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ABSTRACT

Many papers discuss challenges and solutions pertaining to under-
water networks that make use of acoustic waves for either detection
or communication purposes. However, no known solution yet exists
for jointly conceiving network performing both tasks. This publi-
cation proposes a procedure addressing this shortcoming. While
considering environmental conditions and physical design deci-
sions, the approach leads to a closed-form expression that has an
optimal communication source level solution. Moreover, results
compare favorably with experimental data.
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1 INTRODUCTION

Underwater acoustic networks have been a topic of interest for
more than two decades [4] with applications in the military, pri-
vate, and security domains [10]. The main benefit of using acoustic
waves under water relates to their propagation ranges far exceeding
those resulting from electromagnetic or optical waves. In a network
using acoustic waves for both detection and communication, each
network node operates an acoustic modem and utilizes underwater
microphone (hydrophones) to acoustically detect objects of interest.

Surveys [5, 7, 12] reviewed the progress made on acoustic com-
munications and remaining challenges. Similarly, Traweek and Wet-
tergreen [15] investigated the sensing design question, but without
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considering acoustic communications as an integral part of the
problem. Moreover, in [7] authors highlight the necessity for new
theoretical models and for the inclusion of aspects pertaining to
the physical design and cost of those networks. Such a physical
design analysis would entail the selection of the required number
of hydrophones, their spacing, as well as the spatial placement of
network nodes, among other things.

The typical design of a SONAR system, either for detection or
communication, naturally results in an optimization problem with
various constraints pertaining to cavitation, processing gain, dimen-
sions, etc. The physical design of an underwater network where
each node acoustically detects and communicates is even more
challenging because the detection and communication tasks may
occur in different frequency bands, thus imposing two significantly
distinct sets of constraints.

A new procedure for performing the simultaneous design of the
sensing and communication functions of each underwater node
is proposed. In particular, the proposed technique provides guid-
ance in terms of node separation distance and communication
frequency-band while considering physical design decisions and
environmental conditions. To the author’s knowledge, this is the
first time such a simultaneous sensing-and-communication design
procedure is presented. Moreover, the results favorably compare
with acoustic communication experimental data.

Section 2 defines in more detail the problem at hand. In Section 3,
the proposed approach and solution are explained. A case study and
its outcome are used to convey the technique in Section 4, before
concluding with Section 5.

2 PROBLEM DEFINITION

The main challenge being investigated here is the design of an
underwater sensor network capable of: (i) detecting an acoustic
signature (called ‘target’) far outside the network, and (ii) commu-
nicating between nodes within the network.

There are four main components to this problem space, whose
first three components are: the target (identified with subscript
“T’), the sensing (subscript ‘S’), and the communication (subscript
‘C’). The fourth component is associated to environmental features,
like wind, sound speed profile, etc., that are partially known (or
inferred) and expected to slowly vary over time. The main two
target features considered here are the main tonal frequency, fr,
and its source level, SLt.

3 PROPOSED SOLUTION

3.1 Assumptions

These common assumptions hold:
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(I) The target radiated noise is narrow band, or tonals;
(II) Sensed and communicated acoustic signals are in the far
field and coherent;
(IIT) Noise is isotropic, Gaussian, and white;
(IV) The effects of rain and ice are omitted;

along with the additional main assumptions:

(V) For acoustic communications, the same transducer serves
both transmit and receive roles, as in most commercial modems;
(VI) Probabilities of detection and false alarms are 50%;
(VII) The target radiates omni-directionally, that is, the target
directivity index is DI = 0;
(VIIT) The ambient noise resulting from wind speed w (m/s) and
shipping equally affect sensing and communication.
(IX) The target-to-node sensing range, Rg (in km), and the node-
to-node communication range, R¢ (in km), relate as follows

Rs = fRc (1)

where > 0 is a real scalar.

Assumptions (V) to (IX) are only there to streamline the solution
in the alloted space. Guidance for more general assumptions is
given, thus demonstrating how general the proposed solution is.

3.2 Overall approach

Next, two SONAR equations, one for acoustic communications and
one for target sensing, are re-introduced. For both communities
(acoustic comms. and underwater sensing designer), most terms in
their respective SONAR equation relates to path losses and trans-
mitter/receiver effects, including antenna design. The main result
of this section pertains to the formulation of a single expression
capturing the challenges of designing hardware for performing
both acoustic communication and target sensing.

For target sensing, signal excess (symbol SE) is given by the
passive SONAR equation written as [2]

SEs = SLt — PLs — NLg — DTs + DIt + DIs, (2)

where all terms in decibels (dB relative to 1 py-Pascal at a distance
of 1 metre) and meaning: source level (SL), propagation loss (PL),
noise level (NL), detection threshold (DT), and directivity index
(DI). The frequency bandwidth term, BW, separately stipulated in
some texts (like [17]), is incorporated in DT here.

For acoustic communications, a similar approach is taken and
assuming that the same transducer technology applies to both
transmission (Tx) and reception (Rx), as stipulated in Assumption
(V), thus resulting in equal directivities, the equation becomes

SEc =SLc — PLec — NLc — DT¢ + 2DIc. 3)

If Assumption (V) does no hold, then two terms DIc 1, and
DIc, ryx should replace 2DIc in equation (3). From a performance
standpoint, signal excess must minimally be equal to zero. There-
fore, the least restrictive case SEs = SE¢ = 0 is chosen. This leads
to the difference equation SEs — SEc = 0 and

ASL = SLt — SL¢ = APL + ANL + ADT — ADI, (4)

where APL = PLs — PLc, ANL = NLs — NLc, ADT = DTg — DT¢,
and ADI = —DI — DIs + 2DI¢.
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3.3 Detailed solution

Now that the problem has been posed as single equation, the fol-
lowing text will elaborate on the simplification of each right-hand
side term of equation (4).

3.3.1 Propagation losses APL. The propagation loss can be ex-

pressed as losses due to geometrical spreading and attenuation
PL(f,R,y,K) = K log;((R - 1000) + a(y, f) R, (5)

where f, R, y, K, and « are the frequency (in kHz), the range (in km),
the environmental data (defined later), the spreading coefficient
(taking value 10, 15, or 20 based on the implied spreading loss), and
the attenuation coefficient (in dB/km), respectively. Now, using the
expression K = 10 K* with K* € {1, 1.5, 2} and injecting equation
(5) and assumption (IX) in the first right-hand term of equation (4)
ultimately simplifies to

APL = 10 log;, (ﬂKg(loooRc)KE*Ké) .
Re(aly, fr) B — ey, fc)), (6)

where fr and fc are the target tonal and acoustic communica-
tion frequencies, respectively. From [3], the attenuation coefficient

a(y, fr) equals
2 2

Bl( 2fT 2)+BZ( sz 2

T+ 7 fug t 17

where y = (pH, T, S, d), the environmental variable array, is made

of the pH, the temperature (T) in Celsius, the salinity (S) in ppt, and

depth (d) in km. The definition and range of coefficients B;, fag, fB
of equation (7) can be found in [3]. Simulating the entire range of en-

) +Bs f2, )
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Figure 1: Attenuation range and mean values.

vironmental values, mean (subscript m) and upper bound (subscript
u) values for attenuation can be approximated by frequency-only-
dependent lines (in the log-log scale) thus giving

am(fr) = Am 2000800 o (£1) = A, 2000810 /)1 ®)

where Ay, = 0.002 and A, = 0.007 so that attenuation grows by a
factor of 20 dB/km for each decade of increase in frequency (ref.
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am and ay, in Figure 1). Expanding equation (6) gives

APL = 10 log,, (ﬁK§(1000 RC)KE‘K’&) ...

e

,Ba’m(fr))o"”.

Re am(fc)

where a,(fc) comes from equation (8) and fT’ = ( 004

3.3.2  Ambient noise ANL. Many publications have discussed
underwater ambient noise power spectra [1, 16, 18, 19]. The main
ambient noise components, along with their preferential frequency
bands, are: turbulence (< 10 Hz), shipping activities (10-to-200 Hz),
surface agitation/waves (100-100,000 Hz), and thermal noise (>
100,000 Hz). For simplicity, rain and ice have been omitted.

In [13], the author proposes equations modeling each compo-
nent. Similarly, Weinberg [18] documents equations matching the
Wenz’s curves. Figure 2 provides the whole ambient noise envelope
generated from equations found in [13, 18] by considering the entire
shipping traffic intensities (none to heavy) and wind speed (none
to the maximum value on Beaufort scale). Figure 2 approximates
the outer envelope of a more recent version of Wenz’s curves (the
blue lines) published in [1] and also shows the extreme cases of a
wind-dependent approximation (in 1 Hz bands) proposed here

NL (dB) = 36 — 16log,, f + 30log,,(w — 1), (10)

with frequency f (kHz) and wind speed w (m/s). The proposed
model falls between all three models discussed above for the max-
imum wind speed and is closer to the former Wenz and Coates
models in the absence of wind.

§ 140 T T T
a \\\ = © = Wenz - maximum
120 | s AN —6— Wenz - minimum .
= B Coates - Full range
e 100 F AN Weinberg - Full range | |
a S : IS ——— Approx - No Wind
z (] : sl = = = Approx - Max Wind
N
E‘ 80} J
(7]
3
8 eof ]
g
° 40fF J
[}
&
D 20} .
[}
3
0 L L L
o
10" 102 10° 10° 10°
Frequency (kHz)

Figure 2: Ambient noise models [1, 13, 18] and proposed ap-
proximation.

Using the approximate model of equation (10), the resulting
value ANL simplifies to

ANL = NLs — NLc = —16logy,(fr/ fo), (11)

when assuming that the same wind speed w holds over the area
covered by sensing and communication ranges (ref. Assumption
(vi)).
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3.3.3  Detection threshold ADT. The relationship between de-
tection threshold and the probability of detections, Py, or false
alarms, Pr,, is specific to the type, and knowledge, of the signal
and noise being processed. The difference between acoustic target
sensing and acoustic communication is that the former involves an
unknown signal whereas the latter relates to a known signal.

For acoustic sensing, one derives Pr, g (often in the 1077 —10712
range) from an acceptable number of false alarms over time from

N fa

ot

where m is the total number of choices (product between beam
numbers, number of frequency bins, ...) made over time 5t [8]. For
acoustic communications, we relate Py, ¢ and BER (bit error rate)

=1-(1=Prgs)™, (12)

in that a false alarm (i.e., detecting a “signal present” while there is
only noise) is analogous of having a bit in error, in that both relate
to a binary decision. From this perspective, it is therefore possible to
pre-determine Pr, ¢ based on the message length and the impact of
a specific BER. To use a realistic case based on the NILUS message
format [11] and assuming encoding, a 150 bytes message length
for reporting a single contact and a BER ~ Pr, c » 107> would
lead to approximately one bit in error every 100 messages, which is
satisfactory. Other message lengths and Pr, ¢ values can be chosen.
The probabilities of detection, Py ¢ and Py g, usually are in the
0.3 — 0.9 range. The Py ¢ = Py s = 0.5 values are adopted here
as they lead to simplifications and correspond to traditional cases
in the literature (ref. Assumption (VI)), but any other values can
be chosen. The rest of the approach is inspired from [8] and as-
sumes extreme cases where acoustic communication occurs with
the maximum amount of information about its transmitted sig-
nals whereas acoustic sensing operates with the least amount of
information about its received signal. Therefore, coherent (respec-
tively, incoherent) processing is assumed for communication (resp.,
sensing). Assuming Py ¢ = Pz s = 0.5 and a number of samples
n = 2BW X T, where BW X T is the product of the signal bandwidth
BW and (integration or symbol) time T, the author of [8] obtains

DTc (dB) = 10logy, (Z(BM’:—C;(T)C) s (13)
DTs (dB) = 5log, ((BWK%)S) , (14)

where k¢ and kg are parameters related to P4 ¢ and Pr g, respec-
tively. More precisely, k¢ and kg relate to the lower integrands (ac
and ag) of the far-right tail probability integral (assuming normal
distributions) as

KC = azc and ks = (V2as —/(2n — 1)) (15)

For a normal distribution with Pr, ¢ = 107>, one gets ac ~ 4.25,
thus k¢ ~ 18. Equations (13) and (14) are idealized cases and the
reader is referred to Section 13.2 of [8] for a treatment including
non-ideal noise characteristics, actual processor, non-perfect sine
wave, and additional at-sea losses.

To derive DTs (or DT¢) of equation (14), the (BW X T)s value
(or (BW X T)c) needs to be determined. It can be shown that given
any Pr, s many bandwidth-time products (BW x T)g lead to =5
dB. Therefore, it is assumed that DTg = —5 dB is maintained by
adapting the integration time for a specific frequency bandwidth.
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The approach taken to identify (BW X T)gs cannot be used for
determining (BW xT)c. Indeed, acoustic detections rely on incoher-
ent (or energy) processing whereas acoustic communication uses
coherent processing in which the signal phase matters. Coherent
processing, in terms of the signal phase, strongly relates to the co-
herence time of the underwater channel, which is the expected time
duration over which the channel response is essentially invariant.

Therefore, equation (13) is expanded as (BW X T)c = BWe X T¢
where we borrow the wideband conclusion of [14] stipulating that
BWc = fc, or that the communication bandwidth is of the same
order of magnitude than its center frequency. This is equivalent
to selecting a transducer with a quality value Q = 1, that is a non-
resonant transducer. For a general transducer, then the relation
BWe - Q = fc should be used. Moreover, Tc < Tcog holds as the
symbol time cannot exceed the communication coherence time,
Tcon- An empirical formula of coherence time for both shallow
and deep waters is formulated in [21] as

1

Tcoy = . 16
(V2 7y) (fe * 1000)1-5 yR¢ * 1000 (1€)

with Teog (sec.), fo (kHz), range Re (km)!, and from [20]
y = 0.6 x 1071(5¢)?, (17)

with dc¢ (m/s) the sound speed standard deviation over the entire
water depth. In [21], §c ranges from 0.2 to 0.8. Assuming equation
(16) along with the longest symbol time, ie., Tc = Tcom, and
BWc = fc, one ultimately gets

ADT (dB) = DTs — DT = —31.2 — 10logy, ((&)Z\/RC fc) . (18)

3.3.4 Directivity index ADI. Recalling that DIt = 0,then ADI =
—DIr — DIg + 2DI¢c = —DIg + 2DIc. A single, N = 1, omnidirec-
tional hydrophone has DI = 0, and therefore does not represent an
interesting case. Next, we assume a line array with N hydrophones,
of length L (m), and with a conventional hydrophone spacing equal
to 0.54¢. Considering an average sound speed ¢ (m/s), the acous-
tic wavelength of the array is Ao = ¢/ fo, where fj is its design
frequency. Similarly, the wavelength of a signal of frequency f is
A = ¢/ f.From [2], for unshaded line arrays in look-directions away
from endfires, one gets

2L 2Lf
DI (dB) = 10log;, T =10log;; —— + 1010 (19)
c

£
g10 T
If the processed frequency is f < fy then the beamwidth grows
(thus less precise) as fo — f increases, if fy < f < 1.5fy then
DI = 10logyy N, and if f > 1.5f; then sidelobe amplitudes start
dominating over that of the main lobe and DI = 0. From equation
(19), the first right-hand side term indicates that optimizing DI
requires that the product L fy must be as large as possible. Moreover,
if DI ~ DI* > 0 is to be maintained over an entire frequency
band, then multiple design frequencies or apertures are required.
Assuming such designs, then the directivity index simplifies to
DI = —10log;, N*, where N* is the number of hydrophones per

aperture. Once applied to sensing and communication, one gets
ADI = 10 (log;y Ng —2log;y N&) (20)

1Original Rc and f units in [21] are in metres and Hz.
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so that directive communication produces twice the gain of direc-
tional sensing for an equal number of hydrophones.

3.3.5 Overall equation SLT — SLc. Before injecting equations
(9), (11), (18), (20) in equation (4), the K and K, variables will be
related to water depth, D (km), as K]* = 2ifRj < Dor K]* =1
otherwise where j € {C,S}. Using basic logarithmic rules and
performing simplifications, equation (4) now expands as

ASL = SLt — SL¢ = —=31.2 — 10logyo f£¢ + ...

Bam(fr)

1.54
Re am(fe) (—0.04 ) I |

* _RCx « KX—0.5 «
103(K5 Kc)(ﬁRC)KSRCC fél NS
(3¢)? (NEE

10log;, (21)

where the dependent variables are K¢, K. and the independent
variables are (with their number in bracket): Environment (2): dc, D;
Target (2): fr, SLT; Network design (4): Re, f, fc, N;/(Né)z. Such
explicit dependencies are clearly not present in any of the original
SONAR equations. Moreover, equation (21) enables the designer
to study, with a single equation, the effects of physical design,
network topology, and environmental conditions on underwater
nodes performing both target sensing and acoustic communications.
As such, there is no equivalent result in the current literature

4 SCENARIO, SIMULATIONS, AND ANALYSIS

Knowing the deployment area means that environmental variables
dc and D (or equivalently ¢, K, and KZ, of equation (21)) can
be determined from historical data and charts. For this scenario,
environmental quantities are selected as dc¢ = 0.8 (from [21]) for
the sound speed standard deviation and a depth of D = 0.35 (km).
Also, the network designer must specify the target features (tonal
frequency fr and source level SLT) as well as the required sensing
range, Rg. For this case, target features (fr = 0.2, SLT = 130) are
taken from [17] and an arbitrary detection range of 5 km is selected.
Through equation (1), knowing both Rg and f leads to R¢, thus
reducing the problem to three (3) network design variables: Rc,
fc and N, ; /(N 2)2. To remain realistic, communication source level
SL¢ cannot exceed 221 dB, which corresponds to the source level
used during the Heard Island experiment [9].

Figure 3 shows the outcome of equation (21) for N; / (N(*:)2 =1
for which the majority of frequency-range combinations has a
source level exceeding 221 dB. The yellow markers in the low
source level area indicate the minimum source level for a specific
range-frequency combination. Figure 4 captures the fact that the
combination of communication range-frequency leading to the low-
est value of SLc follow the power-law relationship: R¢ (km) =
1019607 % fc_l'zg%, with a Mean-Square Error (MSE) of 0.0035 and
a coefficient R? = 1. Figure 4 also contains experimental data ex-
tracted from [6] (see CAS, Scripps, SEANet-G3, Develogic HAM,
EvoLogics WiSE and UCAC) where BW¢ =~ fc, thus matching the
current assumption. A more interesting result is in Figure 5 which
shows the benefit of increasing the Ng/ (Né)2 ratio on the low-
est source level SLc. Moreover, design options on the right-side
of the dashed black line marking 5 km would mean that a target
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Target detection range (km)=5, Target source level (dB) =130
Target tonal frequency (kHz) =0.2
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Figure 3: Simulation of equation (21) for specified values
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Figure 4: Optimum communication range and frequency
leading to lowest source level SLc based on equation (21).
Range and frequency experiments cited in [6].

would pick up an acoustic communication before being detected
as Rc > Rg. The present analysis holds true except when in pres-
ence of ducts/channels, in which case achievable ranges will be
much larger and source levels lower. This short-coming is due to
the SONAR equation which sees the ocean as a one-dimensional
space, thus not accounting explicitly for sound speed variations as
a function of depth.

5 CONCLUSION AND FUTURE WORK

This publication proposes a preliminary approach for determining
the specifications of a network using acoustic waves for both detec-
tion and communication. To the author’s knowledge, this is the first
time a simultaneous physics-based detection-and-communication
network design procedure is proposed. The approach hinges on the
conventional and approximate one-dimensional SONAR equation.
Despite this simplified approach, the predicted source levels agree
well with acoustical communication experiments. In future work,
the present approach will be extended to a more rigorous model.
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