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Abstract: The future quantum internet will leverage existing communication infrastructures, includ-
ing deployed optical fibre networks, to enable novel applications that outperform current information
technology. In this scenario, we perform a feasibility study of quantum communications over an
industrial 224 km submarine optical fibre link deployed between Southport in the United Kingdom
(UK) and Portrane in the Republic of Ireland (IE). With a characterisation of phase drift, polarisation
stability and the arrival time of entangled photons, we demonstrate the suitability of the link to
enable international UK-IE quantum communications for the first time.

Keywords: quantum key distribution; QKD feasibility study; submarine fibre channel; optical phase
drift; polarisation stability; quantum bit error rate; quantum entanglement

1. Introduction

Quantum key distribution (QKD) [1-4] aims to enable confidential communications
with security guaranteed by the laws of physics, even in the presence of an eavesdropper
with superior computational ability. Its most common implementation utilises fibre optical
channels with C-band light carrying information encoded in polarisation [5] or optical
phase [6]. The former degree of freedom is advantageous due to the ease of establishing
and maintaining a stable reference between the parties [7,8], even with passive transmit-
ters [9]. The latter enables beneficial rate-distance scaling via ‘twin-field” (TF) QKD [10]
and has led to a sequence of QKD demonstrations over record-breaking distances in recent
years [11-14], overcoming the secret key capacity of a point-to-point lossy channel [15].
QKD can also be achieved by the distribution of entanglement between distant users, fol-
lowed by local measurements [16,17]. In addition to QKD, entanglement is a fundamental
resource for other quantum information protocols, e.g., quantum teleportation [18-20].

To date, there have been several QKD field trials on deployed fibre infrastructure
worldwide [21-28], although only a limited number demonstrate long-distance inter-
national quantum communications [29]. Within these, only one submarine fibre-based
communication link [30-32] has been reported on, so undersea optical fibres still represent
a largely unexplored scenario. The longest geographical distance achieved in submarine
fibre so far, between Italy and Malta, is of around 96 km [30,32] or 192 km in a loop-back
configuration [31].

In this work, we perform a series of experiments to assess the suitability of a 224 km
submarine fibre link for quantum communication protocols. The link, denominated ‘Rock-
abill’, has been deployed by the company euNetworks [33] between their cable landing
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stations (CLSs) in Southport (UK) and Portrane (IE). It features low loss (0.17 dB/km on
average) to enable classical communications between the two endpoints without resorting
to intermediate optical repeaters, and low latency to serve time-hungry customers, e.g.,
from the financial sector. Hence, the Rockabill link is a natural candidate to connect the UK
and IE via quantum communications. However, this requires experimental verification, to
rule out the uncertainty entailed by prior simulations, as reported below.

To this end, we perform a number of tests to characterise the UK-IE channel for quan-
tum communications. We first carry out a measurement of the relative phase drift between
two paired fibres in the channel. This is the relevant degree of freedom in applications like
TF-QKD and time—frequency reference dissemination [34]. Secondly, we characterise the
impact of polarisation drift on the quantum bit error rate (QBER) of a proof-of-concept
prepare-and-measure polarisation-based QKD setup operating at the single photon level.
Polarisation drift, inherent to optical fibres, leads to increased QBER and necessitates the
periodic realignment of the system. We explore the timescales over which polarisation is
sufficiently stable and attempt to gain insights into the origins of the most prominent noise
features. Finally, we demonstrate the coincidence measurements of photon pairs generated
by a compact commercial entangled photon source [35] in the presence of significant chan-
nel noise, which is an important step towards the distribution of entanglement over the full
length of the optical link, 448 km (2 x 224 km).

With the combination of these experiments, we report a unique in-the-field feasibility
study with wide-ranging implications for a variety of quantum communication protocols,
particularly QKD.

2. Materials and Methods
2.1. The Rockabill Link

In this work, we utilise two equivalent fibre pairs (identified as channels 39 and 40; and
59 and 60) in the above-described submarine Rockabill link. Geographic and diagrammatic
representations of the link are provided in Figure 1.

The fibres under test are routed in a bundle containing several active telecommuni-
cation fibres carrying high-intensity signals. The link has a length of 224 km and a total
effective loss per fibre of 38.1-38.7 dB, which equates to a remarkably low average attenua-
tion per kilometre of approximately 0.17 dB/km. Despite this low loss coefficient of the
fibres, operating at the single photon level across such high channel attenuation is chal-
lenging with infrared single-photon avalanche detectors (SPADs), due to the low detection
efficiencies and high dark counts, unless special features are applied to the detectors [36].

In contrast, a superconducting nanowire single-photon detector (SNSPD) system offers
a much higher detection efficiency and low dark counts at the expense of a larger footprint.
We therefore set up an SNSPD system (ID281 from IDQ [37]) in Southport and use two
detector channels with detection efficiencies of 93.0% and 90.5%, and dark count rates of
less than 70 Hz per channel.

For a number of optimisation procedures required for these experiments, the detection
and actuation equipment are on the opposite sides of the fibre link. To enable these remote
processes, we utilise a lightweight asynchronous web server to bridge between Portrane
and Southport. In principle, classical communication could be performed via conventional
data signals sent over the fibre link itself. However, this would introduce noise into the
measurements due to scattering effects from bright multiplexed signals, thus making the
option of a separate server preferable.
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Figure 1. Field trial and experimental setup. (a) Geographic representation and (b) satellite image of
the field trial. The ‘Rockabill” link deployed by the company euNetworks [33] is drawn as an orange
line with endpoints in the cable landing stations (CLSs) of Portrane, IE, and Southport, UK. The
blue dot in the top panel denotes the University of York (UoY). The whole experimental setup and
its subsystems, including the SNSPDs, were moved from the UoY to the two CLSs to perform the
feasibility tests. (c—e) Subsystems of the experimental setup to characterise the optical phase (top),
polarisation (middle), and entangled photon pair distribution (bottom) across the UK-IE link. Map
data courtesy of GHSSG, Esri, Maxar, Earthstar Geographics, and the GIS User Community.

2.2. Loss and Noise Characterisation

An extensive attenuation and reflection characterisation of the submarine fibre channel
had been provided to us by euNetworks for the channels 39 and 40, stating 38.65 and
38.14 dB as the channel insertion losses, respectively. We verify the combined loss figure
for both channels ourselves by connecting the two fibre outputs in Portrane, effectively
creating a loop from Southport back on itself. In this loop-back configuration, we send
10 mW of light from a laser into the first fibre, which is looped back into a second fibre and
measured on an optical power metre, showing a total loss of 76 dB. For the other pair of
channels 59 and 60, no prior characterisation was available. We determine the insertion
loss by sending 5 mW of light from Portrane through the fibres and measuring the output
at Southport. This gives us an estimation of 38.2 and 38.6 dB loss for the channels 59 and
60, respectively, comparable to the attenuation of the other fibre pair.

In addition to losses, the presence of bright active fibres in the same bundle as our
experimental fibre leads to significant cross talk in the channels and consequently an
unexpectedly high noise floor. We perform a number of tests to characterise the source
of noise and its influence on the quantum signals. During these tests, the entrance to
the channels in Portrane are terminated, and different instruments are connected in the
darkened CLS in Southport to investigate the light arriving there.

Firstly, we record a 12 h-long overnight measurement of the single photon count rate
on a single channel using a SPAD. The measurement includes sunset as well as sunrise
and shows a remarkable long-term stability of the noise amplitude (standard deviation
< 0.5%). Next, we perform a coarse and a fine sweep of the noise wavelength spectrum
using a tuneable optical wavelength filter directly before the SNSPD, at bandwidths of 125
and 100 GHz. The results of the coarse sweep for two selected channels can be seen in the



Entropy 2023, 25, 1572

40f13

inset to Figure 6. The spectrum is not indicative of a typical scattering process or thermal
emission; instead, it resembles a convolution of several peaks of varying amplitude and
width. This test also serves to exclude the possibility that stray light enters the exposed
fibre within the CLS itself, since disconnecting the fibre channel from the measurement
setup, while leaving all the other fibres in place, removes all counts on the SNSPD apart
from the typical 70 Hz detector dark counts (see grey line in Figure 6 inset). Furthermore, a
quick investigation using a manual polarisation controller followed by a linear polariser
shows that the noise in its entirety does not have a preferred polarisation orientation,
whereas individual peaks isolated with the tuneable optical filter can be found to be at least
partially polarised.

Combining the above results leads us to the conclusion that the noise is indeed caused
by stray photons from other active fibres entering our channels under test, most likely from
the back-reflection of bright signals leaking into the tested channels close to the detection
setup in Southport. We find such a background to be present in all channels arriving at the
CLS, but its magnitude varies significantly from channel to channel, most likely depending
on physical proximity to the most active fibres. For the two fibre pairs used in this work,
we measure the count rates ranging from 120 kHz to 410 kHz when permitting the entire
spectrum to the SNSPD. Introducing optical filters in the order of a 1 nm bandwidth
significantly mitigates this noise and makes our quantum measurements possible. Effective
dark counts for the single-photon experiments reported here range from 90 Hz to as high
as 2.2 kHz, depending on the chosen central wavelength of the filters utilised.

2.3. Optical Phase Characterisation

For the first experiment, a 1 kHz linewidth laser at 1550 nm is coupled into the
fibre pair via a 50:50 beamsplitter in Portrane, as shown in Figure 1c. One output of the
beamsplitter (arm 1) is connected to the channel via an electronic polarisation controller
(EPC1) and both outputs have an electrical variable optical attenuator (EVOA) used to
enable polarisation alignment. In Southport, the channel that is not connected via EPC1
in Portrane (arm 2) enters an identical EPC (EPC2). Both arms then pass through linear
polarisers before interfering on a beamsplitter. The beamsplitter outputs are measured on
high-sensitivity photodiodes at a sampling rate of 2 MS/s.

Before running an acquisition, polarisation is aligned to optimise the interference
visibility. A gradient descent algorithm maximises the power on the photodiodes in the
absence of interference, after fully attenuating the light from the complementary arm. This
process is performed individually and sequentially per channel using the EPCs.

A similar process is used to obtain the detector noise shown in Figure 2b; with one
arm fully attenuated and polarisation aligned, an acquisition is run in the absence of any
interference and thus without phase noise from the channel.

2.4. Polarisation Characterisation

In order to characterise the impact of channel polarisation drift on the QBER, the setup
is modified to only include a single fibre in the undersea channel. Known polarisation
states are prepared at the transmitter using EPC1 and a polarimeter, connected to the now
vacant end of the 50:50 beamsplitter. The desired polarisation state is attained through
a gradient descent algorithm. Polarisation alignment between Southport (receiver) and
Portrane (transmitter) is performed by preparing a horizontal state at Portrane and then
maximising the extinction ratio of the optical power at the two outputs of the polarising
beamsplitter (PBS) in Southport using EPC2. This process is performed with classical
light with an optical power in the order of hundreds of nanowatts. Once alignment is
complete, the desired state for each measurement can be prepared in Portrane based on the
polarimeter reading.

Both state preparation and alignment introduce experimental errors due to the rel-
atively high tolerance in the alignment algorithms, which is made necessary by the low
voltage granularity that the EPCs can be addressed with. In the case of state preparation, the
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alignment algorithm terminates once the prepared state is less than 3° (0.05 rad) away from
the target state on the Poincaré sphere as measured by the polarimeter. For the detector
alignment, the extinction ratio between the two outputs of the PBS is 25 dB, which would
ideally generate a base QBER of ~0.3%. However, based on the observed performance of
the EPCs, achieving such an alighment requires running the optimisation for a long time.
We limit the execution time of the gradient descent algorithm to less than a minute, which
returns an average base QBER of ~1.6%, still well within the tolerance of QKD.

Firstly, we characterise the long-term polarisation drift over the course of nearly 14 h
using classical photodetectors.

In order to determine the channel’s QBER for the four polarisation states used in the
BB84 protocol, we attenuate the power launched into the channel to the single photon level
after alignment. In this regime, the continuous wave laser light is set to 128 pW, which
is equivalent in power to sending single photon pulses of exactly ; = 1 at a repetition
rate of 1 GHz. Our laser is attenuated via a series of electrical variable optical attenuators
(EVOAS) to achieve the desired launch power for y = 1, whilst the output power of the
laser itself is regulated via an internal feedback system. We obtain the true power launched
into the channel by measuring the attenuation of each EVOA and the optical power directly
before the final EVOA. Additional measurements at a fraction of single photon power are
also performed to explore amplitude-varied state generation in relation to the decoy states
technique [38-40].

After the desired optical power is achieved, polarisation-maintaining micro-
electromechanical system (MEMS) optical switches are used to redirect the light from
the classical detectors to the SNSPD channels. The two SNSPD channels are connected to a
time tagger, which records the single photon count rates for 300 s per measurement.

2.5. Distribution of Photon Pairs Characterisation

In this feasibility test, we explore the channel’s capability to distribute photon pairs
produced by a compact source of entangled photon pairs (EPS, OZ Optics ‘Ruby’). For this,
we adopt a subsystem of the setup where the laser of the previous test is replaced by the
EPS with outputs connected to two parallel, although distinct, fibres of the UK-IE channel.

Photon pairs are launched from the Portrane CLS into two 224 km fibres towards
the Southport CLS, where they are detected with the SNSPDs connected to a time tagger.
From the time tags, we reconstruct the photons” arrival times and identify single and
coincidence counts.

The EPS produces polarisation-entangled photon pairs, created via spontaneous para-
metric downconversion (SPDC) in an auto-balanced displacement interferometer [41]. The
interferometer consists of two 20 mm-long type-0 phase-matched periodically poled lithium
niobate (PPLN) crystals, pumped by a 780 nm continuous wave laser at a maximum power
of 4.4 mW. Signal and idler single photons are created in the maximally entangled Bell
state |®F) = (|HH) + |VV))/+/2 with an entanglement fidelity >98%. The source’s wave-
length spectrum exhibits a full width at half-maximum of approximately 60 nm, centred
around 1560 nm. Energy conservation requirements dictate that the entangled photons are
correlated in wavelength and equidistant from 1560 nm, in this case with the idler and the
signal at higher and lower wavelengths, respectively.

In Southport, optical filters centred at 1550.1 nm and 1569.3 nm with equal pass bands
of A = 1.39 nm are used to isolate entangled pairs. This both reduces the time-of-flight-
induced broadening of our measured photon arrival times due to chromatic dispersion
and combats the cross talk in the channel. Note that the idler side experiences roughly
5 dB of additional attenuation compared to the signal channel due to a high-insertion-loss
optical filter, which is reflected in the detected count rate. We take advantage of the fact
that the noise spectrum has a minimum of approximately 1570 nm for the idler detection,
which coincidentally puts the signal wavelength at the conventional telecom wavelength of
1550 nm. Even so, in this experiment the link noise is comparable to the signal amplitude,
as can be seen in Section 2.2.
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Since the SNSPD efficiency is polarisation-dependent, we also perform a polarisa-
tion alignment procedure to maximise the probability of detecting paired photons. This
procedure consists of blocking one half of the source interferometer to produce the non-
entangled two-photon state |¥) = |HH) and using manual polarisation controllers to align
this state to the SNSPD’s maximum efficiency state. Due to the very low absolute count
rates arriving in Southport, this optimisation cannot be reliably performed, which results
in small discrepancies between the two measurements taken here.

3. Results
3.1. Optical Phase Characterisation

The results of the relative phase drift measurement over the pair of fibres in the
Rockabill link are shown in Figure 2. Figure 2a shows a 0.5 s excerpt of the wrapped phase
drift of the fibre pair, with clear complementarity between the two lines, which correspond
to the two detectors at the outputs of the interfering beamsplitter. This is representative of
the first-order interference taking place over the whole channel length. The phase power
spectral density (PSD) of the phase drift over 96 s is plotted in Figure 2b, along with the
corresponding phase PSD of the detector in the absence of channel phase noise.

Both subplots show a consistent periodic phase fluctuation at a frequency of 100 Hz,
with a magnitude of a little under 7. Aside from this peak, and a smaller peak at around
125 Hz, the phase noise spectrum exhibits a roll-off between 10 Hz and 1 kHz, above
which frequency it quickly converges to the detector noise. This is around two orders of
magnitude lower in frequency than the typical upper limit of the absolute phase drift of
a fibre [42], a phenomenon that agrees with previously observed data and underlines the
attractiveness of submarine channels for QKD purposes.

These results are promising, as phase drifts at such low frequencies can easily be
compensated through various phase stabilisation techniques implemented in either hard-
ware [12,43] or software [42].
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Figure 2. Relative phase drift of the fibre pair 39 and 40 of the Rockabill link: (a) 0.5s of the phase
drift of the channel; and (b) power spectral density (PSD) of the phase noise of the channel (blue),
with detector noise (orange) plotted for comparison.

3.2. Polarisation Characterisation

The polarisation drift of the channel is shown in Figure 3.



Entropy 2023, 25, 1572

7 of 13

P A [\ NN

—— horizontal
— vertical

0o | N TsaRprY  rew e T T Y TV YT

20:00  22:00  00:00  02:00  04:00  06:00  08:00
time

normalised
intensity
o
(&)

Figure 3. The long-term polarisation drift of the channel over 14 h overnight.

The measurement was performed over the course of 14 h, between 19:35 on 5 July
2023 to 09:35 on 6 July 2023. From the figure, it is apparent that the data remain stable for
about 9 h, until approximately 04:30. These data allow us to approximately extract the
interference visibility and hence the QBER, with the latter being between 3.0% and 6.7%,
which falls well within the tolerance limits of QKD.

At around 04:30, the polarisation starts to drift markedly, possibly due to a singular
disruption in one of the CLSs (for example, a sudden change in the air conditioning). It is
important to note that the increase in small, almost periodic drifts in polarisation after 4:30
on a minute scale should not be traced back to increased external disturbances, but instead
represent the more obvious fluctuation in a non-rectilinear polarisation state. The later po-
larisation drift data return an approximate QBER above 10% and do not change significantly
for the remainder of the measurement. While this QBER is too large for the transmission of
a quantum key, it only occurs after approximately 9 h of unattended operations. It would be
straightforward to bring the polarisation back to its initial value by repeating the alignment
procedure. These data show a remarkable polarisation stability of the channel, which
is not uncommon in undersea fibres. The polarisation drift is also notably found to be
independent of the time of day, due to the CLS’s excellent optical isolation and temperature
regulation. Neither sunrise nor sunset at around 05:00 and 22:00, respectively, cause any
obvious changes in the polarisation nor in its drifting rate. Our measurement shows that
the alignment procedure would only need to be repeated on an hourly scale, which greatly
simplifies the implementation of future quantum communication protocols on this channel.

As explained in Section 2.4, after the first characterisation of the polarisation over
long timescales using bright light and sensitive power meters, we perform measurements
over 300 s with the intensity of light reduced to the single photon level and received by
single-photon detectors. This provides us with a more accurate QBER estimation, which
can be used to assess the suitability of the Rockabill link for QKD.

The results are reported in Figure 4, showing the measured count rates and QBER. In
Figure 4a-h, referring to the preparation and measurement of the polarisation basis H/V,
the photon flux decreases from left to right. Correspondingly, the count rates decrease and
QBER increases on average, as expected. The average QBER when p = 1 is 2.98 4= 0.54% for
a |H) preparation 1.55 £ 0.15% for a |V) preparation. Even with the lowest launch power,
u = 0.4, the average QBER is 4.26 £ 0.67% and 8.49 & 0.96% for the horizontal and vertical
polarisation states, respectively, which are within the expectations for a 224 km optical
fibre. In Figure 4f, there is a more pronounced fluctuation on the scale of minutes, which
we attribute to the free evolution of non-perfectly-aligned polarisation states at the ends of
the optical link.

To check the polarisation alignment between the four states of the BB84, we also
perform a measurement in the H/V basis after preparing the initial states in the D/ A
basis. The results are shown in Figure 4i,j for a photon flux y = 1. In the ideal case, the
QBER would be aligned around the 50% value. Our measured QBER is not far from this
condition, especially for the preparation of the |H) state (Figure 4i). In these diagrams, the
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polarisation fluctuations are more pronounced due to the complementarity of the bases,
which entails a linear dependence of the counts on the misalignment angle.
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Figure 4. Total count rates (blue) and QBER (red) for different quantum states prepared in Portrane,
as measured in Southport. Plots (a,c,e,g) correspond to a preparation of the state |H) measured in
the rectilinear basis H/V; plots (b,d,fh) are similar, but for the state |V). Plots (i,j) correspond to
the states D and A prepared, respectively, measured in the rectilinear basis H/ V. The first and last
columns were generated with photon flux y = 1, whereas columns 2—4 depict the states at i equal to
0.6, 0.5, and 0.4, respectively.

The values reported in Figure 4 for a varying photon flux can be used to experimentally
infer the asymptotic secret key rate (SKR) of a QKD system clocked at 1 GHz and running
the decoy-state BB84 protocol over the Rockabill link. Any combination of two single
photon intensities will result in a different SKR using the decoy-state method, which
presents an optimisation problem. After plugging the experimentally obtained values
of the photon flux, count rates, and QBER in the decoy-state equations [44], we obtain
a maximum SKR when signal and decoy states photon fluxes are equal to 0.6 and 0.5,
respectively. This corresponds to an SKR of 2.93 x 10~° bit/clock and is shown with an
orange diamond in Figure 5. It is expected that this SKR can be considerably improved by
further optimising the initial values of the photon flux. The optimisation should also lead
to a positive SKR in the more challenging finite-size scenario, which we leave for future
investigations.

Using u = 0.6 and the parameters of the Rockabill link, we also report a simulation
of the SKR for a variable distance between the end points Alice and Bob. The result is
given by the blue line in Figure 5. On one hand, it shows that the simulation matches our
experimental observation; on the other hand, it also shows how challenging the experiment
is and underlines the necessity to conduct an experimental test. The length of the Rockabill
link falls in the region where the SKR starts to roll over and goes to zero with a steep slope,
leading to a zero SKR at 233 km. This is only 9 km away from our experimental point. To
put this figure into context, it would suffice to add one additional beam splitter in Bob’s
setup to add 3 dB of loss to the channel and result in a SKR of zero.
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Figure 5. Simulation of the secret key rate (SKR, blue solid line) with the parameters of the UK-IE
field trial (inset) and our experimental point (orange empty diamond). The distance of the field trial
between Alice, in the Portrane CLS, and Bob, in the Southport CLS, is 224 km, which is only 9 km
shorter than the maximum distance providing a positive SKR (233 km). Parameters—#,;,;: detection
efficiency (SNSPD); 77.: efficiency of the receiver; pg,: dark counts; psrqy: background photons
from the channel; e, optical noise; y: mean photon number; f.,: clock rate of the simulated
system.

3.3. Photon Pair Distribution Characterisation

Using the entanglement distribution setup, described in Section 2.5 and Figure le, we
record two sets of data which accumulate single-photon detection events over 12 h each,
time tagged to a resolution of 1 ps with a combined instrument jitter of the order of 50 ps.
After traversing the submarine channels, the single count rates of each individual channel
are only a few hundred Hz above the background, resulting in a signal-to-noise ratio below
one for the noisier 1550.1 nm channel. Results are given for both sets, but only the better
aligned measurement is discussed in detail in the following.

In the better aligned measurement, the signal channel at 1550.1 nm records a single
count rate of 2703 Hz over a background rate of 2171 Hz, whereas the much lower noise
idler channel at 1569.3 nm produces a total count rate of 258 Hz over the 88 Hz background.

Figure 6 illustrates the difference in photon arrival times on both channels compared
to a common reference clock for the better aligned dataset. A fixed offset of 113 ns is
present due to minor channel length differences (mainly introduced by our instruments),
but the peak corresponding to the simultaneously produced pair of photons is clearly
visible. Based on the low pump power and high entanglement fidelity of our source, this
peak is expected to be made up of a vast majority of entangled photons and contributions
from multi-photon pairs are expected to be negligibly low.

Photon pairs can be identified in a coincidence window of 12 ns, which matches the
expected broadening through chromatic dispersion after 224 km. The observed number of
accidental photon coincidences corresponds to the statistically expected value based on
the individual count rates. The coincidences rise above this baseline with a coincidence
to an accidental ratio of 1.92 in the better aligned measurement and 1.80 in the other. The
presence of a clear peak in Figure 6 is promising and paves the way for future stronger
demonstrations of the entanglement distribution, ultimately prevented in this experiment
by the excessive noise described above. Solutions to further filter the noise and detect
entanglement on the same optical link are currently being vetted.
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Figure 6. Histogram of the time delays between consecutive photon detections at the end of the
two submarine channels. Pair photons from the EPS arrive with a fixed relative delay of 113 ns at a
signal-to-noise ratio of 1.92, computed over the indicated red 12 ns coincidence window. The green
lines indicates an exemplary coincidence window including only accidentals. The inlay shows the
typical spectrum of the stray photon noise present in the channel, with the dashed lines indicating
the wavelengths chosen for the EPS measurement.

4. Discussion

We planned, designed, and implemented an experimental campaign aimed at charac-
terising the suitability for quantum communications of the ‘Rockabill” submarine optical
link, deployed by the company euNetworks between Portrane, IE, and Southport, UK.
During the tests, we measured a continuous phase drift, reported in Figure 2, which is
significantly below the expected values for a typical optical fibre and in line with previous
observations of submarine fibre links. The reported phase variations are within the range
of common phase stabilisation techniques, promising the successful implementation of
phase-based QKD protocols.

The polarisation behaviour of the current link (Figure 3) is also promising for the
implementation of a polarisation-encoded BB84 QKD protocol. The polarisation remains
stable over the course of about 90 min. After this time, it is necessary to re-align the system
to assure continuous operation, which we consider straightforward given the long lapse
of time. Over this period of time, the QBER remains below 4.26% for the horizontal state
|H) and below 8.49% for the vertical state | V'), both of which are sufficiently low values for
the implementation of this QKD protocol. This makes it possible to extract a positive SKR
from the data using, in particular, the two y values 0.6 (signal state) and 0.5 (decoy state).
It is worth mentioning that other values of the photon flux, e.g., 1 for signals and 0.5 for
decoys, would not lead to a positive SKR, showing a non-trivial role played by the selected
parameters in the obtained results.

Lastly, we detected the presence of photons emitted by a source of polarisation-
entangled photons after a combined propagation distance of 448 km covered by the two
photons in separately deployed optical fibres. The photon pairs are identified with a
signal-to-noise ratio of at most 1.92 (Figure 6). This constitutes a step towards an ultra-long
fibre-based entanglement distribution, which so far has been performed over maximum
distances of 248 km in deployed fibre [29] and 300 km in a laboratory environment [45].
The investigated link has the potential to push these distance limits of entanglement QKD
in a future, more mature implementation. A number of measures can be taken to improve
the pair detection rate in order to enable the measurement of the polarisation entanglement.
This includes, but is not limited to, noise reduction, compensation for chromatic dispersion
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for improved temporal filtering, improved system alignment with a laser for optimised
detection, and the utilisation of the full EPS spectrum for improved source brightness.

5. Conclusions

The performed experiments highlight the excellent potential of the euNetworks 224 km
submarine optical fibre to connect the United Kingdom and Ireland via quantum com-
munications for the first time. Our results show that protocols ranging from QKD to
entanglement distribution, exploiting optical phase or polarisation for encoding, are feasi-
ble across the link if high-efficiency low-noise single-photon detectors are employed. These
preliminary experiments pave the way for others that are closer to a real-world implemen-
tation. Given the industrial nature of the link used in the present set of experiments, this
prospect is particularly desirable and is planned for the near future.
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