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Abstract. A methodology to predict underwater acoustic channel communica-
tion properties (capacity, bandwidth, range) from the environmental conditions 
in the ocean is proposed. The methodology is based on the use of acoustic 
propagation models coupled to a set of equations proposed firstly by Stojanovic 
[1]. A parametric study of channel characteristics as a function of changing en-
vironmental conditions is presented, showing in particular how channel range 
and/or source transmission power are influenced by the relative position of 
source and receiver with respect to the ocean temperature thermocline. This 
kind of results is crucial to adaptively configure the relative position of mobile 
nodes (typically AUVs – Autonomous Underwater Vehicles) in underwater 
sensor networks, with the final goal of mitigating the effects of environmental 
changes on the network communication capabilities.  
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1   Introduction 

Since the seminal work of Curtin et al. [2], many progresses have been made toward 
the operational implementation of Autonomous Ocean Sampling Networks (AOSN). 
In particular, advances in miniaturization and embedded systems technology has now 
made possible the design and realization of low-cost Autonomous Underwater Vehi-
cles (AUVs) [3], [4], that, equipped with appropriate oceanographic payloads, can act 
as a team in mapping specific areas of the ocean. Cooperation and coordination algo-
rithms for mobile robotic vehicles have been successfully applied to teams of AUVs 
and/or oceanographic gliders [5]. Some large scale experimentation, in which net-
works of mobile and fixed sensors, autonomous or semi-autonomous, have been em-
ployed to monitor the evolution of ocean dynamics, have been successfully reported 
[6]. Nevertheless, the challenges posed by the ocean environments are such that there 
are still scientific and technological problems to be solved for the realization of the 
original AOSN vision.  
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One challenge not yet solved is related to the problem of communication among 
the underwater platforms, either fixed or mobile, composing the sensor network. 
Since electromagnetic waves are so strongly attenuated in salty waters to prevent any 
radio communication at distances exceeding few meters, acoustic waves are used for 
underwater communication. Hence, the physics of underwater acoustic propagation 
plays a key role in the determination of the communication channel characteristics. In 
turn, the physics of acoustic propagation is strongly influenced by the oceanographic 
conditions, since the sound speed in the water is a function of temperature, salinity 
and depth, and these quantities vary both in space and in time [7]. While several ap-
proaches have been proposed to model the underwater acoustic communication chan-
nel (see for instance [8] for a recent review), there still appears to be a gap in the sci-
entific literature between the channel characterization which is required for communi-
cation system design, and the physical modeling of acoustic propagation.  

In an attempt to bridge the above mentioned gap, Stojanovic [1] has proposed a set 
of expressions to determine maximum channel capacity and bandwidth as a function of 
the intensity loss of the acoustic signal. In [1], analytical computations are given for the 
case in which the medium (i.e., the ocean channel) is homogeneous and the intensity 
loss is due only to geometrical spreading and to the intrinsic attenuation of the  
medium. However, intensity loss is among the parameters computed by acoustic 
propagation codes: so, at least in principle, the approach of [1] can be extended in a 
straightforward manner by using appropriate numerical models of the acoustic channel. 

The contributions of this paper are twofold:  

• it is shown how indeed a specific computational code (the code “Bellhop”, 
based on ray theory [7], [9]) can be used in order to derive communication 
channel characteristics following the approach of [1]; in doing this, we also 
discuss the set of modifications and/or caveat that have to be considered be-
fore transposing directly the results of the model into the channel equations.  

• a parametric study based on the above mentioned channel modeling is per-
formed to determine the variability of the communication channel perform-
ance as a function of the variability of the environmental conditions (and 
therefore of the acoustic propagation conditions).   

The sensitivity study is directed toward the determination of optimal strategies for 
mobile nodes motion in an AOSN to maximize communication performance or to 
maintain team communication connectivity [10], [11]. While this latter problem is not 
treated in this paper, the results reported here are instrumental to the implementation 
of cooperative distributed motion algorithms in underwater sensor networks. 

The paper is organized as follows: in the next section the main aspects of acoustic 
propagation relevant to the communication problem are briefly reviewed, the ap-
proach of [1] to the modeling of the acoustic communication channel reported, and 
the assumptions, validity limits and implementation choices adopted in coupling the 
physical model Bellhop to the communication channel equations illustrated. In Sec-
tion 3 the simulative scenarios are described; in particular, we consider three cases, 
and in all of them sound speed changes only as a function of depth in the water col-
umn, but not of range between transmitter and receiver: in one case the sound speed is 
constant with depth (similar to the analytical case of [1]), in the other two cases a 
thermocline region is considered (i.e., a region in which temperature, and hence sound 
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speed, has a constant gradient with depth), and transmitter and receivers are located 
within the thermocline, or on opposite sides of the thermocline. Simulations for the 
three cases are referred to two different scenarios, one taken from the original Stoja-
novic paper [1], and the other, considering higher frequencies and shorter ranges, 
corresponding to a more realistic operational configuration. Conclusions and future 
work are addressed in Section 4.  

2   Acoustic Propagation and Communication Channel 
Characterization 

In this section we first review the physics of acoustic propagation and the assumptions 
of the ray modeling approximation. Subsequently, the channel characterization pro-
posed in [1] is reported and linked to the ray model. 

2.1   The Physics of Acoustic Propagation 

The pressure field generated by an acoustic (compressional) wave traveling in the 
ocean medium is governed, in the linear approximation, by the Helmholtz equation 
[7]:  

2 2[ ( )] ( , ) ( ) ( )k fψ ω ω δ∇ + = − sx x x x   
(1) 

where ω is the angular frequency, x is the position in the space coordinate frame, 
2∇ is the Laplacian operator, ( ) / ( )k cω=x x  is the wavenumber, ( )c x is the sound 

speed in the medium as a function of geographical position, ( )f ω is the forcing term 

due to a point source at location sx , δ is the Dirac’s delta function, ψ is the wave 

potential. The pressure is related to the wave potential by the equation:   

( , ) ( , )p ω ρω ψ ω= 2x x   
(2) 

where ρ  is the medium density, and it is considered constant in the following. To 

solve the Helmholtz equation it is necessary to specify the boundary conditions, in 
terms of sea surface and bottom depth, and the medium characteristics, in terms of the 
sound speed in the medium, which in practice depends on the ocean dynamics. The 
coordinate reference frame is usually taken with the origin at the sea surface and the z 
axis pointing downward toward the sea bottom. By assuming the existence of a solu-
tion to the homogenous Helmholtz equation of the form:  

( )

0

( , ) j h
h

h

a
p e ωτω

ω

+∞

=

= ∑xx  . (3) 

and substituting (3) into equations (1) and (2), neglecting the terms where ω appears 
at the denominator, one gets the  ray-theory approximation equations:  
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                    (eikonal equation) 

2
0 02 ( ) 0a aτ τ∇ ⋅∇ + ∇ =           (transport equation) 

(4) 

 
(5) 

 

where ( )τ x is the time of arrival of an acoustic ray from the origin to the position x. 

The above derivation has been outlined to emphasize that the ray theory approach, 
which is followed since now on, due to its intuitive appeal, it is an approximation 
which is valid only in the high frequency regime (usually above the KHz). 

In qualitative terms, using the ray approximation, an acoustic wave traveling from 
a source in the ocean water column will manifest itself as a sequence of arrivals corre-
sponding to the various rays (Fig.1, left). Different rays will arrive at the receiver 
following different paths (multi-path arrivals). The paths themselves will be deter-
mined by the sound speed in the medium through the Snell’s refraction law (which is 
embedded in the eikonal equation). In (Fig. 1, centre) a typical sound speed profile as 
a function of depth is shown. The corresponding ray paths are shown in (Fig. 1, right) 
assuming cylindrical coordinates and sound speed constant with range.  

 

Fig. 1. The geometry of the transmitter and the receiver is shown on the left. Rays can arrive to 
the destination following different paths. A typical sound speed profile is shown in the middle, 
while the corresponding ray paths are shown on the right. 

The acoustic intensity ( )I x is the power per unit surface of an acoustic wave, and it 

is proportional to the square of the pressure. The transmission loss TL of an acoustic 
wave is defined as:  

( )10 0( , ) 10 ( , ) /TL Log I Iω ω= −x x . (6) 

where 0I  is the reference intensity. In underwater acoustics, the reference intensity is 

the intensity of a plane wave having rms pressure amplitude of 1 Paμ at 1m distance 

from the source. By numerical solution of the transport equation, it is possible to 
numerically compute TL in the ray approximation. The computational code “Bellhop” 
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[9] is such a code; it is widespread in the scientific community, having passed the 
appropriate recognized benchmark tests. In the following of the paper, all the simula-
tive results will be obtained through Bellhop. Moreover, in all our simulations we will 
refer to the so-called “range independent” environmental conditions: a cylindrical 
coordinate frame will be assumed, with axis r (range) and z (depth); the source is 
always placed on the 0z = axis, and ( , ) ( )c r z c z= .  

It is important to remark that the Bellhop model includes the following physical 
mechanisms of intensity loss: the geometrical spreading, computed along the paths for 
each ray; the intrinsic attenuation, which is the attenuation due to mechanical and 
thermodynamic effects of pressure propagation in salty water, and which is frequency 
dependent; the wave interference patterns due to the superposition of different rays.  

The transmission loss can be used to predict the intensity level S at the receiver due 
to a source of intensity SL through the so-called passive sonar equation:  

( ) ( )S SL TL= −x x  (7) 

By considering also an ambient noise term, the passive sonar equation can be formu-
lated in terms of the Signal-to-Noise Ratio (SNR) at the receiver as follows:   

( , ) ( , ) ( )SNR SL TL Nω ω ω= − −x x  (8) 

where all the above quantities are in dB ref 1 Paμ @1m. The same SNR can be ex-

pressed in natural scale as: ( , ) ( ) ( )snr I nω ω ω=x . The ambient noise term ( )N ω , or 

( )n ω  in natural scale, may depend on a series of factors (ship traffic, wave mo-

tions,…) and the noise model defined in [1], [12], is considered in the remainder of 
this paper, with the same parameter choices of [1]. Space limitations prevent to report 
the model here.  

For any given source position sx , and for any receiver position x and any fre-

quency ω it is possible to define the channel transfer function ( , , )G ωsx x satisfying 

the following relation between transmitted and received pressure: 

( , ) ( , , ) ( )sp G pω ω ω= sx x x . (9) 

where ( )sp ω is the source signal. The transmission loss can also be computed from 

the transfer function as:  

1020 ( , , )TL Log G ω= − sx x . (10) 

while the SNR in terms of transfer function is given as:  

( )
22

10 1010 10 sp G
SNR Log snr Log

n

⎛ ⎞
⎜ ⎟= − = −
⎜ ⎟
⎝ ⎠

. (11) 
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2.2   Acoustic Communication Channel Characterization 

This section reports the definitions and equations proposed in [1] to characterize an 
acoustic communication channel on the basis of the transmission loss (equation (6)), 
of the SNR (equations (8) and (11)) and of the channel transfer function (equation 9). 
The original equations of [1] are slightly reformulated here to better link them to the 
physical description of the previous section, but preserving the same approach and 
considerations of [1]. We first note that, for any source-receiver geometric configura-
tion ( , )sx x  it is possible to define an optimal transmission frequency as:  

2

0

( , , )
( , ) arg max

( )

G

nω

ω
ω

ω
= s

s

x x
x x . (12) 

A heuristic 3-dB bandwidth 3 0( )B ω  can then be defined as the range of frequencies in 

the neighborhood of 0ω such that 0( ) ( ) 3SNR SNRω ω> − . For any given transmitted 

source signal ( )Sp ω , the source intensity in the bandwidth 3 0( )B ω  is proportional to 

the square of the pressure spectrum integrated over the bandwidth:   

3

2 ( )S sB
I p dω ω∝ ∫ . (13) 

The SNR, expressed in natural scale, within the 3dB bandwidth, is thus obtained by 
integrating the argument of the Log function in equation (11) over the bandwidth: 

3

3

3

22 ( ) ( )
( )

( )

sB

B

B

p G d
snr

n d

ω ω ω
ω

ω ω
=
∫

∫
. (14) 

Equation (14) can then be used to dimension the source level (through ( )Sp ω ) in 

order to achieve a prescribed SNR gain. In particular, assuming a constant source  
level 3p over the 3dB bandwidth, in order to obtain a prescribed SNR γ  (in natural 

scale) the following relation must hold:  

3

3

2
3 2

( )

( )

B

B

n d
p

G d

ω ω
γ

ω ω
≥

∫
∫

. (15) 

The corresponding channel capacity is given as:  

3

22
3

3 2

( )
log 1

( )B

p G
C d

n

ω
ω

ω

⎛ ⎞
⎜ ⎟= +
⎜ ⎟
⎝ ⎠

∫ . (16) 
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As observed in [1], the above heuristic definition does not guarantee the optimality 
in the energy distribution across the system bandwidth. Therefore, in [1] it is proposed 
also the following approach, termed capacity-based bandwidth definition, in which 
the bandwidth is indeed defined in order to maximize the channel capacity. In particu-
lar, under the assumption of time-invariance of the channel, by subdividing the band-
width in sub-bands of width ωΔ  such that the channel transfer function G  can be 
considered constant within the sub-band and the noise term n white within the sub-
band, the channel capacity for a receiver located in x is given by:  

22

2

( ) ( )
( ) log 1

( )
s h h

h h

p G
C

n

ω ω
ω

ω

⎛ ⎞
⎜ ⎟= Δ +
⎜ ⎟
⎝ ⎠

∑x . (17) 

The optimal energy distribution within the bandwidth is obtained by maximizing the 

capacity in equation (17) with the constraint of finite transmitted power 2
sp∫ . The 

optimal signal power spectrum must satisfy the water-filling principle [13]:  

2
2

( )
( )

( )
s

n
p

G

ωω κ
ω

+ = . (18) 

where the constant κ is determined from the resulting signal power. The SNR corre-
sponding to the optimal energy distribution is obtained as:  

2 22 ( ) ( ) ( )
( ) 1

( ) ( )

sB B

B B

p G d G d
snr

n d n d

ω ω ω ω ω
ω κ

ω ω ω ω
= = −∫ ∫

∫ ∫
. (19) 

and the transmitted power is:  

2
2

( )
( )

( )
S s

B B

n
P p d B d

G

ωω ω κ ω
ω

= = −∫ ∫ . (20) 

Once a prescribed SNR γ (in natural scale) is given, the following iterative procedure 

can be employed to determine the optimal energy distribution: 
 

1. For each receiver position x, the optimal transmission frequency (equation 

12) is determined; (0)κ is initialized as 
2

0 0(0) ( ) 2 ( )n Gκ ω ω= (note that 

κ will vary with receiver position) 
2. given ( )mκ , determine the bandwidth ( )B m as the region of frequencies 

around 0ω  such that 
2

0 0( ) ( ) ( )m n Gκ ω ω> ; 

3. compute snr(m) from equation (19) using ( )B m  and ( )mκ ; 

4. if ( )snr m γ< , set ( 1) ( )m mκ κ ε+ = + , with ε (small) constant and go to 

step 2; otherwise, exit with ( )mκ κ=  and ( )B B m=  
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The optimal energy distribution is then given by equation (18) for Bω ∈ , and it is 
zero outside the bandwidth B. The corresponding channel capacity, which will be 
referred as optimal channel capacity in the remainder of the paper, is given by:  

2

2

( )
log

( )B

G
C d

n

ω
κ ω

ω
= ∫ . (21) 

2.3   Channel Performance from Acoustic Propagation Computation 

The channel characteristics defined in the previous subsection can be determined by 
computation of the quantities defined in equations from (7) to (11) with a numerical 
code able to solve the Helmholtz equation (1). In particular, in the next section the 
code Bellhop, as already anticipated, will be extensively used. Bellhop solves equa-
tions (4) and (5), producing a high-frequency approximation of the solution of equa-
tion (1). One specific aspect has to be discussed when using the transmission loss 
computation from a numerical code as Bellhop to determine the communication 
channel performance: the evaluation of the multipath structure. In time domain the 
multipath structure reveals itself as a sequence of attenuated, delayed replicas of the 
first arrival, usually well separated in time (at least at high frequencies). Computa-
tional codes as Bellhop consider stationary sources and stationary waves; this implies, 
roughly speaking, that the signal intensity at the receiver position sx is determined by 

adding up (with a coherent or incoherent procedure, depending if phase information is 
taken into account, and both options are available) the contributions carried on along 
each ray path to produce the total received intensity. As a result, in the case of coher-
ent constructive interference, or in the incoherent case, multipath arrivals contribute to 
decreasing the transmission loss and increasing the SNR. While this makes sense in 
the usual application of acoustic propagation codes (determination of sonar ranges, 
etc.), it may not always be appropriate in the context of acoustic communication. An 
underwater acoustic communication signal will not transmit stationary waves, but it 
will use some kind of modulation. Multipath arrivals may not concur to enhance the 
SNR, but in fact, more often than not, will consist in a disturbance echo resulting in 
symbolic interference. Indeed, several receiving schemes proposed in the literature 
are based on the estimation of the multipath time-delay structure and on the suppres-
sion of the delayed arrivals [8].  

It has to be noted, however, that there are propagation conditions in which only 
bottom reflected or surface reflected arrivals can reach the receiver; moreover, de-
pending on the attenuation properties of the bottom (the “bottom loss”), a late surface 
reflected arrival may carry more power than a faster, bottom reflected arrival. In this 
case it is more useful to use the second arrival in decoding the transmitted signal. 

Last but not least, it is worth to mention that other propagation codes, not based on 
the ray approximation, may cope with the same problem in a different way. For in-
stance, when using normal mode-based computational codes, only the modes that 
effectively contribute to the useful part of the signal must be considered, while those 
contributing to symbolic interference must be discarded.   

As a consequence of the above discussion, the decision whether to include the mul-
tipath arrivals in the computation of the transmission loss and of the SNR must ulti-
mately depend on the modulation/demodulation algorithms and on anticipation of 
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some peculiarities in the propagation behaviour. In the simulations reported in the 
next section, we have not considered multipath arrivals; all else being equal, inclu-
sions of the multipath structure would have led to an increase in the estimated per-
formance of the channel. This means that the results obtained are valid only for those 
demodulating schemes that suppress the delayed echoes due to the multipath structure 
and for situations in which a direct path is always present between transmitter and 
receiver. 

3   Simulations and Sensitivity Analysis to Sound Speed Variation 
in the Water Column 

In this section we consider two different scenarios and three cases for each scenario. 
The first case is indicated as “nominal scenario”, and it is similar to that analyzed in 
[1]: frequencies vary from 10 Hz to 20 KHz, transmitter-receiver ranges vary from 
1Km to 100Km. The nominal scenario has been included in order to allow an easy 
comparison between our computational results and the analytical results reported in 
[1]. The second case is indicated as “operative scenario”, since it is closer to the ex-
pected frequencies and ranges that are or may be used in AOSN applications: fre-
quencies vary between 20 and 50 KHz, and transmitter-receiver ranges vary from 
100m to 6000m. In both scenarios, three cases are considered with different environ-
mental conditions: constant sound speed profile (equivalent to the analytical case of 
[1]); presence of a thermocline with both transmitter and receiver in the thermocline 
region; presence of a thermocline with the transmitter above the thermocline and the 
receiver below. The transmitter depth is 300 m above the receiver depth in the nomi-
nal scenario, and 100 m above the receiver depth in the operational scenario. The 
results are always reported as a function of the horizontal range between transmitter 
and receiver. Water depth and bottom absorption do not play any role since we are 
considering only direct arrivals. The sound speed profile varies with depth (hence the 
presence of a thermocline) but not with range (range independent environmental 
conditions). 

In both scenarios, the following results have been produced and presented as 
graphical output for the three cases considered: SNR as a function of frequency;  
optimal frequency as a function of range; heuristic bandwidth and capacity; optimal 
bandwidth and capacity; source power required to reach a 20 dB gain in SNR as a 
function of range.  

3.1   Nominal Scenario 

The three cases considered for the nominal scenario, in terms of relative position and 
sound speed profile in the water column, are reported in Fig. 2. The gradient in the 
sound speed profile corresponds to the thermocline region. In the simulations, fre-
quencies from 10Hz to 20KHz have been considered, with 100Hz spacing starting 
from 100Hz. Horizontal range varies between 1 and 100Km; 200 range slices have 
been considered.  
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Fig. 2. The three cases considered, with different speed profiles as a function of depth, from the 
left to the right 

In Fig. 3 the SNR as a function of range is reported for the three cases. The SNR 
decreases when propagation within the thermocline is considered. Note that in case 3, 
at 5 km distance, there is a direct path between the transmitter and the receiver that 
does not cross the thermocline.  

 

Fig. 3. SNR as a function of frequency. Solid lines refer to a range of 5 Km, dashed lines to 
range equal to 50 Km and dotted lines to 100 Km. For each of the three ranges, graphs corre-
sponding to three cases are shown. 

In Fig. 4 the optimal propagation frequency is indicated for the three cases; here it 
is worth to note that the optimal frequency is not influenced by the propagation  
condition.  
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Fig. 4. Optimal frequency as a function of the range. There are not significant differences 
among the three studied cases. 

Fig.s 5 to 8 show bandwith, capacity and power (in both heuristic and optimal 
definitions). Power is intended as the power required to achieve a 20 dB SNR gain. 
Similarly to the optimal frequency shown in Fig. 4, the bandwith is not influenced by 
the propagation conditions; this may appear surprising at first, since bandwidth does 
depend on the SNR. However, bandwidth depends on the relative differences of the 
SNR at adjacent frequencies; while the absolute SNR level is different from case to 
case, this is not so for the relative differences, hence the invariance of bandwidth with 
respect to environmental conditions. Differently from the bandwith, the reason why 
the capacity is apparently not affected by the propagation conditions in Figs. 7 and 8 
is that here the source power compensates for SNR differences. 

Finally, in Figs. 7 and 8, it can also be noted that at long ranges the environmental 
condition of case 2 (with both transmission ends within the thermocline region) is the 
one requiring the maximum power from the transmitter, while there are shorter ranges 
in which the most power consuming environmental conditions is the one of case 2 
(transmitter and receiver on the opposite sides of the thermocline). In any case, the 
presence of the thermocline is detrimental to the system power consumption.  

       

Fig. 5-6. The heuristic bandwith and capacity are shown on the left, while the optimal bandwith 
and capacity are on the right. There are not visible differences among the three studied cases. 
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Fig. 7-8. On the left heuristic power and on the right optimal power required to achieve an SNR 
greater than 20 dB. Now differences among the three studied cases are evident. 

3.2   Operational Scenario 

The three cases considered for the operational scenario, in terms of relative position 
and sound speed profile in the water column, are reported in Fig. 9. In the simulations, 
frequencies from 20Hz to 50KHz have been considered, at 100Hz steps. Horizontal 
range varies between 100m and 6000m; 100 range slices have been considered.  

 

Fig. 9. The three cases considered, with different speed profiles as a function of depth, are 
shown from the left to the right 

In Fig. 10 the SNR as a function of range is reported for the three cases; also in this 
scenario the SNR decreases when the direct path propagates through the thermocline.  

In Fig. 11 the optimal propagation frequency is indicated for the three cases; while 
it is confirmed that also at higher frequencies the optimal frequency is not influenced 
by the propagation condition, here it is worth noting that the there is no optimal fre-
quency above 38 KHz; the curve flattens at the 20 KHz value slightly above 1000m 
because 20 KHz is the inferior range considered in the scenario.  
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Fig. 10. SNR as a function of frequency. Solid lines refer to a range of 1 Km, dashed lines to 
range equal to 2 Km and dotted lines to 5 Km. For each of the three ranges, graphs correspond-
ing to three cases are shown. 

 

Fig. 11. Optimal frequency as a function of the range. There are not significant differences 
among the three studied cases. 
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Figs. 12 and 13, reports bandwidth and channel capacity (heuristic and optimal 
definition) while Figs. 14 and 15 report the required source power as a function of 
range to achieve a 20 dB SNR gain; here, in both cases, are more evident the nonlin-
ear variations with range in the required power when propagation within the thermo-
cline is considered.  

       

Fig. 12-13. On the left, heuristic bandwith and capacity as a function of the distance, while on 
the right the optimal bandwith and capacity are shown. There are not significant differences 
among the three studied cases. 

       

Fig. 14-15. On the left the heuristic power and on the right the optimal power required to 
achieve an SNR greater than 20 dB are shown. Now differences among the three studied cases 
are evident. 

4   Discussion and Conclusions 

In this work we have applied the theory developed in [1] to the computation of the 
underwater communication channel characteristics through the use of acoustic propa-
gation simulators. In this way it is possible to consider the effective environmental 
conditions of the acoustic channel. This capability can be exploited in various ways: 
in the field, the on-line measurement of the sound speed profile in the water column 
(or equivalently the measurement of temperature and salinity) may be used to adapt 
on-line the characteristics of the communication system. At the design stage, sensitiv-
ity studies can be performed, similarly to what has been done in this contribution, 
analyzing particular environmental situations. In this paper such a sensitivity study 
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has been carried out considering the very frequent situation in which a thermocline 
region is present in the water column. While the main result may not come as a sur-
prise (the best situation, from the point of view of communication performance, is 
when both transmitter and receiver are either above or below the thermocline), the 
sensitivity analysis shows how the transmission power, and hence the source level, is 
influenced in order to achieve a prescribed SNR. The same results can be used to 
determine, with a given source level, what is the maximum range at which transmitter 
and receiver can be positioned to guarantee a prescribed SNR.  

As discussed in the paper, the numerical results obtained are subject to a series of 
assumptions that may not apply to any underwater communication system or envi-
ronmental situation. In addition to the multi-path arrival contribution to the SNR, 
discussed in section 2.3, another notable effect not included in this study and that 
must be part of a thorough analysis of communication strategies for an AOSN is the 
Doppler effect due to relative transmitter-receiver motion. Our future work will de-
velop on two directions: on one side, we will enhance the communication-oriented 
modeling of the acoustic channel; on a parallel line, we intend to exploit the results of 
sensitivity studies similar to the one reported here in order to devise collective motion 
strategies in AOSN that guarantee some quality of service requirements in the com-
munication and networking.  
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