution of Hollow Core
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fibres (HCFs) has witnessed remarkable advancements; importantly, the
innovative design ofHollowCoreNestedAntiresonantNodelessfibre (HC-
NANFs)19, which preserves polarisation, and lowers the loss to less than
0.11dB/km21 in a separate demonstration. These developments position
HC-NANFas a promising candidate for high-performance applications not
only in modern communication systems22,23, but also to facilitate the
simultaneous transmission of classical channels at high optical powers
alongside quantum channels24,25 by nearly eliminating Raman scattering
challenges.

To allow polarisation encoding of the quantum signals, the fibre must
maintain the polarisation within standard narrow-band communication
channels, which normally adopt Dense Wavelength-Division Multiplexing
(DWDM), either in 50 GHz or 100 GHz spacing26. Anti-resonant Hollow
Core Fibres (AR-HCF) have been shown to support polarisation
entanglement26,27 and time-bin28 entanglement distribution links as well as
coexistence between telecommunications andQKD25. However, to our best
knowledge, using HCF in an entanglement distribution network to simul-
taneously distribute different entanglement pairs to different users has not
been demonstrated.

In this paper, we demonstrate an entanglement distribution network
supporting the coexistence of up to three entanglement-based quantum
channels with four 200 Gbps 16-QAM carrier-grade classical optical
channels at a high total coexistence power of -3 dBm over an 11.5 kmHCF
using a 100 GHz DWDM technique. The Bell state fidelity of all the
entanglement links shows > 88.8% in a 3-user configuration and >80% in a
4-user configuration. We used the five-ring Hollow Core Nested Anti-
resonantNodelessfibre presented in ref. 29, a type ofAR-HCF. In thiswork,
we only refer to this fibre as HCF.

Experimental system setup
The HCF-based network testbed used for coexisting the classical and
quantum light is shown in Fig. 1a. There are three main sections to the
physical layer of the network, specifically; where only quantum light is
propagated, with componentsmarked in purple,where only classical light is
propagated, with components in blue, and where classical and quantum
light are coexisted, with components noted in orange.

The quantum network
This testbed uses a central entangled photon source, providing photon pairs
entangled in both the polarisation and time-energy degrees of freedom. It

enables the distribution of a photon in an entangled pair to a network user
and the corresponding entangled photon to another network user. The
time-energy degree of freedom is used as a resource, slicing the output
spectrum up into discrete wavelength channels following the DWDM
standard, allowing simultaneous transmission of many entanglement
channels at different wavelengths. Further details of the source refer to
ref. 30. This produces an entangled state of,

∣Φþ� ¼ 1
ffiffiffi
2

p ∣HHi þ ∣VVið Þ: ð1Þ

To distribute the entanglement resource in this star-network, a
quantum-enabled reconfigurable optical add-drop multiplexer
(q-ROADM) is employed31, as shown in Fig. 2. This system consists of
dense-wavelength division multiplexing (DWDM) components, optical
switches, and technology to compensate for errors in the degree of freedom
where quantum information is encoded. In this case, fibre polarisation
controllers (FPCs) are used to set the correct polarisation measurement
basis across different users in the network. The DWDM technology allows
for the broad spectrum to be separated into 100 GHz-wide ITU channels,
where each ITU channel is entangled to only one other channel. These are
then distributed in pairs, where one half of a pair is distributed to one user,
and the other half is distributed to another user, allowing the two users to
share entanglement. In this construction, the two users can then recover
quantum information by performing correlation measurements in the
polarization degree of freedom. In the experiment, we pump the sourcewith
a 775.06 nm laser, thus leading to photon pairs generated via the SPDC
process centred at 1550.12 nm.This corresponds to channel 34 according to
the ITU-T100GHzstandard,wherewedenote this centralwavelengthasλ0.
Therefore, ± i denotes the distance in 100 GHz ITU channels from the
central channel 34, and photons in λ+i are entangled with photons in λ−i.

This construction allows the q-ROADM to simultaneously share a set
of wavelengths to each user, allowing for this simple star-network physical
topology to produce a fully connected entanglement mesh across the net-
work. Such entanglement networks minimise the resources required on the
physical layer4. This is achieved through the use of the single central source
of quantum states, through the use of both active and passive optical net-
working technology, instead of constructions where each quantum link
requires a transmitter and receiver pair, along with a dedicated optical fibre,
for each quantum link.
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Fig. 1 | Experimental testbed for quantum-classical coexistence in hollow
core fibre. a shows the setup for the coexistence of four classical channels and three
entanglement-based quantum channels over 11.5 km HCF in a four-node quantum
network. Purple components contain only quantum light, blue components contain

only classical light, and orange components contain both quantum and classical
light. b shows a scanning electronmicroscopy image of theHollowCore fibre (HCF)
cross-section29. c shows the classical communications system, consisting of a
bandwidth-variable transponder (BVT) transmitter and receiver pair.
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To compensate for a polarisation definition rotation through optical
fibre, a reference light source used as a polarisation definition is integrated
inside the entanglement source, allowing all users to match a single defi-
nition of polarisation throughout thefibre network. Sincewehave four users
in this experiment (Alice, Bob, Chloe, and Dave), 12 entangled DWDM-
based channels (6 pairs) are required to have a full mesh network – one pair
per link. Specifically: Alice receives λ−15, λ−14, and λ−13; Bob receives λ+15,
λ−12, and λ−11; Chloe receives λ+14, λ+12, and λ−10; and Dave receives λ+13,
λ+11, and λ+10,

A user connected to the q-ROADMvia fibre will measure polarisation
with a polarisation analysis module (PAM). This device consists of polar-
isation optics that allow the users to measure both the horizontal-vertical
(H-V) polarisation basis and the diagonal-anti-diagonal (D-A) basis with a
passive basis selection. The PAM combines the H and A polarisation
measurements onto a common single photon detector (SPD) and theV and
D polarisation measurements into another SPD. This setup reduces the
number of SPDs required for a single PAM from 4 to 2, with an increased
noise level seen on each measurement basis. For more information, please
refer to Clark, 202430.

The experiment was conducted across two separate laboratories; the
entanglement source, the PAMs, and the SPDs are housed in one building,
whereas the q-ROADM is housed in a separate building, interconnected
through 0.8 km deployed telecommunications-grade fibre links. This was
due to equipment limitations, and is not a requirement or feature for this
design. Due to the excellent polarisation stability of these deployed fibre
links, no fast adjustments of the polarisation compensation performed by
theq-ROADMare requiredduring the experiment.Threeusers, Bob,Chloe,
and Dave, are directly connected to the q-ROADM through three deployed
fibre links, with the first user, Alice*, connected to the q-ROADM via a
classical-quantum coexistence fibre link.

The classical communications
The classical communications in the system use an optical DWDM
platform with bandwidth-variable transponders (BVTs) as shown in
Fig. 1c. A BVT transmitter is comprised of a tunable laser source (TLS)
and a quadrature amplitude modulator (MOD), and a BVT receiver is
a coherent receiver. The unit includes four BVT ports, each being
reconfigurable to coherent 100 Gbps (PM-QPSK), 150 Gbps (8-
QAM), or 200 Gbps (16-QAM) and can be tuned to any of the 100
wavelengths in the C-band included in the ITU-T grid with 50 GHz
offset. Adaptable soft-decision forward error correction (SD-FEC) is
applied in the transponders to enable error-free communication. The

BVT receiver enables coherent detection by using a local oscillator for
each receiver. The four classical channels are filtered and combined
into a single fibre through a wavelength-selective switch (WSS) while
any residual out-of-band noise is further filtered with a tunable
bandpass filter (TBPF), as shown in the blue part of Fig. 1.

The BVTmodules in this experiment have a maximum output power
of 9 dBm. This makes the total maximum power of the 4 channels 15 dBm.
After the WSS, TBPF, and the CPL, as shown in Fig. 1a, the power of each
channel was −9 dBm, and in total was a coexistence starting power
of − 3 dBm.

The hollow core fibre
TheHCFused in this demonstration is a combination of three strands, with
lengths of 6.2 km, 2.6 km, and 2.7 km, spliced together to produce a single
HCF link of 11.5 km with no intermediate silica core fibre. All end-faces of
the HCF strands have the same structure and so are compatible for splicing,
and an example scanning electronmicroscopy (SEM) image is shown inFig.
1b. Core size, average inter-tube gap, and the membrane thickness for both
outer and inner tubes make the fibres operating in the fundamental trans-
missionwindowat 1550nm,where details about thefibreparameters can be
found in Nespola et al.29. The two remaining ends of the combined fibre
spool are then spliced to SMF fibre, for compatibility with the fibre-optic
components in the testbed.

The loss of the three fibres is 0.98 dB/km, 0.85 dB/km and 0.95 dB/km,
respectively, and is spectrally flat across the C-band. The total loss of the full
11.5km span is 14.46 dB, of which 10.90 dB comes from fibre propagation.
The remaining3.56dBcomes fromthe twoHCF-HCFsplices, the twoSMF-
HCF end-splices including mode field adapters (MFAs) and from the
connector losses.

The material properties, without a solid silica core, of the HCF lead to
ultra-low optical nonlinearity, allowing the transmission of classical chan-
nels at a high power with scattering of light, creating out-of-band noise
typically expected in SMF. This then allows multiple channels within the
ITU channel grid to have significantly different optical powers, without
nonlinear scattered light increasing the noise in the lower power channel,
such as a quantum channel.

Coexistence
All the BVT ports were configured with the 16-QAM modulation for a
maximum capacity of 200 Gbps per channel, resulting in 800 Gbps of
transmissionoverall, as in “The classical communications”. As shown inFig.
1c, the four coherent output ports of the BVT are multiplexed using a
wavelength-selective switch for a total throughput of 800 Gbps. A WSS is
used as a multiplexer and a band-pass filter to couple the classical channels
into a single fibre and provide a 30 dB isolation from the out-band BVT
noise. TheWSS combined output is connected to the input port of a tunable
band pass filter (TBPF) with 60 dB of isolation and extremely sharp filter
edges to suppress the noise generated by the classical channels. The classical
channels are then coupled to the quantum channels through a 95:5 coupler
(CPL), 95%ports for the quantum channels and the 5%port for the classical
channels, in a co-propagation coexisting configuration and then propagate
through the 11.5 km HCF.

After the coexistence, the output is connected to a passive WDM
demultiplexer (Demux) that separates the classical and quantum channels
based on their wavelengths. Next, the quantum channels are filtered and
combined using a passive WDM multiplexer (Mux) to eliminate classical
channels crosstalk before being transmitted over 0.8 kmof SMF to the PAM
for user Alice*. The output of the four classical ports in the Demux are
combined using a second WSS and then directed to an optical isolator to
prevent light from the tunable laser used by the BVT Rx as a local oscillator
from interfering with the measurements of quantum channels. It also pre-
vents the Amplified Spontaneous Emission (ASE) noise generated by the
Erbium-Doped fibre Amplifier (EDFA), which is used to set the classical
signals to the suitable detectable power levels before demultiplexing using
a Demux.
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Fig. 2 | The quantum-enabled reconfigurable optical add-drop multiplexer (q-
ROADM)used in the testbed shown inFig. 1 a.Here (De)Mux is a (de)multiplexer,
OFS is an optical fibre switch,WSS is awavelength selective switch, and FPC is a fibre
polarisation controller. The FPCs are labelled λ15 to λ−15, which corresponds to the
wavelength pairs, centred where λ0 is at ITU channel 34, and ± i denotes the distance
in 100 GHz ITU channels from the central channel.
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Following the experimental and theoretical analysis for optimal
wavelength assignment in hybrid quantum-classical networks32,33, and
based on the fact that the four classical channels are located in the C-band at
ITU-T channels 14, 15, 16, and 17 (1566.31 nm–1563.86 nm), as shown in
Fig. 3. The quantum channels for user Alice are placed at ITU-T channels
19, 20, and 21 (1562.23–1560.61 nm) with 142 GHz spacing (1.16 nm)
between the 10dBpoints of the quantumand classical channels, as shown in
Fig. 3. This assignment positions the quantumchannels at the dip and in the
anti-Stokes region of the Raman spectrum of the classical channels, mini-
mising the non-linear effects of the classical channels. A summary of
coexistence channel parameters is shown in Table 1.

Raman Scattering
To examine the expected noise at a quantummeasurement module, due to
Raman scattering phenomena, we must calculate the expected Raman
scattered light produced froma classical signal cn, at thewavelength λcn , on a
quantum channel qm, at wavelength λqm . For a classical signal of intensity I,
the expected powerof light due toRaman scattering in the forward direction
is given by,

If ¼ I e�αL L Γðλcn ; λqm ÞΔλ; ð2Þ

where I is the optical intensity of the classical channel, α is the fibre
attenuation coefficient, L is the optical fibre length, Γðλcn ; λqm Þ is the Raman
cross section (per fibre and bandwidth), and Δλ is the bandwidth of the
quantum receiver34. The Raman cross section, Γðλcn ; λqm Þ, is dependent on

the wavelength of the classical channel λcn and the wavelength of the
quantum channel λqm . To define this value, we rewrite the Raman cross
section as ρ(Δλ), where Δλ ¼ λqm � λcn is the difference in wavelength
between the classical channel and the quantum channel, as given in Eraerds
et al.15. This substitution was verified against measurement of background
noise in quantum communications from Raman scattering, from Tessinari
et al.33.

This calculation can then be used to compare expected levels of Raman
scattering, due to unavoidable lengths of SMF between the wavelength
filtering of the classical communications channels, and the wavelength
demultiplexing of the quantum and classical channels, as shown in Fig. 1a.
We will also compare the performance of the HCF, in reducing the Raman
scattered noise, and that of a similar fibre length of SMFwith the same total
system loss.

Experimental results
In this workwe use an entanglement-basedQKDprotocol to analyse the
entanglement links, specifically using the BBM92-based QKD
protocol8, to provide direct measurements of the rate and quality of
entanglement distribution. In this protocol, the noise seen on each link
can be clearly examined by comparing the Quantum Bit Error Rate
(QBER) of each link. If the background noise increases, such as if we
were to expect scattered light from non-linear scattering16,33, the num-
ber of accidental coincidences seen in the QKD protocol increases,
resulting in an increased QBER. The rate of entanglement can be
directly taken from the SKR of the QKD.

3-user network
To gather initial data, a 3-user quantumnetworkwas constructed, following
the testbedstructureofFig. 1.Thephysical and logical topologies canbe seen
in Fig. 4a. On this network, there are two entanglement links that coexist
with the classical communication. These are the Alice*-Bob link and the
Alice*-Chloe link, which experience a combined loss of 38 dB and 41 dB,
respectively. The remaining link, Bob-Chloe, experiences no coexistence
and has a system loss of 23 dB.

Figure 4b shows the asymptotic SKR for each link over 2 hours. Since
Alices quantum channels are transmitted through extra components (CPL,
HCF, Demux, and Mux from Fig. 1) to facilitate the coexistence, this
increases the overall optical loss, which reduces the SKR. Therefore, the
Alice*-Bob andAlice*-Chloe links have ahigh loss, hence leading to a lower
SKR of 5.47 bps and 2.05 bps respectively, as shown in Table 2. In contrast,
with the significantly lower loss of the Bob-Chloe link, a SKR of 63 bps is
achieved.

The correlation histograms of each link can be seen in Fig. 4c. If
additional single photon counts were seen on the detectors from scattering
phenomena in the fibre, then an increased background of accidental
detectionswouldbe expected.As thebackground in these plots is of a similar
order to the peak of the histogram, we can conclude that only a negligible
contribution to the overall single photon counts is coming from scat-
tered light.

Fig. 3 | The spectral distribution of channels in the
coexisted HCF. Blue shows the distribution of
QuantumFlux andOrange shows the distribution of
Classical Communications channels. The black
arrow shows the spectral gap between the 10dB
bandwidth edge of the classical signal at 191.7 THz
and the quantum signal at 191.9 THz,with awidth of
142 GHz. The y-axis gives a representative power,
relative to the maximum of the given signal type.
Classical light wasmeasured using the given channel
parameters Table 1. Photon flux spectrum is mea-
sured using ASE noise through exemplary wave-
length multiplexing technology.

Table 1 | Parameters for Coexistence Link

Parameters Value

Classical Channels

Number of Channels 4

Frequencies 191.40 THz, 191.50 THz, 191.60 THz,
191.70 THz,

Grid Spacing 100 GHz

Modulation Format 16-QAM

Optical Signal-to-Noise
Ratio (OSNR)

20 dB

Transmission rate per channel 200 Gbps

Total transmission rate 800 Gbps

Pre-FEC Level 15%

Detector sensitivity* -26 dBm

Alice Quantum Channels

Number of Channels 3

Frequencies 191.90 THz,192.00 THz, 192.10 THz,

*Corresponding to 16-QAM Modulation @200 Gbps.
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4-user network
Figure 5 shows network topologies explored in this section. Figure 5a shows
the logical topology of the entanglement links between users in the network.
A full mesh 4-user network has 6 links, requiring 12 wavelengths (6
entangled pairs). Each user then receives 3 quantum channels, each using a
different wavelength sharing entanglement with another wavelength. A
coloured line in the logical topology defines a quantum link, where one
channel in a pair is distributed to one party, and the corresponding channel
goes to another party. These channels are then distributed over fibre links
shown in Fig. 5b, to produce the logical-topology shown in Fig. 5a.

Figure 6 shows experimental results of the entanglement network,
where the coexisted classical channels to Alice* are switched on and off
every hour, testing over 55 hours. Each data point is the average over 1 hour
of data,Alice* receiving coexisted light is representedbydots,with the linear
fit a solid line, and data where no coexisted light is present is shown with a
star symbol of a darker tone, with a dashed linear fit. Links with no coex-
istence can be seen in Fig. 6a. This shows that the linear fits of both sets of
data (withcoexistence onandoff) exhibit the same linearfitting,with a slight
downwards trend over the 55 hours. This downward trend in SKR comes
from a slow power drift of the pump laser over the course of the 55 hours.

Each linkwith coexisted classical channels shows a reduction in the SKR
between the classical channels being turned on and turned off, as shown in
Table 3b–d. This SKR drop is caused by an increase in the QBER of 1.5–2%
per link, due to an extra ≈ 2000 single-photon counts per second (cps) noise
seen on the single photon detectors of Alice*. The correlation histograms of
the three entanglement links with Alice* are shown in Fig. 6e–g. The dashed
lines show the expected accidental coincidence counts from the single photon
detections at the two users. This increase in the background reduces the
visibility of each histogram, as shown in Table 3.We can also see the stability
of the background in a link without coexistence in Fig. 6h.

In sucha system, there are3maincausesof accidental photondetections.
These are, ambient noise counts, Raman scattered light, and cross-talk after

wavelength-division filtering. As we can see the additional counts only when
the classical channels are activated and as there is no effect on the background
seen in Fig. 6h, we can eliminate the ambient noise counts component. Using
Equation (2), we can calculate the expected Raman contribution for the short
lengths of SMF that is present in the link. Between the CPL and the Demux,
shown inFig. 1a, there is appropriately 1mofSMFpresent.Thiswould lead to
≈ 700 cps of Raman scattered photons are the quantum measurement of
Alice*. This leaves some ≈ 1400 cps at Alice* beyond the expected Raman
noise. We would expect this to be caused by insufficient wavelength filtering
isolation on the Demux and Mux in Alice* in Fig. 1.

Separately, there is a reduction in SKR across all links in the entan-
glement network, between the 3-user and 4-user demonstrations. This
reduction comes from a reduction in the pumping power of the entangle-
ment source and a small contribution to the polarisation compensation
gradually became suboptimal at the time of data collection, over 55 hours.
This can be seen by comparing the SKR andQBER values with background
subtraction and without such corrections. Typically, background subtrac-
tion is not performed, but for link analysis it can be used tofind causes of the
increasedQBER. Table 4 shows that theQBERvalues for all links are higher
in the 4-user demonstration for both the background-subtracted and
background included data compared to 3-user network. It would be

Table 2 | Statistics for the 3-user entanglement network

Link SKR, bps QBER, %

Alice*-Bob 5.47 5.0 ± 0.4

Alice*-Chloe 2.05 5.5 ± 0.6

Bob-Chloe 63.0 5.6 ± 0.6

The error on the QBER is Poissonian error from the temporal cross-correlation data.
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expected that the background-subtracted QBER would remain the same if
the increasedQBERwas only from the additional photon detections. Of the
three links that are present in both the 3-user and 4-user demonstrations,
only the Bob-Chloe link has similar background subtracted QBER. This
suggests that the contributions to the increasedQBERdonot come from the
entanglement source, but instead come from the polarisation neutralisation
of the fibre links to Alice and Dave.

Comparing the Bob-Chloe link between the 3-user and 4-user cases we
see a reduction of the SKR from 72 bps to 9.8 bps, showing a ≈ 7 times
reduction in SKR. This significant reduction in the SKR would not be seen
fromonly the increasedQBER, from4.1%to4.9%, butwould come from the
reduction in source pumping powerwith single photon detections from183

kcps to 61 kcps per received channel at Bob, and from 106 kcps to 40 kcps
per received channel at Bob. This ≈ 65% reduction in the single photon
counts, along with a decreased signal-to-noise ratio, by an additional
quantum channel for all users for the 4-user network scenario, would result
in a significant reduction in the SKR. This effect would be expected for all
quantum channels in the network, and a reduction in SKR across the net-
work is expected.

The effect of Raman scattering
Following Sec. 2.5 we can analyse the effect of Raman scattered noise, in the
situation where the HCF is replaced with a typical SMF fibre (Corning,
Corning®SMF-28®UltraOptical Fibre (2021). PI-1424,Available at https://

Bob-Chloe Bob-Dave Chloe-Dave

on on on

off off off

SMF
SMF

SMF

Fig. 6 | The 4-user network data, with a total of 6 entanglement links. a–d shows
the secret key rate (SKR) of the links over a 55 hour run. Dots show when coexisted
classical light is present, and stars show when coexisted classical light being turned
off. Solid lines show the linear fit of the coexisted SKR, and dashed lines show the
linear fit of the SKR with no coexisted light. a shows the SKR of the three links with
no-coexisting light, specifically between Bob, Chloe, and Dave. b, c and d show the
SKR of the Alice*-Bob, Alice*-Chloe, and Alice*-Dave links respectively. e–h shows

example correlation histograms for links in the entanglement network, where the
correlation value is given per 10 ps bin. Blue lines show data from when classical
channels are on, and orange show when coexistence was off. Dashed lines shows the
accidental correlation background calculated from the single photon detection rates.
The black dashed line shows the accidental correlation rate if the HCFwere replaced
with a standard SMF fibre of the same length.
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www.corning.com/media/worldwide/coc/documents/Fiber/product-
information-sheets/PI-1424-AEN.pdf), with additional loss of the HCF
added as a loss after this opticalfibre.Here, wewould expect the addednoise
to increase the total rate of photon detections to increased to ≈ 280 kcps for
the Alice* measurement system. The expected accidental coincidence rate
would then become 0.4 coincidences per second per bin for the Alice*-Bob
link. This is an increase from 0.0075 accidental coincidences per second per
bin, an increase of 2 orders ofmagnitude. Using SMF instead ofHCFwould
immediately prevent any secure key from being generated on this entan-
glement link, reducing the visibility of the signal from the background from
94.3% (91.2%) without (with) coexisted classical light through HCF to
14.4% with coexisted classical light through SMF. This accidental correla-
tion background can be seen in Fig. 6e–g.

Conclusion
We present the distribution of polarisation-entangled photons over an 11.5
km long HCF in a 4-user fully connected entanglement-based quantum
network.We also demonstrate a 4-user (3-user) entanglement networkwith
coexistence of three (two) quantum channels and four 200 Gbps classical
channels over the sameHCF, with a channel separation of 1.6 nm. The Bell
state fidelity of >80%, is sufficient for efficient QKD key generation that we
performbetween the three users. In the 3-user network, the three users had a
similarQBERvalue of≈ 5.5% for both coexistence (A, B) and (A,C) andno-
coexistence (B, C) links, affirming the advantage of HCF for the quantum
and classical light coexistence scheme. When expanding to the 4-user
interconnection, the network can still execute the BBM92 protocol and
generate a secure key. However, the QBER on all pre-existing links was
increased when compared the the 3-user network. TheQBER increases due
to a reduced signal-to-noise ratio with a reduction in the pumppower of the

entanglement source, with only a ≈ 3% decrease in background-subtracted
Bell state fidelity between all links in Table 4.

This shows that entanglement distribution quantum networking is
compatible with HCF, with many users connected simultaneously with a
fully-connected topology. Newer generations of the same HCF technology
have begun to demonstrate losses lower than available Ultra Low Loss solid
core SMF. This makes HCF the ideal candidate for future quantum net-
works. With constant improvements of HCF, entanglement networks can
be connected over longer distanceswith coexistenceon all links, allowing for
true heterogeneous quantum-classical networking.

Data availability
Data files and Python code are available at the University of Bristol data
repository, data.bris.ac.uk, at https://doi.org/10.5523/bris.61193flfovbn
2puknndsr3qm5. Raw data files consisting of time tag data may be avail-
able on request from the contact author, due to the file sizes of the raw single
photon count data sets. The available code is used to take theCSV summary
data to produce all plots in this article. Code is provided that shows how the
SKRandQBERof the entanglement links are produced from the correlation
histogram data. Full data analysis code is not provided, but may be made
available on request.

Received: 29 July 2025; Accepted: 6 October 2025;

References
1. Cao, Y. et al. The evolution of quantum key distribution networks: On

the road to the qinternet. IEEE Commun. Surv. Tutor. 24, 839–894
(2022).

2. Mehic, M. et al. Quantum key distribution: A networking perspective.
ACM Comput. Surv. 53, 1–41 (2020).

3. Chapuran, T. et al. Optical networking for quantum key distribution
and quantum communications. N. J. Phys. 11, 105001 (2009).

4. Wengerowsky, S., Joshi, S. K., Steinlechner, F., Hübel, H. & Ursin, R.
An entanglement-based wavelength-multiplexed quantum
communication network. Nature 564, 225–228 (2018).

5. Joshi, S. K. et al. A trusted node–free eight-user metropolitan
quantum communication network. Sci. Adv. 6, eaba0959 (2020).

6. Wang, R. et al. A dynamic multi-protocol entanglement distribution
quantumnetwork. In 2022Optical Fiber CommunicationsConference
and Exhibition (OFC), 1–3 (IEEE, 2022).

7. Ekert, A. K. Quantum cryptography based on Bell’s theorem. Phys.
Rev. Lett. 67, 661 (1991).

8. Bennett, C. H., Brassard, G. & Mermin, N. D. Quantum cryptography
without Bell’s theorem. Phys. Rev. Lett. 68, 557 (1992).

9. Zapatero, V. et al. Advances in device-independent quantum key
distribution. npj quantum Inf. 9, 10 (2023).

10. Wehner, S., Elkouss, D. & Hanson, R. Quantum internet: A vision for
the road ahead. Science 362, eaam9288 (2018).

11. Sharma, P., Agrawal, A., Bhatia, V., Prakash, S. & Mishra, A. K.
Quantum key distribution secured optical networks: A survey. IEEE
Open J. Commun. Soc. 2, 2049–2083 (2021).

12. Dou, T. et al. Coexistence of 11 tbps (110×100 gbps) classical optical
communication and quantum key distribution based on single-mode
fiber. Opt. Express 32, 28356–28369 (2024).

13. Subacius, D., Zavriyev, A. & Trifonov, A. Backscattering limitation for
fiber-optic quantum key distribution systems. Appl. Phys. Lett. 86,
011103 (2005).

14. da Silva, T. F., Xavier, G. B., Temporão, G. P. & von der Weid, J. P.
Impact of Raman scattered noise from multiple telecom channels on
fiber-optic quantum key distribution systems. J. Lightwave Technol.
32, 2332–2339 (2014).

15. Eraerds, P., Walenta, N., Legré, M., Gisin, N. & Zbinden, H. Quantum
key distribution and 1 Gbps data encryption over a single fibre. N. J.
Phys. 12, 063027 (2010).

Table 3 | Statistics for the 4-user entanglement network

Coexistence on Coexistence off

Link SKR, bps QBER SKR, bps QBER

Alice*-Bob 0.70 6.6 ± 0.4 0.93 5.1 ± 0.3

Alice*-Chloe 0.11 8.8 ± 0.8 0.25 6.7 ± 0.6

Alice*-Dave 0.053 10 ± 0.8 0.20 8.5 ± 0.6

Bob-Chloe 9.8 6.1 ± 0.1 9.5 6.0 ± 0.1

Bob-Dave 16 7.0 ± 0.1 16 6.8 ± 0.1

Chloe-Dave 9.8 7.3 ± 0.1 12 6.6 ± 0.1

The error on the QBER is Poissonian error from the temporal cross-correlation data.

Table 4 | The QBER value for the 3-user and 4-user network
experiment with a fixed 100ps bin in the correlation histogram

Background included Background subtracted

Link Visibility QBER Visibility QBER

3-user demonstration

Alice*-Bob 92.3% 3.9% 95.5% 2.3%

Alice*-Chloe 90.6% 4.7% 94.8% 2.6%

Bob-Chloe 91.9% 4.1% 95.1% 2.4%

4-user demonstration

Alice*-Bob 86.4% 6.8% 92.8% 3.6%

Alice*-Chloe 82.7% 8.6% 92.2% 3.9%

Alice*-Dave 79.7% 10.1% 87.6% 6.2%

Bob-Chloe 90.3% 4.9% 95.5% 2.2%

Bob-Dave 87.7% 6.1% 91.9% 4.1%

Chloe-Dave 86.8% 6.6% 90.4% 4.8%

https://doi.org/10.1038/s41534-025-01125-7 Article

npj Quantum Information |          (2025) 11:181 7

https://www.corning.com/media/worldwide/coc/documents/Fiber/product-information-sheets/PI-1424-AEN.pdf
https://www.corning.com/media/worldwide/coc/documents/Fiber/product-information-sheets/PI-1424-AEN.pdf
https://doi.org/10.5523/bris.61193flfovbn2puknndsr3qm5
https://doi.org/10.5523/bris.61193flfovbn2puknndsr3qm5
www.nature.com/npjqi


16. Fan, Y.-R. et al. Energy-time entanglement coexisting with fiber-
optical communication in the telecom C-band. Phys. Rev. A 108,
L020601 (2023).

17. Thomas, J. M., Kanter, G. S., Eastman, E. M., Lee, K. F. & Kumar, P.
Entanglement distribution in installed fiber with coexisting classical
light for quantum network applications. In 2022 Optical Fiber
Communications Conference and Exhibition (OFC), 1–3 (IEEE, 2022).

18. Peters, N. et al. Dense wavelength multiplexing of 1550 nm qkd with
strong classical channels in reconfigurable networking environments.
N. J. Phys. 11, 045012 (2009).

19. Poletti, F. Nested antiresonant nodeless hollow core fiber. Opt.
Express 22, 23807–23828 (2014).

20. Gao, S.-f et al. Hollow-core conjoined-tube negative-curvature fibre
with ultralow loss. Nat. Commun. 9, 2828 (2018).

21. Chen,Y. et al. Hollowcorednanf opticalfiberwith <0.11db/km loss. In
Optical FiberCommunicationConference (OFC) 2024, Th4A.8 (Optica
Publishing Group, 2024). https://opg.optica.org/abstract.cfm?URI=
OFC-2024-Th4A.8.

22. Nespola, A. et al. Transmission of 61 c-band channels over a record
distance of hollow-core-fiber with l-band interferers. J. Lightwave
Technol. 39, 813–820 (2021).

23. Borzycki, K. & Osuch, T. Hollow-core optical fibers for
telecommunications and data transmission.Appl. Sci. 13, 10699 (2023).

24. Honz, F. et al. First demonstration of 25λ ×10gb/s c+ l band classical/
dv-qkd co-existence over single bidirectional fiber link. J. Lightwave
Technol. (2023).

25. Alia,O. et al. Dv-qkdcoexistencewith 1.6 tbpsclassical channelsover
hollow core fibre. J. Lightwave Technol. 40, 5522–5529 (2022).

26. Trenti, A. et al. High fidelity distribution of telecom polarization
entangled photons through a 7.7 km antiresonant hollow-core fiber.
IEEE J. Sel. Top. Quantum Electron. 30, 1–8 (2024).

27. Chen, X. et al. High-fidelity, low-latency polarization quantum state
transmissions over a hollow-core conjoined-tube fiber at around 800
nm. Photon. Res. 9, 460–470 (2021).

28. Antesberger, M. et al. Distribution of telecom entangled photons
through a 7.7 km antiresonant hollow-core fiber. Opt. Quantum 2,
173–180 (2024).

29. Nespola, A. et al. Ultra-long-haulwdmtransmission in a reduced inter-
modal interference nanf hollow-core fiber. In Optical Fiber
CommunicationConference, F3B–5 (Optica PublishingGroup, 2021).

30. Clark, M. J.Quantum Networking Through Polarisation Entanglement
Distribution. Ph.D. thesis, University of Bristol (2024).

31. Nejabati, R., Wang, R., Kanellos, G. T. & Simeonidou, D. Optical
network architecture supporting dynamic and end-to-end quantum
secure networking. In 2021 European Conference on Optical
Communication (ECOC), 1–4 (2021).

32. Bahrani, S., Elmabrok, O., Lorenzo, G. C. & Razavi, M. Resource
optimization in quantum access networks. In ICASSP 2019-2019
IEEE International Conference on Acoustics, Speech and Signal
Processing (ICASSP), 7988–7992 (IEEE, 2019).

33. Tessinari,R.S.etal. Towardsco-existenceof100gbpsclassical channel
within a WDM quantum entanglement network. In 2021 Optical Fiber
Communications Conference and Exhibition (OFC), 1–3 (IEEE, 2021).

34. Bahrani, S., Razavi,M. &Salehi, J. A. Optimal wavelength allocation in
hybrid quantum-classical networks. In 2016 24th European Signal
Processing Conference (EUSIPCO), 483–487 (2016).

Acknowledgements
We are grateful to Dr John R. Hayes for invaluable assistance in the
fabrication of the hollow-core fibres used in thiswork. Thisworkwas funded
by EU Horizon 2020 funded project UNIQORN (820474) and the EPSRC
AirguidePhotonicsCollaborationFundAward (ref: 517129) (EP/P030181/1).
Part of the research leading to thisworkhasbeensupportedby theQuantum
CommunicationHub fundedby the EPSRCgrant ref. EP/T001011/1 and the
ERC LightPipe project (grant n◦ 682724). We also acknowledge the support
of EP/Z533208/1 and EP/X039439/1 from EPSRC.

Author contributions
O.A. constructed the coexistence test-bed and characterised the system.
O.A. and R.W. constructed the q-ROADM used in the test-bed. M.J.C. pro-
duced the entangled photon pair source, maintained the quantummeasure-
mentdevices, collected theexperimental data,producedcontrol codeused in
the system, and performed data analysis for the project. S.B. assisted in the
setup of the quantum network. G.T.J., H.S., P.P., and F.P. produced the
hollow core fibre used in the test-bed. J.R., R.N., S.K.J., R.W., and D.S. pro-
vided supervision of the project. O.A. and M.J.C. were major contributors in
writing themanuscript.M.J.C.preparedallfiguresand tables.M.J.C.prepared
the data and code repository for reader access. This manuscript was sig-
nificantly improved by the detailed feedback from S.B., P.P., F.P., J.R., S.KJ,
and R.W. All authors read and approved the final manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to
Marcus J. Clark, Siddarth K. Joshi or Rui Wang.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’snoteSpringerNature remainsneutralwith regard to jurisdictional
claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in anymedium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article’sCreativeCommons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

https://doi.org/10.1038/s41534-025-01125-7 Article

npj Quantum Information |          (2025) 11:181 8

https://opg.optica.org/abstract.cfm?URI=OFC-2024-Th4A.8
https://opg.optica.org/abstract.cfm?URI=OFC-2024-Th4A.8
https://opg.optica.org/abstract.cfm?URI=OFC-2024-Th4A.8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
www.nature.com/npjqi

	Coexistence of entanglement-based quantum channels with DWDM classical channels over hollow core fibre in a four node quantum communication network
	Experimental system setup
	The quantum network
	The classical communications
	The hollow core fibre
	Coexistence
	Raman Scattering

	Experimental results
	3-user network
	4-user network
	The effect of Raman scattering

	Conclusion
	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




