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ABSTRACT 

KM3NeT, the underwater neutrino telescope in the Mediterranean Sea, is a detector 

under construction. KM3NeT uses Digital Optical Modules (DOMs) to detect 

neutrinos by detecting the Cherenkov light of relativistic particles produced in the 

interaction. To reconstruct the neutrino event and the coming direction, it is 

necessary to monitor the position of each DOM, which is not fixed since it is mounted 

in flexible string lines, held close to vertical by buoys but sensitive to sea currents. A 

piezo-ceramic transducer is installed inside of each DOM. Using some emitters 

anchored in the sea floor it is possible to calculate the position of the DOMs by 

triangulation of distances obtained from the determination of the time of flight of 

the acoustic wave. In this work, the acoustic model used for the simulation of the 

system is described and the results presented. 
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1.  INTRODUCTION 

KM3NeT [1], which is now under construction, will be the biggest underwater 

neutrino detector in the world. It is located in the Mediterranean Sea and will use 

thousands of Digital Optical Modules (DOMs) arranged in vertical structures, called 

Detection Units (DUs), each one with 18 DOMs. This will form a 3D array of optical 

sensors to detect neutrinos through the Cherenkov light emitted by the relativistic 

particles produced in the interaction. KM3NeT comprises two nodes: ORCA, devoted 

mainly to the studies of neutrino oscillations and the determination of the mass hierarchy 

of neutrinos, and ARCA devoted mainly to high-energy neutrino astronomy. ORCA, 

located 40 km offshore Toulon at 2500 m of depth, will have a more compact structure 

with 115 DUs distributed in 0.018 km3. ARCA, located 100 km to Porto di Capo Passero 

at 3500 m of depth, will consist of two blocks of 115 DUs distributed in ~1 km3 (see 

Figure 1). In phase-1 of KM3NeT, the plan is to build and install the first 7 DUs in ORCA 

and the first 24 DUs in ARCA. 

  
(a) (b) 

Figure 1. (a) Schematic view of one infrastructure of KM3NeT. 

(b) Location of two sites in KM3NeT detectors. 

 

As shown in Figure 1.a, the DUs are anchored on the seabed and the DOMs are 

distributed along a flexible string kept almost vertical by a buoy on top. The DU is then 

sensitive to the sea current and DOMs are not in fixed positions but can have 

displacements of several meters from their nominal positions. Considering that the 

particle trajectories are reconstructed rom correlations of the arrival times of Cherenkov 

photons on the DOM, the position of the DOMs must be known with ~10 cm accuracy. 

KM3NeT has therefore implemented an Acoustic Positioning System (APS) [2], 

including a piezoceramic inside each DOM, with the function of receiver, and a 

hydrophone at the base of each DU. Furthermore, an array of Acoustic Beacons (ABs) is 

installed in fixed positions on the Sea bottom. The principle is to detect the signal emitted 

by the ABs by each DOM and apply a triangulation method to determine the DOM 

position, similarly to the predecessor ANTARES neutrino detector [3].  

The purpose of this paper is to study, for the first phase of ORCA with a few 

autonomous ABs, the reliability and precision of the triangulation through acoustic 

positioning of each DOM and the DU line fit model to determine the shape of the DU.  

2.  SIMULATION METHOD 

In the deployment of the DUs and ABs on the seabed it is difficult to measure 

their position with high precision. To deal with these uncertainties, in the present study a 

1 m uncertainty in the location of these items (coordinates 𝑥, 𝑦 and z) is considered. 

 



2.1 Mechanical prediction 

The mechanical model considers buoyancy and the drag force of each item in the 

DU to determine the shape of the DU for a given sea current velocity, in a similar way as 

done in ANTARES [4]. From the value of the speed and direction of sea current, it is 

possible to estimate the position of DOMs in the DU.  

In this study, the mechanical model is used to indicate the “initial position” for 

each receiver. During this test study the velocity of sea current is taken as 55 mm/s and 

the direction as 45º from the North (this is an experimental data in ORCA for a random 

day, but they are common values). The relative displacement of the DOMs between the 

vertical of DU baseline is shown in Figure 2.a and the “initial position” of the simulation 

in Figure 2.b. 
 

  
(a) (b) 

Figure 2. Mechanical model’s prediction for 55 mm/s at 45º of sea current. 

(a) Displacement from vertical. (b) Positions for all lines. 

 

2.2 Acoustic simulation 

The simulation of the acoustic part of this study is done by the detection of signals 

received by each DOM (piezos) and DU baseline (hydrophones) emitted by the 

autonomous ABs.  
 

 

 

The Source Pressure Level (SPL) of an AB is 180 

dB (re 1μPa @1m) and the directivity is considered 

in the simulation system (see Figure 3). 

The signal emitted by each AB is a sweep signal of 

5 ms with different frequency range (see Figure 4): 

from 26 to 28 kHz for AB1, from 30 to 32 kHz for 

AB2, and from 34 to 36 kHz for AB3. 

Figure 3. Directivity diagram of AB. 
 

 



 
                                              (a)                                                                     (b) 

Figure 4. Signals emitted by each AB in time domain (a) and frequency domain (b). 

 

With respect to the propagation of signals, the spherical divergence and the 

François & Garrison’s model for absorption is considered, using the Medwin’s equation 

to calculate the sound velocity in ORCA [5]. The distance between emitter and receiver 

(𝐸𝑅), is calculated from the time of flight of the signal taking into account the Received 

Voltage Response (RVR) of the piezos in the DOMs. 
 

 

Figure 5. Block diagram for the simulation of the signal received. 

 

In summary, the simulation with the value of velocity (𝑣) and direction (𝜃) of the 

sea current and using the mechanical model computes a displacement in 𝑥 and 𝑦 direction, 

which depends on the floor where the DOM is positioned. Knowing the position of the 

AB, the algorithm calculates the distance 𝐸𝑅, consequently the ToF and the angle formed 

between the AB and the DOM (𝜃), to consider the directivity of emitter in the emission. 

The signal received by each DOM is the signal simulated with an experimental noise from 

ORCA added (see Figure 5). The experimental noise, in this occasion, is from a raw 

acoustic data in a random day with common conditions in the environment. 
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2.2.1 Validation of the simulation 
 

 

The validation of the system has been performed 

using ORCA acoustic data in a period where only a 

DU and an AB were operative (see Figure 6).  

In this case, the acoustic signal emitted by the AB is 

a sine wave of 32 kHz during 5 ms every 5 min.  

To validate the simulation of this work, the signals 

received in the simulation study is incorporated to a 

signal received in the real system.  

The piezoceramic receiver installed in the DOMs has 

a Receiving Voltage Response (RVR) of 

approximately -160 ± 6 dB re μPa/V in the relevant 

frequency range. Figure 6. Configuration for validation. 
 

By looking at some experimental signals received in each DOM some differences 

in the amplitude are observed (Figure 7). The amplitude measured in DOMs at a large 

height of the DU (for example, DOM10 or DOM15, at 115 m and 163 m respectively) is 

bigger than other ones at low height (for example, DOM1 at 28 m). The difference of the 

measured amplitude is more than 4 mV, and cannot be attributed to the distance, but it 

must be related to the directivity response of the receiver or to differences in the 

manufacturing of the piezos.  
 

   
(a) (b) (c) 

Figure 7. Signal received in experimental and simulation in DOM1(a), DOM10(b) and DOM15(c). 

 

However, the main aspect in this study is not the amplitude, but the signal 

detection and the determination of the Time of Arrival (ToA) of the pulses measured 

accurately, which is usually the case for positive Signal-to-Noise Ratio (SNR) [6].  

 

2.2.2 Acoustic detection and positioning 
 

 

For the analysis, the signal received in each DOM 

is filtered by a Band-Pass (PB) FIR filter that uses 

a Hamming window. The order of the filter is 200, 

this value does not saturate the signal and has a 

high quality factor Q (Figure 8). The filter is 

necessary in case that some signals are received 

at the same time and are mixed because the cross 

correlation in time with close sweep signals can 

be wrong (see Figure 9). Then, these filtered 

signals are studied with a detector of ToAs that 

uses a correlation method in time domain [6].  Figure 8. Filters used. 
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         (a)                                                                (b) 

Figure 9. Signal received in DU2-DOM18 filtered to distinguish the signal from AB1, AB2 and AB3. 

 

If the the ToE is known the calculation of the Time of Flight (ToF) is direct and 

consequently the distance 𝐸𝑅 can easily be estimated provided that the speed of sound is 

known. Knowing the location of each AB and the 𝐸𝑅, the simulation can create a system 

of equations with an equation per emitter (triangulation method). This system of 

equations is solved by minimisation of residuals to locate each DOM in the 𝑥, 𝑦 and   

coordinates (see Figure 10). This procedure is used for the simulation studies for  ORCA-

Phase1 (see Figure 11). 
 

 
Figure 10. Block diagram for the positioning of receivers. 

 

 
Figure 11. ORCA-Phase1 map. 
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2.3 Triangulation method 

The DUs in absence of sea current are completely vertical, but with sea current 

the position of the DOMs change, especially for the transverse 𝑥 and 𝑦 components. The 

simulation considers that the   coordinate -the height- is practically the same 

independently of sea current since the transverse motion is much smaller than the height. 

The mechanical model predicts that in a critical situation with high velocity of sea current 

(20 cm/s), the maximum difference in   coordinate is less than 10 cm, but in a common 

sea current velocity (55 mm/s) this maximum difference is less than 0.55 cm. This 

consideration moves the 3D problem to a 2D problem (see Figure 12).  

Given the position of AB, it is possible to know the variable 𝐸𝑅 and consequently 

its projection on the seabed (𝐸𝑅′), following Pythagoras’s theorem (Eq. 1).  

If there are three ABs, it is possible, then, to apply the triangulation (see Figure 

13) to create the system of equations and resolve it to obtain the position of the receiver.  
 

  
Figure 12. Projection of the distance 𝐸𝑅. Figure 13. Triangulation method using 𝐸𝑅′. 

 

𝐸𝑅′  √𝐸𝑅    
  Eq. 1 

 

In case of three emitters, there are three equations. The unknown factors in each 

equation are the position coordinates of receivers. Minimization techniques are used to 

solve the system.  
 

2.3.1 Uncertainty in measures and analysis  

As already said, in the simulation we assume 1 meter for the uncertainty in the 

locations of ABs and DUs, permitting study the stability of the system to positioning each 

DOM. The application of this method is shown in Figure 14 and Figure 15.  
 

 

Figure 14. Simulation of the signal received applying uncertainty in locations of DUs and ABs. 
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(a) (b) 

Figure 15. Locations studied in 100 measures (in blue) with random Gaussian distribution for 

positions. (a) Detail of AB1. (b) Detail of DU1. 

 

Since we have a large uncertainty in the AB and DU positions and synchronization 

is not assured using autonomous beacon, it is better to work with relative distances than 

absolute ones, so some of the unknowns are cancelled. In this sense, in the analysis three 

difference position values are calculated:  

• Difference 1 (𝒅𝒊𝒇𝒇𝟏): the difference between the position of the DU baseline and 

the different DOMs in the DU.  

• Difference 2 (𝒅𝒊𝒇𝒇𝟐): the difference between the position of the DU1 and the 

position of another DUs. 

• Difference 3 (𝒅𝒊𝒇𝒇𝟑): the difference between the positions of DOMs in the same 

floor for different DUs (for all lines). 

All these differences are calculated for coordinates 𝑥 and 𝑦 in all iterations of the 

simulation to study the uncertainty of the triangulation method. 

 

Once the simulation has all positions of DOMs from triangulation method (and 

reconstructed the   coordinate) in all iterations, the relative difference between the DU 

baseline and all DOMs for the x and y coordinates (    1) is calculated. This will 

constitute the input for the line fit mechanical model, using the sea current velocity as a 

free parameter [4]. 

3.  RESULTS 

The triangulation method for positioning has been studied for 3D systems (with 

𝑥,𝑦 and   coordinates) and 2D system (using the projections, since z practically does not 

change). The 3D detection technique will not be shown here since results in larger 

uncertainties due to the fact that all the emitters are practically in a plane having also a 

noticeable uncertainty in the relative depth, and thus in the z. Therefore, it is better to 

constrain   from what you know from the structure of the DU and determine just 

horizontal coordinates x and y. 
 



3.1 Acoustic simulation 

The difference of distance between the “initial position” and the position detected 

by acoustic system, after triangulation, is shown in Table 1.  
 

Table 1: Differences obtained by the acoustic positioning system. 

𝑥   𝑛 

[cm] 

𝑦   𝑛 

[cm] 

𝑥    

[cm] 

𝑦    

[cm] 
    

1.9 20.0 5.2 42.9 

 

The results of the acoustic simulation (acous) for the value of     1 are shown in 

Table 2, compared with     1 of the “initial position” from the Mechanical Model (ini). 
 

Table 2: Results of diff1 in the acoustic system with 3 ABs. 

𝒅𝒊𝒇𝒇𝟏 𝑥 [cm] 𝑦 [cm] 

ini 
   1 5.8 5.8 

   1 . 32.2 32.2 

acous 
   1 6.9±0.5 3.4±4.8 

   1 . 39.4±4.9 19.1±42.3 
 

3.2 Triangulation method 

The triangulation method is tested with 100 iterations (pseudo-experiments). 

Their analysis allow to determine the values and uncertainties expected for the position 

of the elements and the three relative differences (Table 3 and Table 4, and Figure 16). 

The values       and       are very similar (variations smaller than 5 mm), for this 

reason are presented in the same table. 
 

Table 3: Results for diff1 in the acoustic system. 

𝒅𝒊𝒇𝒇𝟏 𝑥 [cm] 𝑦 [cm] 

ini 
   1 5.8 5.8 

   1 . 32.2 32.2 

acous 
   1. 7.2±9.8 4.2±9.4 

   1 . 40.2±66.4 23.0±63.3 
 

 
                                        (a)                                                                                          (b) 

Figure 16. Reconstruction of the DU2 by Diff1 in triangulation method in 𝑥 coordinate (a) and 𝑦 

coordinate (b). 
 



Table 4: Results for Diff2 and Diff3 

𝒅𝒊𝒇𝒇𝟐 ≈ 𝒅𝒊𝒇𝒇𝟑 [m] 

Coord. 𝑥 

DU1 to DU2 DU3 DU4 DU5 DU6 DU7 
       

M.M -24.9 -12.6 -37.3 -46.5 -36.1 -57.5 

acous -25.3±0.8 -13.0±0.7 -37.3±0.8 -46.4±0.8 -35.4±0.7 -57.4±0.8 

Coord. 𝑦 

DU1 to DU2 DU3 DU4 DU5 DU6 DU7 
       

M.M -3.4 -23.0 16.7 -3.9 -22.4 -22.9 

acous -3.8±0.8 -23.0±0.8 16.2±0.7 -3.9±0.8 -22.3±0.8 -23.0±0.7 

 

With these results, it is  possible do the last step, a DU Line Fit Analysis using as 

input the acoustic positioning system data. From the positions of the 18 DOMs of the 7 

DUs with respect to the respective base obtained by the triangulation method, Diff1 acous 

values, it is possible to do a fit using the mechanical model using the sea current velocity 

as free parameter. Studying in this way, the simulation allows to compare the 

reconstruction of the DU shape using only the acoustic detection system and applying to 

these positions the restrictions given by the mechanical model (see Figure 17). 

 

 
Figure 17. Diagram of all simulated system. 

 

The results obtained in the different steps can be determined by looking at Diff1 

from acoustic detection (acous) position and Diff1 from the last reconstruction (reconst) 

compared with Diff1 from initial position (ini). These comparisons are given as offsets, 

on the one hand, the offset1 is the value from studying the difference between Diff1 acous 

and Diff1 ini, and on the other hand, the offset2 is the value from studying the difference 

between Diff1 acous and Diff1 reconst. 

As it can be seen in Figure 18 the use of the DU line Fit reconstruction reduces 

the uncertainty in the determination of the position of the DOM.  
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                                        (a)                                                            (b) 

Figure 18. Offset1 (using only acoustics) and offset2 (acoustics + Mechanical Model Fit) values for 

each coordinate. (a) Coordinate x. (b) Coordinate y. 

4.  CONCLUSIONS AND NEXT STEPS 

We have performed simulations of the acoustic positioning system of KM3NeT, 

including the line shape model. From this work and [6] we can conclude that the 

performance of the acoustic system is good: the ToA can be determined accurately for 

the SNR expected. The distances can therefore be calculated with the required few cm 

accuracy.  

In this paper, we have also addressed the case of ORCA Phase-1 with just three 

autonomous ABs, which are not synchronized. In spite of having an uncertainty of 1 m 

in the 3 coordinates of the ABs and DUs, the uncertainty obtained for the relative 

differences are smaller than half a meter. Although the results have been presented to a 

specific sea current velocity, results are very similar for common velocities, 

independently of its direction.  
 

As next steps, we will deeper investigate in the systems so, to try to reduce the 

uncertainties, and once more synchronized ABs will be connected, it is expected that 

uncertainties will be reduced to ~ 10 cm.  
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