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The ARCA detector of the KM3NeT neutrino telescope, currently under construction in the
Mediterranean Sea, employs a large-scale acoustic positioning system to continuously monitor the
positions of the detection elements with high accuracy. The system is a distributed phased-array
system composed of a large number of digital acoustic sensors integrated into optical modules and
the seafloor anchors of vertical detection units and a long-baseline network of acoustic emitters on
the seabed. Continuous sampling at 195.3 kHz and real-time data streaming to the control station on
shore enable precise monitoring of the detector geometry, which is essential for the reconstruction
of neutrino directions using optical Cherenkov radiation. The system forms a densely instrumented
acoustic network, with sensor positions reconstructed with an accuracy of tens of centimeters. We
evaluate the accuracy of the system in reconstructing the location of high-frequency acoustic
sources through multi-lateration and advanced time-of-arrival techniques. These techniques are

currently being investigated for their potential applicability to acoustic neutrino detection.
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1. The KM3NeT neutrino telescope

KM3NeT is a next-generation neutrino research infrastructure in the Mediterranean Sea. It
detects the Cherenkov light produced by the passage of charged particles emerging from neutrino
interactions in seawater. The observatory comprises two detectors that share the same technology
but address complementary energy ranges [1]. ARCA (Astroparticle Research with Cosmics in the
Abyss), about 100 km offshore Sicily at a depth of approximately 3500 m, is optimized for high-
energy neutrino astronomy. ORCA (Oscillation Research with Cosmics in the Abyss), offshore
Toulon at approximately 2450 m depth, is optimized for atmospheric-neutrino oscillation studies.

The basic detection element is the Digital Optical Module (DOM) [4], a pressure-resistant glass
sphere containing 31 three-inch photomultiplier tubes, calibration devices and front-end electronics.
Eighteen DOMs are mounted on a flexible vertical Detection Unit (DU) anchored to the seabed
and kept taut by a buoy. Each completed ARCA building block will contain about hundred DU,
with about 36 m vertical spacing between DOMSs and 90 m horizontal spacing between DUs; two
building blocks will instrument a volume of order one cubic kilometre. ORCA will comprise a
more densely spaced DUs, with approximately 9 m vertical and 23 m horizontal spacing. In ARCA,
the DUs are grouped into detector sectors served by seafloor Junction Boxes (JBs), which provide
power distribution and optical data connections. The JBs are connected through secondary electro-
optical cables to the Cable Termination Frames, acting as the interface between the detector subsea
infrastructure and the main electro-optical cable linking the offshore site to the shore station.

Sea currents continuously bend and rotate the DUs. To retain the target angular resolution, the
DOM coordinates at the event time must be known to better than approximately 20 cm, comparable
to about 1 ns of Cherenkov-photon propagation time in water [3]. Position calibration and detector-
wide time synchronization are therefore integral parts of KM3NeT rather than auxiliary monitoring
systems.

2. The ARCA Acoustic Positioning System

The relative Acoustic Positioning System (APS) combines a seabed Long Baseline (LBL) of
emitters and digital hydrophones with a receiver inside every DOM. After the fixed LBL elements
are calibrated, beacon signals are used to reconstruct the moving DOMs by hyperbolic multilatera-
tion, normally in ten-minute intervals. The resulting time-dependent geometry is stored for event
reconstruction. The same hardware forms a large, continuously operating and coherently timed
acoustic array.

2.1 Acoustic emitters

The LBL uses two complementary classes of Acoustic Beacon (AB). Reconfigurable cabled
beacons are installed on selected DU bases and on JBs, while retrievable autonomous beacons
are mounted on battery-powered tripods around the perimeter of the detector field. The extended
perimeter improves the multilateration geometry. The acoustic transducer is an FFR SX30 piezo-
electric emitter, qualified to 400 bar and operated in the 20—60 kHz range. It produces approximately
170 dB re 1 pPa at 1 m at 30 kHz for a 30 V drive and is approximately omnidirectional in the
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Table 1: Principal hardware elements of the ARCA relative Acoustic Positioning System.

Element Deployment Relevant characteristics
Acoustic beacon Selected DU bases, JBs and FFR SX30; 20-60 kHz; about 170 dB
autonomous perimeter tripods re 1 yPa at 1 m; distinctive sweeps

External hydrophone Every DU base and ARCA JBs Omnidirectional; 5 Hz-90 kHz; two
gain paths; AES3 digital output

Internal piezo One receiver glued inside every About —160 dB re 1 V/uPa at 50 kHz;
DOM response characterized over 10-70 kHz

Clock and acquisition Common receiver timing and White Rabbit/GPS; 25 MHz master
shore data transport clock; 24-bit ADC; 195.3125 kHz;

< 1 us synchronization

horizontal plane. Each source transmits a distinctive linear frequency sweep with a configured
repetition period, allowing simultaneous beacon sequences to be identified at the receivers [2].

For cabled devices, a differential electrical trigger controls the emission. The beacon electronics
have an emission latency below 10 us and a synchronization accuracy better than 1 ys. Autonomous
beacons operate through an internal trigger generated by the beacon electronics.

2.2 External hydrophones and internal piezoelectric receivers

External digital hydrophones are mounted on every DU base and, for ARCA, the JBs. Their
fixed seabed positions make them the receiving nodes of the LBL calibration. The hydrophones
are omnidirectional, pressure-rated for 3500 m, and cover approximately 5 Hz—90 kHz. Two gain
paths provide nominal sensitivities of =156 and —176 dB re 1 V/uPa at 5 kHz; the digitized output
is transported using the AES3 protocol.

Each DOM also contains a compact piezoceramic receiver glued to the inner surface of the
glass sphere and oriented downward. Its nominal sensitivity is about —160 dB re 1 V/uPa at 50 kHz,
with a characterized response over approximately 10-70 kHz. These receivers follow the DU
motion directly and supply the acoustic measurements used to recover the position of every DOM.
Their integration into the optical module avoids separate pressure housings and cabling, although
coupling through the glass and the non-calibrated angular response limit their use as precision
neutrino-acoustic sensors.

2.3 Time synchronization and data transport

All acoustic receivers use the detector timing infrastructure. A 25 MHz clock, disciplined to
the onshore GPS reference and distributed through White Rabbit, is delivered to the DOM and base
electronics [5]. A 24-bit sigma-delta converter samples at one 128th of this clock, giving a fixed
rate of 195.3125 kHz and a sample interval of 5.12 us. The relative timing accuracy is better than
1 us [3]. Raw acoustic streams are transmitted continuously to shore, where the Acoustic Data Filter
cross-correlates the data with the expected beacon waveforms and stores candidate times of arrival
(TOAs) and quality parameters. This all-data-to-shore architecture also allows new transient-search
algorithms to be tested without changing the subsea electronics.



Tracking of Acoustic Sources with KM3NeT/ARCA S. Viola

3. Position reconstruction and source-localization method

As a first step, the fixed LBL network was calibrated in order to determine the positions of the
reference elements of the acoustic positioning system. Differences between the TOAs of the same
beacon signal at pairs of external hydrophones constrain the beacon and hydrophone coordinates
relative to a chosen reference. The calibrated LBL positions then become fixed inputs to an
independent multilateration of each internal DOM piezoelectric receiver. An effective sound speed
derived from the measured deep-sea profile accounts for the vertical sound-speed gradient [3].

For the source-localization analysis, this logic is reversed: the time-dependent receiver coordi-
nates supplied by the APS are treated as known, one LBL beacon is removed from the source list,
and its coordinates are reconstructed as if it was an unknown emitter. Candidate correlations are
separated by waveform identifier and filtered using the configured repetition period and clock drift.
For pulse &, the accepted detection #; j at receiver i is paired with the detection ¢,  at a reference
hydrophone. The observable is

Atik = tik —tr i — 0i, (D

where §; contains calibrated channel-dependent timing offsets. The unknown source position
s is obtained by minimizing

i (7)) sl llpr — sl
Ceff(Zs, 2i) Ceff (25, 2r)

where p;(#x) and p, are the receiver positions and c.g is the depth-dependent effective sound

rik(s) = - At i, (2)

speed. Differential timing removes the unknown transmission epoch. Multiple initial source
coordinates are used to test fit convergence, and coordinate-wise medians summarize the accepted
solutions.

4. Testing the reconstruction of position of a known impulsive source: an LBL
beacon

To evaluate the capability of the APS to reconstruct the position of an external acoustic source,
the beacon installed on Junction Box 2 (JB2), operating with waveform WF28, was treated as an
unknown source. The beacon was excluded from the entire detector positioning procedure, and
its position was reconstructed exclusively from the times of arrival (ToA) of its signals at the
detector acoustic receivers (Figure 1a). The source signal consists of a 5 ms linear frequency sweep
from 42 kHz to 38 kHz. Two independent data sets collected with the KM3NeT/ARCA detector
operating with 51 active Detection Units were analyzed: Run 26900, acquired on 27 February 2026,
and Run 27340, acquired on 15 April 2026. Since the detector geometry evolves continuously under
the action of sea currents, the reconstructed geometry associated with each individual JB2 emission
time was used in the analysis

Figure 1b shows the reconstructed positions of JB2 obtained from all selected emissions in each
run. The resulting 2D and 3D distributions exhibit a clear clustering around the reconstructed source
position. The solutions obtained from the two runs differ by only about 12 cm. Their offsets from
the independently obtained LBL-calibration position are approximately 30-40 cm, and the mean
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Figure 1: (a) Plan view of the ARCA network. Detection Units are black and beacons are red; JB2 is
highlighted and treated as an unknown source. (b) Preliminary WF28/JB2 localization in runs 26900 (blue)
and 27340 (orange). Crosses mark the coordinate-wise medians and the black point is the LBL-calibrated
position.

timing residual is about 55 us. These values provide a preliminary indication of the reconstruction
accuracy; a complete assessment of the localization performance will require a dedicated study of
systematic uncertainties.

5. Conclusions and perspectives

KM3NeT/ARCA combines a kilometre-scale detector geometry with a uniquely dense acoustic
instrumentation system. Seabed emitters and external hydrophones establish the fixed LBL; internal
piezoceramic receivers track all moving DOMs; and detector-wide White Rabbit timing turns these
elements into a synchronized array whose full acoustic data stream is continuously available on
shore. The hardware meets its primary purpose of monitoring the geometry required for optical
neutrino reconstruction and, at the same time, enables controlled source-localization studies.

Using a known beacon as a blind source, two independent ARCA runs yield reconstructed
median positions consistent within 12 cm and approximately 30-40 cm from the LBL-calibrated
coordinate. The result demonstrates the potential of the method, but a quantitative accuracy state-
ment awaits pulse-matched receiver geometry, finalized timing offsets and a complete systematic
study.

The embedded DOM piezoelectric sensors were designed for positioning and are not optimized
for the broadband, directional bipolar pulses expected from ultra-high-energy neutrino interactions.
Nevertheless, the continuously operating deep-sea infrastructure is a valuable test bed for transfer-
able algorithms, coincidence strategies and future sensor concepts. Controlled acoustic injections
and synthetic bipolar pulses can be used to measure detection efficiency and false-alarm rates in
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realistic ARCA noise, extending the trigger studies performed with OvDE-2 data [6]. Combining
transient selection with multi-receiver timing and source reconstruction is the natural next step
toward assessing the acoustic-neutrino potential of KM3NeT.
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