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Multicore fibers are expected to be a game-changer in the coming decades thanks to their intrinsic properties,
allowing a larger transmission bandwidth and a lower footprint in optical communications. In addition, multicore
fibers have recently been explored for quantum communication, attesting to their uniqueness in transporting
high-dimensional quantum states. However, investigations and experiments reported in literature have been car-
ried out in research laboratories, typically making use of short fiber links in controlled environments. Thus, the
possibility of using long-distance multicore fibers for quantum applications is still to be proven. We characterize
here for the first time, to the best of our knowledge, in terms of phase stability, multiple strands of a four-core
multicore fiber installed underground in the city of L’Aquila, with an overall fiber length up to about 25 km. In
this preliminary study, we investigate the possibility of using such an infrastructure to implement quantum-
enhanced schemes, such as high-dimensional quantum key distribution, quantum-based environmental sensors,
and more, in general, quantum communication protocols. © 2021 Chinese Laser Press

https://doi.org/10.1364/PRJ.425890

1. INTRODUCTION

Multicore fibers (MCFs), i.e., optical fibers with multiple cores
within the same cladding, are expected to be a game-changer in
the next generation of telecommunication infrastructures
[1–4]. In fact, MCFs present multiple advantages over standard
single-mode fibers, while maintaining, at the same time, a sim-
ilar performance in terms of optical loss [5,6]. Specifically,
MCFs constitute a promising candidate for the implementation
of space-division multiplexed transmission, and their standardi-
zation is taken into consideration. They present a lower foot-
print, which is of high importance in the deployment process,
e.g., in telecom data-centers, where the space is limited, and
they allow the use of a single amplifier for all the cores, reducing
the number of resources [7,8]. Furthermore, MCFs represent a
perfect match with photonic integrated circuits for multiple-in-
put-multiple-output applications and are expected to be widely
adopted in long-haul undersea connections [9]. Recently,
MCFs have also been tested for quantum communication
[10–17]. Thanks to their properties of low loss and small

crosstalk between the different cores, these fibers, which are
referred to as uncoupled-core MCFs, have been used for co-
propagating quantum and classical signals in different cores
[10] or in the same core [11,12] and also for transmitting
high-dimensional quantum states [13–17]. High-dimensional
quantum states, thanks to their intrinsic properties, allow for
a higher information capacity (useful in the case of a limited
photon budget or in the regime of saturating single-photon de-
tectors) and also exhibit higher robustness to the noise affecting
the quantum communication (which is critical in real-world
applications) [18]. However, the transmission of high-
dimensional quantum states over MCFs requires phase stability
between the different cores, since the quantum states are en-
coded in coherent superpositions of the cores of the fiber. In
fact, although the improved phase stability of a single MCF,
compared to a bundle of single-core fibers, was already dem-
onstrated over 2 km of a seven-core uncoupled fiber (in labo-
ratory environment), the phase stability of longer deployed
MCFs has not been tested so far [17,19,20].
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2. EXPERIMENTAL SETUP

In our experiment, we have used an optical test-bed infrastruc-
ture built in 2019 in the city of L’Aquila [4]. A single jelly-filled
loose-tube cable, with an outer diameter of 6 mm and a total
length of 6.29 km, has been deployed in a multi-service under-
ground tunnel with both ends accessible from the same loca-
tion. The cable accommodates three different kinds of MCFs
for a total of 18 strands: twelve are randomly coupled four-core
MCFs (RC-4CF), four are uncoupled four-core MCFs (UC-
4CF), and two are uncoupled eight-core MCFs (UC-8CF).
The first two kinds (RC-4CF and UC-4CF) are optimized for
the C-band window (1550 nm), while the latter (UC-8CF) is
optimized for the O-band window (1310 nm). All of the cores
in each strand are accessible via an optical patch panel. More
details are reported in the work by Hayashi and co-authors [4].
In our experiment, we focused on the UC-4CF strands.
Attenuation values in the range 0.201–0.246 dB/km have been
reported in Ref. [4] for the MCF we tested. Further character-
izations with respect to inter-core crosstalk [4] and time skew
[21,22] have also been carried out. All of the UC-4CF strands
are terminated by subscriber connector (SC) MCF pigtails on
both ends. This allows us to concatenate multiple strands, up to
a total MCF length of 25.16 km, or to access each core indi-
vidually by connecting the strand to a fan-in fan-out device,
that splits the four cores into four different single-mode fibers.

In order to adopt the MCF for quantum applications, an
efficient stabilization of the relative phase between all of the
different cores is required. Figure 1 shows the interferometric
scheme we have implemented to test the phase stability of the
UC-4CF. The output of a continuous wave laser emitting at
1550 nm has been injected into the common port of a
1 × 4 fiber beam-splitter (BS), represented by BS1×4 in Fig. 1.
After the BS, we have inserted three fiber-based polarization
controllers to correctly align the polarization inside the different
cores of the fiber. The output ports have been connected to the
four cores of a UC-4CF strand through the fan-in device. The
end of this strand can be connected directly to the last part of
the interferometric setup by using the fan-out kit, or to the
input of another UC-4CF strand. In this way, we can adjust
the overall interferometer length from 6.29 km to 25.16 km
by steps of 6.29 km. The four cores of the last connected
strand, after the fan-out kit, have been injected into the input

ports of two 2 × 2 BSs (BS1 and BS2 in Fig. 1). Thus, two in-
dependent two-path interferometers between cores 1 and 2 and
cores 3 and 4, respectively, have been realized. By monitoring
one output port of each interferometer, we can measure the
relative phase fluctuations between cores 1 and 2 and cores 3
and 4, as shown in Fig. 1. Moreover, by combining the remain-
ing output ports of the two-path interferometers via a third
2 × 2 BS (BS3), we can access the relative phases between all
of the cores. The three interferometer outputs were monitored
with p-i-n photodiodes, resulting in three electrical signals that
were collected with a National Instruments data acquisition
board (NIDaq) connected to a personal computer (PC).

In order to fully and individually control the relative phases
between the four uncoupled cores, a phase lock loop (PLL) has
been integrated in each interferometer. The main component
of each PLL is the control board (CB) composed by an
ADuC7020 microcontroller unit (MCU) produced by Analog
Devices. This device incorporates a five-channel 12 bit analog-
to-digital converter (ADC) and a four-channel 12 bit digital-to-
analog converter (DAC). Thanks to the high resolution of the
analog channels and to the high computational power of the
MCU, this microcontroller is suitable to implement a digital
proportional-integral-derivative (PID) controller with the abil-
ity to efficiently stabilize the MCF interferometers. In order to
maximize the computational power available to stabilize each
interferometer, we used a dedicated ADuC7020 for each
PLL. The feedback signal (FS) used by the PLL is a portion
of the output of the photo-detector monitoring the same inter-
feometer the PLL is controlling. An ADC channel, preceded by
a low-pass filter with a bandwidth of 1 kHz, is used to acquire
this signal. The intensity of this signal can be related to the
relative phase φ between the cores that are involved in the
two-path interferometer:

FS�φ� � M − m
2

cosφ�M � m
2

, (1)

where M and m are the maximum and the minimum, respec-
tively, of the interference fringes. In order to actively control
this phase, a fiber-based phase shifter has been introduced in
each interferometer, as shown in Fig. 1. A DAC channel is used
to control, via an high-voltage driver, the phase shifter. The
firmware installed on the microcontroller can be divided into
two main blocks: one generates a triangular ramp at the DAC

Fig. 1. Experimental setup. A continuous wave laser at 1550 nm is equally divided into four paths through a 1 × 4 beam splitter (BS1×4). Three
polarization controllers are used to align the polarization inside the different cores. The four single-mode fibers are then individually connected to the
fan-in input of the MCF. Thanks to the reconfigurability of the optical system, it is possible to set the number of subsequent MCF strands to be
tested in the experiment (each strand is approximately 6.29 km in length). To connect the strands to each other, an MCF connector is used. After
propagation through the MCF, a fan-out device is used to divide the cores into four different single-mode fibers that are finally combined with each
other by three 2 × 2 beam splitters (BS1, BS2, and BS3). By using three automatic control boards, each driving a phase shifter, based on the mea-
surement output of the three detectors, we can monitor and individually control the relative phase of each core.
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output to uniformly scan the interferometer relative phase,
and the other contains the code that implements the digital
PID used for the phase stabilization. Its behavior is
described in the flowchart in Fig. 2.

The PID block is divided into three main stages. The start-
ing point is a serial input from the user that communicates the
locking phase to the microcontroller, i.e., the phase where
the interferometer should be locked. This command activates
the first stage, where the voltage applied to the phase shifter is
scanned in order to produce a phase variation slightly bigger
than 2π. Meanwhile, the FS is measured by the microcontroller
ADC to find the maximum (M ) and the minimum (m) of the
interference fringes. By knowing these two parameters, it is pos-
sible to invert Eq. (1) to determine the value of the FS corre-
sponding to the desired locking phase called the locking point
(LP). The locking phase value, i.e., the LP, is a parameter that
can be arbitrarily fixed by the user in the range from 0 to 2π.
During the second stage, the same phase range is scanned in
order to approach the LP, with a precision determined by
the user-defined threshold ThA. By measuring the FS during
this scan, it is also possible to select the slope of the interference
fringe used for locking, which allows us to stabilize the relative
phase over the whole range �0, 2π�. As soon as
jFS − LPj < ThA, the PID loop [23] starts operating (stage 3).
Otherwise, if this condition can not be reached, the algorithm
restarts back from the first stage. Once activated, the PID loop
keeps acting as long as the condition jFS − LPj < ThB
remains verified. The ThB threshold, also defined by the user,
fixes the maximum tolerable difference between FS and the de-
sired LP, enabling us to match the locking precision to the ex-
perimental conditions. If this condition is not verified, the PID
loop stops, and the algorithm starts back from the first stage,
allowing for an automatic re-locking.

3. RESULTS

In order to phase-stabilize the cores of the MCF, we built the
three interferometers as described in the previous paragraph.
The first parameter to be evaluated in these interferometers
is the visibility, which is directly linked to the performance
of a quantum or classical communication protocol, in terms
of expected error rate. In Fig. 3(a), the red (blue) curve shows

the interference fringes obtained by driving, with a triangular
shape, the fiber phase shifter in the two-path interferometer
involving cores 1 and 2 (3 and 4) of the MCF. These two inter-
ferometers, as shown in the experimental setup in Fig. 1,
are independent. We measured a visibility of V 1&2 �
0.981� 0.008 and V 3&4 � 0.945� 0.011. The third inter-
ferometer involves all four cores and, to evaluate its visibility,
the two independent interferometers (involving cores 1 and 2
and cores 3 and 4 separately) must be locked to a specific phase
in order to balance the two powers entering in BS3 of Fig. 1.
Through the first two PLLs, we have locked the two indepen-
dent interferometers to around 50% of the fringe, and, exploit-
ing the third phase shifter, we generated a triangular ramp in
the overall interferometer, as shown in Fig. 3(b) with yellow
color. The visibility value we measured is V 1&2&3&4 �
0.989� 0.004.

Subsequent to the visibility measurement, we investigated
the possibility of stabilizing the four different cores of the
MCF for a certain amount of time. The stabilization of the
relative phase between the cores of an MCF is an essential prop-
erty for the reliable transmission of the quantum states, both in
quantum key distribution applications and in more advanced
quantum network protocols. We report in Fig. 4(a) the tem-
poral drift of the relative phases between the cores, observed
with the unlocked interferometers over a continuous and
free-running acquisition of 10 min. Figure 4(b) shows the same

Fig. 2. Flow chart of the PID controller. This algorithm is used for
controlling each phase shifter in the three different interferometers.M
and m in stage 1 stand for the maximum and the minimum of the
feedback signal (FS), respectively. LP indicates the desired locking
point, while ThA and ThB are user-defined thresholds.

Fig. 3. Visibility fringes of the interferometers. (a) Interference signals
as a function of time for the two independent interferometers between
cores 1 and 2 and cores 3 and 4. Measured visibility of
V 1&2 � 0.981� 0.008 and V 3&4 � 0.945� 0.011. (b) Interference
signal from the three interferometers. In this measurement, the first two
independent interferometers are locked to a fixed position. Measured
visibility of V 1&2&3&4 � 0.989� 0.004.
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acquisition, in which we have turned on the three automatic
PLL systems to actively compensate the drifts. Both figures
show the behavior of the interferometer in the four-strand con-
figuration. In order to stabilize all of the different cores, we have
first locked the two independent interferometers involving
cores 1 and 2 and cores 3 and 4, and, subsequently, we have
locked the overall interferometer. Note that, in case of fast and
abrupt drifts in the fiber, i.e., when the locking position is sud-
denly lost, our PLL system is able to automatically re-lock to
the same position by restarting the PLL algorithm from the first
stage (see Fig. 2). The whole operation, required to re-lock the
three interferometers, typically takes from 3 s to 10 s, which is a

very short time compared to the stabilization time of 10 min
reported in Fig. 4(b). Another important point to be high-
lighted is that the polarization of the different cores was stable
over 100 min of acquisition time.

In addition, we further investigated the free-running acquis-
ition in order to better characterize the signal phase fluctuations
in the MCF for different fiber lengths. To this end, we made
additional 30 min acquisitions, with 6 Hz sampling rate, of the
cores’ interference signals for multiple strands. In Fig. 5, we
show the results of these measurements. In Fig. 5(a), we report
the power spectrum of the interference signal as a function of
frequency for one of the two-core interferometers (1 and 2). In
Fig. 5(b), we report the same measurement for the four-core
interferometer.

4. DISCUSSION

Optical interferometers are the basic component for optical sig-
nal processing. More specifically, fiber-based interferometers
are widely used for different applications, spanning from sens-
ing and optical communication to quantum physics and gravi-
tational wave detections. Multipath interferometers are used for
manipulating quantum states and high-dimensional unitary
operations, and, in this work, we demonstrated the possibility
of stabilizing a long-distance MCF through a simple and scal-
able setup. For example, we might imagine using a wavelength
multiplexing approach for transmitting quantum and classical
light in the same fiber. One of these channels could be used for
stabilizing the drift of the relative phase as demonstrated in
Ref. [19]. In the same paper, we also propose a full setup of
a four-dimensional quantum key distribution protocol exploit-
ing different wavelengths for stabilizing the MCF. In the same
direction, we have also demonstrated that the phase drift is not
directly related to the length of the MCF. In fact, by looking at
Fig. 5, both configurations seem quite insensitive to the overall
interferometric size. This behavior can be explained by consid-
ering that most of the phase fluctuations come from the fibers
connecting the rack-mount optical patch panel to the rest of the
experimental setup and to the fiber components used to imple-
ment the interferometer itself, located on a table as close to it as
possible. In other words, we can assume that the most unstable
portion of the interferometric apparatus is not the MCF [24].

The second evidence, from Fig. 5(b), is that the four-core
interferometer is more sensitive to phase fluctuations than the

Fig. 4. Phase drifts of the non-stabilized and stabilized four concat-
enated strands multicore interferometers over 10 min acquisition.
(a) Phase drift between two-core and four-core interferometers without
active phase stabilization. (b) Phase drift of (a) but with active phase
stabilization loops. Different colors represent the three different con-
figurations (red and blue, two-path interferometers; yellow, four-path
interferometer).

Fig. 5. Frequency analysis of the interference signals. (a) Two-core intereferometers for the four different strands. (b) Four-core interferometer for
the four different strands. Different colors represent different strands. Each measurement has been acquired for 30 min in the non-locked system.
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two-path configurations. In fact, the spectral density function
of the four-core interferometer is about two orders of magni-
tude higher compared to the two-path one. This fact, as already
demonstrated in Refs. [25–29], could be quite useful for sens-
ing applications, both classical and quantum.

Note that in our demonstration we have used cascaded
interferometers for analyzing independently all of the optical
signals, but new devices have been recently introduced for a
multi-port BS [30]. These devices are properly designed for act-
ing as interfaces between single-mode fibers and MCFs and
could increase the overall stability of the system. In the same
direction, the scalability of the entire setup for larger dimen-
sionality (more cores) is not straightforward by using bulk
and fiber optics, since multiple locking stages are necessary
for stabilizing a larger amount of cores. However, it has already
been demonstrated that integrated photonics could help in ac-
complishing this task. As an example, our previous demonstra-
tion showed the possibility of manipulating and controlling
quantum states using silicon photonics [13].

Summarizing, we presented here a scalable and efficient
method for stabilizing the phase drifts in an MCF. The pre-
sented method can, in principle, be applied to longer fiber dis-
tances and larger core counts by using the same technology.
Our demonstration paves the way towards future investigations
and applications of MCFs in quantum communication [31].
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