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1. Executive Summary 
 

The present document presents work on acoustic vehicle communications networking and potential 
advances in the field of underwater data transmission in the scope of the FeedNetBack case study (b), 
work package 8 ‘underwater operation with coordinating vehicle fleet’, and gives practical background 
on the constraints of signal transmission in the underwater environment. 

Second deliverable of WP8, the document is directly continued from deliverable D8.01 ‘case study 
scenario’ with a focus on scientific and technological background of the underwater communication.  

The document’s aim is to provide the projects control approaches with a high level of technical 
background. 

2. Introduction 
 

This document develops a synthesis of the work accomplished in the FeedNetBack project in the area 
of tools for data transmission between underwater vehicles in a fleet formation.  

The global case study scenario has been presented in document D8.01. In paragraph 2 we will resume 
elements of this underwater fleet case study which are relevant for this document.  

A first state-of-the-art networking concept has also been presented in D8.01. Studies of potential 
improvements of such network architectures are discussed in paragraph 3. 

Improved data transmission techniques within commercially available acoustic modems have been 
evaluated at sea, completing the comparative results from D8.01. The results are presented in 
paragraph 4. 

In the field of underwater signal transmission [1], [2], work has been accomplished in order to 
understand and better exploit physics of underwater acoustics; specific modeling of sound propagation 
as to predict propagation performances of acoustic devices in sea conditions is one topic of this work, 
information theory and Doppler resistant signal coding are complementary approaches. 

 

3. Acoustic multi channel communication 
 

Commercial acoustic data links exist, to our knowledge, exclusively in single channel simplex transfer 
mode. It is commonly admitted that duplex communication is not realistic on a spatially and frequency 
limited space on a small underwater vehicle, the reception chain saturation by the high sound pressure 
level during emission. We will consider in the following that only simplex techniques can be 
employed, meaning that a transmitting acoustic modem cannot simultaneously receive data. 

State-of-the art channel separation techniques like those presented in paragraph 8 do however 
encourage multi-channel reception. We will in this paragraph analyze in what way hypothetic data 
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links in simplex mode but multi-channel reception would improve the rate of information exchange in 
a network of underwater vehicles. 

In the following diagrams, we look at the amount of data sets exchanged between N vehicles during N 
communication cycles.  

The vehicles are named V1 through VN, the cycles are C1 to CN. The green color shades represent 
transmission, the yellow fields represent reception with the number of received data sets being 
indicated in the grid cell. Case A shows the scenario where only one vehicle emits at one cycle, 
scenario B shows 2 emitting vehicles, and so forth… Finally the number of received vehicle-data-sets 
is summed in the horizontal line below each diagram, and the total number is summed up to the right 
in the red cell. 

In a first case we consider 3 vehicles (figure 1). Two non trivial scenarios A and B exist, with 
respectively one or two vehicles transmitting their data packets. In both cases 6 data sets are received 
amongst the fleet, the multi-channel scenario B has not provided an increase in the exchange. 

The 4-vehicle-case in figure 2 shows a total exchange of 12 data sets for one and three transmission 
channels, and 16 data sets when two simultaneous channels are used. We observe thus a 25% increase. 

In a fleet of 5 vehicles, two and three channel transmissions yield a maximum of 30 exchanged 
packets, with a 50% increase compared with single channel transmission. 

 

A 

     

B 

    
  V1 V2 V3 

  

  V1 V2 V3 

 
c1   1 1 

  

c1     2 

 
c2 1   1 

  

c2 2     

 
C3 1 1   

  

C3   2   

 
total 2 2 2 6 

 

total 2 2 2 6 

 
figure 1 : data exchange scenarios for fleet of 3 vehicles 

 

A 

      

B 

       V1 V2 V3 V4 

  

  V1 V2 V3 V4 

 c1   1 1 1 

  

c1     2 2 

 c2 1   1 1 

  

c2 2     2 

 C3 1 1   1 

  

C3 2 2     

 C4 1 1 1   

  

C4   2 2   

 total 3 3 3 3 12 

 

total 4 4 4 4 16 

             

             
C 
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  V1 V2 V3 V4 

        c1       3 

        c2 3       

        C3   3     

        C4     3   

        total 3 3 3 3 12 

        

 
figure 2 : data exchange scenarios for fleet of 4 vehicles 

 

A 

       

B 

        V1 V2 V3 V4 V5 

  

  V1 V2 V3 V4 V5 

 c1   1 1 1 1 

  

c1     2 2 2 

 c2 1   1 1 1 

  

c2 2     2 2 

 C3 1 1   1 1 

  

C3 2 2     2 

 C4 1 1 1   1 

  

C4 2 2 2     

 C5 1 1 1 1   

  

C5   2 2 2   

 total 4 4 4 4 4 20 

 

total 6 6 6 6 6 30 

               C 

       

D 

        V1 V2 V3 V4 V5 

  

  V1 V2 V3 V4 V5 

 c1       3 3 

  

c1         4 

 c2 3       3 

  

c2 4         

 C3 3 3       

  

C3   4       

 C4   3 3     

  

C4     4     

 C5     3 3   

  

C5       4   

 total 6 6 6 6 6 30 

 

total 4 4 4 4 4 20 

 
figure 3 : data exchange scenarios for fleet of 5 vehicles 

As conclusion, we may state that a moderate gain in the information exchange can be achieved with 
multi – channel technology. As we will see in paragraph 7, a comparable gain can be obtained by 
higher robustness to multi-pathing and inter channel crossing, by optimized coding techniques within 
each channel and so reducing guard times included in each transmission slot.  

4. Acoustic data transmission sea trials  
 

High data rates of up to10 kbit/s have been evaluated with a commercial acoustic link by sea trials in 
March 2010 with Ifremer’s asterX AUV on the R/V L’Europe. 

In previous work we have experienced low data rates at 100bit/s [D8.1] to be reliable. Links with 
higher data rate were appropriate for low noise environments, especially in vertical geometric 
conditions suitable for mooring-to-surface communications. Data transfer between several underwater 
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vehicles and between underwater vehicles and surface crafts does not correspond to those criteria, thus 
opposing transfer through higher rates. 

The trials were conducted during the campaign “ESSAUV” on board Ifremer’s RV L’Europe, with the 
asterX AUV. The tested equipments were Sercel MATS 300 acoustic modems. The following table 
shows the rate of successful data transfer between the vessel born modem and the AUV modem, in a 
cycle with down loading and uploading packet streams. The noise level is measured being appr. 
74dbµPa√Hz. 

Data rate 
Bit/s 

Cycles 
  

Completed Reliability 
[%] 

Vehicle depth 
[m] 

Slant range in 
test [m] 

Est. max 
range [m] 

 

100 n.c. n.c. 95 0- 2000 200 – 3000 3000  
1000 20 14 70 800 1000 1800  
2000 20 13 65 800 1000 1600  
4000 20 16 80 800 1000 1500  
6000 20 18 90 800 1000 1400  
10000 20 16 80 800 1000 1400  
table 1 : sea-trial evaluation of bit rates from 100bit/s up to 10kbit/s 

The results prove that significant improvement has been accomplished on vehicle-to-vehicle and 
vehicle-to-surface communications. Exchange of more complex data sets concerning vehicle state, 
possibly payload samples, becomes realistic. The communication is today still based on simplex mode, 
which leads, together with the transmission delays, to rather simple architectures like TDMA.  

The practical evaluation of the maximum transmission range is completed by computation of the 
theoretical values. The blue series corresponds to a hypothetic low noise vehicle (64dbµPa√Hz), the 
red one corresponds to the actual noise level of the Ifremer AUVs (74dbµPa√Hz). 
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figure 4: transmission range in function of data bit rate 

5. Modeling of propagation performances 
 

We are studying the performances of acoustic data transmission in vehicle-to-vehicle conditions. In 
fact, sound speed variability in water layers, multi-pathing caused by ground or sea-surface reflexion 
of sound waves, have a significant influence on the transmission quality and range. These 
performances depend widely on the actual geometry of the transmission problem as given by the 
vehicle positions. The simulation of the underwater communication benefits from this topic by 
increasingly realistic modeling. 

Issued by cooperation between IFREMER and the French company CHRISAR, a computation model 
of acoustic signal propagation in function of environmental and technical parameters has been 
developed and calibrated by sea trials. As a result a software tool with vocation of operational pre-dive 
evaluation of the performances acoustic transmission systems. 

The modeling software allows predicting the margin of the signal-to-noise ratio (SNR) of the acoustic 
power at the receiver, i.e. the SNR exceeding the minimum level necessary for reception and 
decoding. The SNR margin can be used to calculate the transmission range at a given threshold of bit 
error rate, at which a regular the transmission is considered realistic. From the SNR margin we can 
also determine the bit-error-rate at a given range. The parameters entering the estimation are: 

• the acoustic central frequency ; 
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• the emission power level ; 

• the bandwidth of the signal ; 

On the technical side the relevant parameters are  

• type of seafloor ; 
• sea surface state ; 
•  sound velocity profile; 
• acoustic noise power level at receiver; 

 

The software shows as a result in a 2 dimension graph, color-coded reception level as the SNR margin. 
The maximum range is considered equaling the limit of 0db in the received signal strength. The 
following paragraphs will consider this latter case of maximum operation range estimation using the 
0db signal excess limit. In the graphs, this is the transition from green to yellow colored areas. 

The objective of this study is to provide scientific and technological soundness to the concepts of 
communicating underwater vehicle fleets. The typical technical and operational constraints of 
underwater system technology are taken into account and add to the realism of the case study.  

Estimation of range in function of sound speed profiling 

The following computation shows the influence of the sound velocity profile on the transmission 
conditions and performances. We present computations for a) summer and b) winter, in the case of 
100bit/s data rate. 

We consider an acoustic modem working at 10kHz at a transmission power of 185dBµPa√Hz, with a 
bandwidth of 3kHz, a reception band of 240Hz, a detection limit SNR of 10db, and a bit rate of 
100bit/s. The environment is characterized by calm surface conditions (no significant wind & wave), a 
vehicle noise of 64dbµPa√Hz, uniform and flat ‘muddy’ sea floor. 

Mediterrenean Sea (Toulon - France) - Summer conditions 

In summer periods, the warmth of the surface water layer decreases rapidly in the first meters of depth, 
and sound velocity decreases with it. After reaching a minimum value at some tens of meters of depth, 
the sound velocity increases naturally with pressure. 

This sound velocity profile causes shadow zones in which a signal will not be received, even if 
otherwise it would be sufficiently close to be properly received, this phenomenon is typically 
described by ‘diving rays of sound’. 

The plot hereunder represents transmission performance between two vehicles, one diving at 10m 
depth, the second on diving at 

a) the same depth (10m), 
b) 100m depth, 
c) 300m depth. 

In case a) the max range is about 1km, in case b) it is roughly 2km and in c) it is 3km. For depth 
differences greater than 300m between both vehicles the maximum range will then progressively 
decrease. 
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figure 5 a-c :propagation performances for sound velocity profiles in summer conditions 

 

Mediterrenean Sea (Toulon - France) - Winter conditions 

In winter periods, the water temperature is homogenous in the upper water layers, and sound velocity 
increases with pressure from the surface downwards. No shadow zones appear in the computation 
plots, and maximum range of about 3km is reached close to the surface. This maximum range slowly 
decreases with depth.  
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figure 7 a-c :propagation performances for sound velocity profiles in winter conditions 

 

Estimation of range in function of receiver noise level 

 

The acoustic and transmission parameters are the same as above. 

In this case we vary the vehicle noise measured at the modem receiver by 10db steps. The technical 
and environmental parameters are those of the above paragraph in the more favorable winter 
conditions, both vehicles situated at 100m depth. The noise levels are fixed as 64dBµPa√Hz, 
74dBµPa√Hz and 84dBµPa√Hz. 74dBµPa√Hz is a typical level experienced on IFREMER’s AUVs. 
The maximum ranges will be 8km, 4.5km and 1.8km respectively. 
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figure 8 a-c :propagation performances for three levels of noise  

 

6. Complementary approaches 
 

In the scientific research community specialized in underwater acoustic communications, significant 
achievements have been reached with novel digital signal processing approaches. The OFDM 
(Orthogonal Frequency Division Multiplexing) technique presented in the paragraph 8 of this 
document allows multi-channel communications (see also [3]). Another promising technique is MIMO 
(Multiple Input Multiple Output) array networks [4] – their potential lies in multiple channels between 
arrays of transmitters on one side and arrays of receivers on the other side.  
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The optimization results in a gain in the data rate performances. The necessary hardware (arrays) and 
the application constraints are not clear at the present stage of research.  

7. Conclusions for AUV fleet control and simulation 
Underwater vehicle simulator modules from previous work are being adapted to the FeedNetBack 
project work. Simulation functionalities cover three areas : 

1. vehicle kinematic behavior and control of multiple vehicles; 
2. communication between vehicles with a parametric model representing transmission 

delay, realistic data rates and risk of bad reception due to absorption, multi-path, ray 
bending etc. 

3. environment model and geographically referenced sensor readings; 

A complex simulation software suite with extensive 3D representations is being adapted from earlier 
work, partner INRIA (P01) is involved with development of a simplified simulator running on the 
Matlab TM suite.  

The acoustic communications network is implemented with performances according to D8.01 and 
D8.02 regarding range, bit-error and delay performances. The networking architecture implemented at 
the current stage is the TDMA concept (see D8.01 for details). 
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8. OFDM Receiver for underwater acoustic communications 
 

This paragraph has been prepared by partner P01 INRIA. For reasons of different choice of text processing software, the 
styles are not identical with the first part of the document. Figure numbering is starting at 1 in this section. We hope to 
present a homogenous document in a second version. 
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