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Abstract—Energy-efficiency in underwater networks is

essential since nodes are mostly battery powered and it

is difficult to replenish their supply. Furthermore, since

underwater acoustic sensor networks are effected by ambient

environmental conditions leading to volatile network dynamics,

large propagation delays and a high probability of error in

transmissions, it is even more important to analyze the energy

consumption characteristics in order to build an energy efficient

robust network. Since the underwater acoustic channel behaves

differently in deep water and shallow water it is important

to understand the energy consumption characteristics of both

channels. In this paper we present a study conducted to analyze

the energy consumption in underwater acoustic sensor networks.

The energy consumption for different transmission mechanisms

(single-hop, multi-hop, etc.) are analyzed not only in deep

and shallow water channels but the effect of varying ambient

conditions are also presented.

I. INTRODUCTION

Most underwater acoustic sensor network deployments
consist of individual nodes, which are organized in a
node-to-sink communication architecture. These sensor nodes
are usually used for remotely collecting telemetry and are
mostly deployed sparsely with a static network topology owing
to the lack of precision localization systems in the water. To
reduce the cost of such nodes, they regularly utilize battery
power as a source of energy and it is quite difficult to replenish
their supply due to a lack of sources for recharging batteries
easily [1], [2]. Typically, underwater acoustic networks require
about 100 times more power for transmitting data, as compared
to the power required for receiving [3]. As such, underwater
acoustic sensor network nodes have to be frugal with energy
consumption, in order to prolong the network lifetime.

Underwater acoustic channels are volatile due to their
dependence on ambient factors like temperature, salinity and
acidity, leading to high local variances, large propagation
delays and greater bit-error rates (BER) [4]. These factors
can have an impact on the energy consumption of network
nodes as well since most nodes are designed to deal with
the problems by adapting their transmission characteristics or
more commonly by over provisioning their transmission power
and under-provisioning their transmission rates. This approach
leads to a high energy cost for low throughput; a far from ideal
scenario. Furthermore, the underwater channel has different
characteristics in shallow and deep water, which too effect the
energy consumption of such networks. As such, it is important

to analyze the energy consumption of nodes in underwater
acoustic networks taking all these aspects into account in
order to have an understanding of energy consumption in
underwater networks, while designing protocols and systems
for this environment.

In this paper we perform a numerical analysis to obtain
the energy consumption in underwater acoustic networks.
Since single-hop and multi-hop source-to-sink scenarios are
the most common, deployments of these in shallow and deep
water are considered for the evaluation. For the purpose of
this evaluation, we consider shallow water to be defined as
depths up to 100m, and deep water as depths greater than
this measure. In order to perform the numerical analysis we
construct a numerical model that describes the propagation of
sound in our target scenarios, while taking into account the
varying sound velocity, effect of ambient characteristics and
the transmission loss. Based on the sonar equation we derive
equations to obtain the energy consumption of underwater
acoustic networks. The obtained model is then utilized to
obtain the energy consumption characteristics of underwater
acoustic networks.

A discussion of other related underwater acoustic network
energy consumption studies is provided in Section 2. A
mathematical model for obtaining the energy consumption
of underwater acoustic networks is presented in Section 3,
following which the results are presented in Section 4 before
a short conclusion.

II. RELATED WORK

There have been some recent studies focusing on the
energy consumption of underwater acoustic networks. The
authors of [5] present an approach towards energy savings
that uses wake-up cycles to conserve energy. While this
approach is shown to save energy, a basic discussion of energy
consumption in different scenarios is lacking.

A similar approach to energy conservation is discussed in
[6], where a high data rate modem is used for data delivery
and a low data rate modem for neighbor discovery. By putting
the high data rate modem, which also consumes the higher
energy, in sleep mode till data transfer is needed the approach
saves energy. Furthermore, the authors demonstrate that even
with a higher energy consumption, high data rate modems
can achieve overall lower data delivery costs because of the
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Figure 1. A linear network deployment with multiple nodes and a sink.
Nodes can either communicate directly with the sink or using a multi-hop
relaying mechanism.

higher throughput they can achieve. While this information is
useful, a general study of energy consumption in underwater
networks is not provided and neither is a discussion in
multiple different scenarios. A more in-depth study on the
performance of the scheme presented in [6] is carried out
in [7]. While the scenarios in this study are varied in the
form of node density, a random distribution of nodes is
not realistic for underwater acoustic networks since they are
normally deployed linearly or in a grid fashion with node to
sink communication [8]. Furthermore, the effects of ambient
characteristics and deployment depth are not considered.

A study on the energy consumption of a direct transmission
scenario in shallow networks is provided in [2]. However,
this as well lacks a discussion on multiple scenarios. In [9]
multiple routing protocols for underwater acoustic networks,
like HH-VBF, FBR, DBR, DUCS and others, are discussed.
The paper also provides insights into the likely energy
consumption of these protocols, however, it does so without
providing any scenario information or any concrete values
associated with the protocols. As such, the results presented
here can only be used as an informational guideline.

The authors of [10] perform a more generalized analysis
of energy consumption in single-hop and multi-hop networks,
both in shallow and deep water. While the results presented
in this paper are quite useful, they do not take into
account the variance of ambient characteristics on underwater
networks. As such, in this paper, while evaluating the energy
consumption in shallow and deep water the effects of ambient
conditions on energy consumption are also looked into.

III. MATHEMATICAL MODEL

In order to obtain a deeper understanding of the energy
consumption in underwater acoustic networks, it is important
to construct a channel model. The sonar equation, shown
below, represents the signal-to-noise ratio (SNR) of passive
sonar:

SNR = SL� TL�NL+DI > DT (1)

where DT is defined as the detection threshold, SL is the target
source level, TL is transmission loss and NL is the ambient
noise level and DI is the directivity index of the hydrophone
being utilized. The source level can be obtained based on the
equipment being utilized or it can be determined in case the
other variables are known. Similarly, the ambient noise level
can either be measured or obtained by the following equation:

N(f) = N
t

(f) +N
s

(f) +N
w

(f) +N
th

(f) (2)

where N
t

is the turbulence noise, N
s

is the shipping noise
(with s as the shipping factor which lies between 0 and 1),

Figure 2. Cylindrical spreading in shallow water acoustic networks.

N
w

is the wind driven wave noise (with w as the wind speed
in m/s) and N

th

is the thermal noise [11]. The values for
these individual noise types can be obtained from the following
equations:

10 logN
t

(f) = 17� 30 log f (3)

10 logN
s

(f) = 40+20(s�0.5)+26 log f �60 log(f +0.03)
(4)

10 logN
w

(f) = 50+7.5w
1

2

+20 log f �40 log(f +0.4) (5)

10 logN
th

(f) = �15 + 20 log f (6)

The directivity index being a property of the hydrophone
can be obtained and as such, the transmission loss of the
channel needs to be obtained. The value for transmission
loss can be obtained by adding the effects of geometrical
spreading, absorption and scattering. If we consider I0 to be
the intensity at a reference point located approximately 1m
from the acoustic center of the source and I1 as the intensity
at a distant point, then we can define the transmission loss as:

TL = 10 log

I0
I1

= 10 log I0 � 10 log I1 (7)

Now, in this system the source level can be defined as:

SL = 10 log

I0
I
ref

= 10 log

I0
1µPa

(8)

We can now replace the value of source level from Equation
8 in Equation 7 in order to obtain the transmission loss
relationship:

TL = SL� 10 log I1 (9)

Equation 9 can be used to obtain the transmission loss of
the passive sonar equation in shallow and deep water cases.
This is presented in the following sub-sections.

A. Energy Consumption in Shallow Water
Let’s consider a linear network deployment with N + 1

nodes, as shown in Figure 1, in shallow water where the
distance between nodes is d. In our approach, we wish
to analyze the energy consumed when packets of B bits
are transmitted from the sensor nodes to the sink in a
single hop fashion, i.e. directly from each node to the sink
and in a multi-hop fashion, i.e. each node relays data to
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Figure 3. Cross section of spherical spreading in deep water acoustic
networks.

its neighbor before it is sent to the sink. A linear chain
formation is considered since it represents the worst case
energy consumption scenario.

Acoustic signals in shallow water propagate in a cylindrical
fashion, as shown in Figure 2, leading to a cylindrical
geometric loss. If we consider the two points r1 and r2 where
the power crossing the transmission cylinder is measured, this
can be represented by:

P = 2⇡r1HI1 = 2⇡r2HI2 (10)

where H is the height of the cylinder, i.e. the depth of the
bottom surface. The transmission loss between the two points
r1 and r2 can then be evaluated as:

TL = 10 log

I1
I2

= 10 log r2 (11)

Now, if we consider that the node located at a distance Nd
from the sink needs to send K packets, the power level and
energy consumed during transmission is:

P = 2⇡dHI1 (12)

E = NPT
tx

K (13)

where d is the distance between each node, N represents the
number of hops towards the sink and T

tx

is the transmission
time taken by one single packet.

When each node along the stretch has K packets to transmit
via a multi-hop relaying mechanism, the energy consumed is
[2]:

E
total

= NPT
tx

K + (N � 1)PT
tx

K + ...+ PT
tx

K

=

N(N + 1)PT
tx

K

2

(14)

However, if the nodes communicate directly with the sink
using a single-hop mechanism the power level of each node
becomes:

P = 2⇡r1HI1 (15)

where r1 is the distance between each node and the sink. The
total energy consumption in this scenario becomes:

E
total

= P
Nd

T
tx

K + P(N�1)dTtx

K + ...+ P
d

T
tx

K

= KT

NX

1

P(id) (16)

Power is a function of intensity, which is related to
transmission loss as was demonstrated by Equation 9. As
such, the transmission loss caused by cylindrical spreading
and attenuation can be obtained from:

TL = 10 log r + ↵r ⇥ 10

�3
+A (17)

where ↵ is the absorption coefficient in db/km, r is the range
and A is the transmission loss anomaly that accounts for
multipath propagation, refraction and other phenomenon. The
absorption coefficient, ↵, can be obtained from the Ainslie &
McColm model [12]:

↵ = 0.106
f1f

2

f2
1 + f2

e
pH�8

0.56

+0.52

✓
1 +

T

43

◆✓
S

35

◆
f2f

2

f2
2 + f2

e
�D
6 (18)

+4.9⇥ 10

�4f2e�(
T
27

+ D
17

)

where pH represents ocean acidity, S the salinity in ppt, T
the temperature in �C and D the depth in km. The coefficients
f1 and f2 can be obtained from:

f1 = 0.78

r
S

35

e
T
26

f2 = 42e
T
17

As such, now from Equations 9 and 17 we can obtain:

I1 = 10

SL�TL
10

= 10

SL�10 log r�↵r⇥10

�3�A
10 (19)

Substituting Equation 19 in Equation 12, we get the
following for multi-hops:

P = 2⇡dH10

SL�10 log r�↵r⇥10

�3�A
10 (20)

and by substitution in Equation 15, we get the following for
single-hops:

P = 2⇡r1H10

SL�10 log r�↵r⇥10

�3�A
10 (21)

As such, using Equations 1, 2, 14, 16, 20 and 21 we can
obtain the energy consumption of single hop and multi hop
scenarios in shallow water.

B. Energy Consumption in Deep Water

Unlike shallow water, signals in deep water acoustic
networks propagate in a spherical fashion, as shown in Figure
3, thereby leading to a spherical geometric spreading loss. In a
network scenario, similar to the shallow water case, the power
P generated by a source is radiated equally in all directions
across a seemingly spherical surface. As such if we consider
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Figure 4. Total energy consumed in shallow water when (a) data is transmitted directly to the sink over a single-hop; (b) data is relayed over multiple hops.

two points r1 and r2, similar to shallow water, the power
across the sphere becomes:

P = 4⇡r21I1 = 4⇡r22I2 (22)

The transmission loss between the two points r1 and r2 can
be defined as:

TL = 10 log

I1
I2

= 10 log r22 = 20 log r2 (23)

The power level and energy consumed for a network
topology as shown in Figure, 1, when a node located at a
distance of Nd from the sink transmits data in a multi-hop
relaying fashing, can be obtained from:

P = 4⇡d2I1 (24)

E = NPT
tx

K (25)

When each node across the linear deployment needs to
transmit K packets, the energy consumed in a multi-hop
relaying scenario can be represented by Equation 14.

If the nodes communicate directly with this sink in a
single-hop fashion, then the power level consumed by each
node can be obtained from:

P = 4⇡r21I1 (26)

where r1 is the distance between the node and sink. As such, if
each node were to directly transmit K packets to the sink, the
energy consumed in a single-hop scenario could be represented
by Equation 16.

However, unlike the shallow water case, the overall
transmission loss in deep water is a combination of
the spherical spreading loss, attenuation and anomaly of
transmission. As such, this can be expressed by the following
relationship:

TL = 20 log r + ↵r ⇥ 10

�3
+A (27)
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Figure 5. The total energy consumed by a network of varying number of
nodes. Not only an increase in distance but also in nodes causes an increase
in energy consumption.

where ↵ can be obtained from Equation 18. As such, using the
information obtained from Equations 9 and 27 we can deduce
that:

I1 = 10

SL�TL
10

= 10

SL�20 log r�↵r⇥10

�3�A
10 (28)

Therefore, we can now represent Equation 26 as:

P = 4⇡r21I1 = 4⇡r2110
SL�20 log r�↵r⇥10

�3�A
10 (29)

As such, using Equations 1, 2, 14, 16, 24 and 29 we can
obtain the energy consumption of single hop and multi hop
scenarios in deep water.
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Figure 6. Total energy consumed in deep water when (a) data is transmitted directly to the sink over a single-hop; (b) data is relayed over multiple hops.

IV. RESULTS

The mathematical model presented in the previous section
was used in this study to obtain an overview of energy
consumption behavior in underwater networks. The numerical
evaluation was performed on a linear deployment of nodes, as
shown in Figure 1. Both, the shallow and deep water cases
were considered. Network node size of 5, 10 and 20 nodes
was used for all the calculations and the inter-node distance
was set to 100m, 250m and 500m in all the scenarios.

For the purpose of numerical evaluation, modem
characteristics described in [10] were utilized. As such,
a transmission frequency of 25 kHz was used and Equation 2
was used to model the ambient noise characteristics (shipping
factor of 1 and wind driven waves of 5 m/s). Other ambient
characteristics modeled were salinity of 35 ppt, acidity
represented by pH value 8 and 12 �C temperature. A depth of
75m was modeled for the shallow water scenario and 300m
for deep water. The directivity index of the hydrophone was
chosen to be 3 dB and a target signal-to-noise ratio of 20 dB
was used.

A network scenario where each node transmits 1000 packets
with a transmission time of 40ms per packet was considered.
Scenarios involving single-hop communication between each
node in the network and the sink, along with multi-hop
relayed communication between each node and the sink
were numerically evaluated. It is important to note that an
ideal transmission scenario is considered here since packet
collisions and other such phenomenon that would exist in a
real network are not modeled in our numerical evaluation.

The total energy consumed in shallow water can be seen in
Figure 4. It is clear from the figure that energy consumption
increases as the length of a single hop in the network increases.
However, energy consumption also increases when additional
nodes are added to the network. It is more interesting to
note, however, that energy consumption in shallow water
single-hop and multi-hop networks does not differ because

the transmission power is directly proportional to the distance
between sensor nodes and not to the square of the distance.
We can also see from Figure 5 that increasing the number
of nodes increases the energy consumption in an exponential
fashion, thereby arguing more in the favor of using lesser
nodes in a network. Furthermore, since transmission loss
increases exponentially with distance, the increase in energy
consumption for longer distances combined with higher energy
costs for more nodes leads to a quick increase in overall
network energy consumption.

Similarly, it can be seen from Figure 6 that in the deep
water scenario as well, increasing the number of nodes leads
to greater energy consumption in the single and multi-hop
networks. However, unlike the shallow water scenario it is
important to note that due to spherical spreading, the energy
consumption for single-hop and multi-hop networks is not
similar. In fact, single-hop networks consume more than
double the energy of multi-hop networks. It is also interesting
to note that deep water networks consume lesser energy than
shallow water networks, because the ambient noise in deep
water is lower than shallow water. Furthermore, transmission
loss in deep water networks is also lower, leading to lesser
overall energy consumption. As such, using the same network
layout with multi-hop communications in deep water can
lead to approximately 80% reduction in energy consumption
compared to a deployment in shallow water.

Since ambient characteristics like salinity, temperature and
acidity can lead to changes in the transmission loss due
to their direct effect upon the absorption coefficient, it is
also important to understand the effect of these on energy
consumption. Salinity of the ocean vaires across the globe,
however, local changes in salinity are rare and insignificant.
As such, the effect of salinity changes is not considered here.
However, the acidity and temperature of the ocean are known
to vary locally over the period of a single day as well, and
as a result are considered in our evaluation. Furthermore, it
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Figure 7. Impact of ambient temperature on energy consumption in shallow
water networks.

is quite important to evaluate the effect of temperature in
shallow water, especially because there are sharp changes in
the thermocline in the upper layers of the ocean, which can
have a significant impact on energy consumption. The effect
of temperature in deep water is not considered here because
of the stability of the thermocline in this environment. Please
note that a transmission distance of 500m was used in order to
evaluate the effects of ambient environmental characteristics.

Figure 7 shows us that increasing temperatures lead
to higher energy consumption. This is a result of the
increased signal attenuation experienced due to higher ambient
temperatures. A change of as little as 2 �C can lead to a nearly
5% increase in energy consumption. While this figure does
not seem significant, the energy constraints experienced by
underwater acoustic networks can make it important as well.

Unlike temperature, acidity has a much more pronounced
effect on energy consumption in shallow water networks, as
can be seen in Figure 8. An increase in acidity by a pH value
of 1 can lead to increased energy consumption by up to 10% in
shallow water networks. Furthermore, due to the lower impact
of acidity changes on signal attenuation in deep water, it can be
clearly seen that even though energy consumption can increase
in greater acidity, the overall effect is negligible.

V. CONCLUSION

A mathematical model that can be used for performing
energy consumption calculations in shallow and deep water
networks was presented in this paper. Single-hop and
multi-hop node to sink communication scenarios were
considered for the derivation of the mathematical model.
Based on the derived model, a numerical evaluation was
performed in order to obtain an understanding of energy
consumption in underwater acoustic networks.

The analysis shows that multi-hop communications
consume much lesser energy than single-hop in deep water,
however, due to the channel properties of shallow water
channels there is no difference between the energy consumed
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Figure 8. Impact of ambient acidity on energy consumption in shallow and
deep water.

by single-hop and multi-hop networks in shallow water. It
can also be seen that increasing the number of nodes in a
network, while maintaining the same distance between them,
increases energy consumption exponentially. Furthermore,
small fluctuations in ambient characteristics like temperature
and acidity can lead to increased energy consumption,
especially in shallow water networks.

REFERENCES

[1] J. Proakis, E. Sozer, J. Rice, and M. Stojanovic, “Shallow water
acoustic networks,” IEEE Communications Magazine, vol. 39, no. 11,
pp. 114–119, 2001.

[2] E. Sozer, M. Stojanovic, and J. Proakis, “Underwater acoustic networks,”
IEEE Journal of Oceanic Engineering, vol. 25, no. 1, pp. 72–83, January
2000.

[3] J. Partan, J. Kurose, and B. N. Levine, “A survey of practical issues
in underwater networks,” in WUWNet ’06: Proceedings of the 1st ACM
international workshop on underwater networks. New York, NY, USA:
ACM, 2006, pp. 17–24.

[4] A. Sehgal, “Analysis and simulation of the deep sea acoustic channel for
sensor networks,” Master’s thesis, Jacobs University Bremen, Germany,
August 2009.

[5] M. Z. Albert F. Harris, Milica Stojanovic, “Idle-time energy savings
through wake-up modes in underwater acoustic networks,” Ad Hoc
Networks (Elsevier), vol. 7, no. 4, pp. 770–777, 2009.

[6] I. Tumar, A. Sehgal, and J. Schönwälder, “Power management for sparse
acoustic underwater networks,” in 6th IEEE Conference on Sensor, Mesh
and Ad Hoc Communications and Networks (SECON 2009), Rome, Italy,
June 2009.

[7] I. Tumar, “Resource management of disruption tolerant networks,” Ph.D.
dissertation, Jacobs University Bremen, 2010.

[8] I. F. Akyildiz, D. Pompili, and T. Melodia, “Challenges for efficient
communication in underwater acoustic sensor networks,” SIGBED Rev.,
vol. 1, no. 2, pp. 3–8, 2004.

[9] A. Wahid and K. Dongkyun, “Analyzing routing protocols for
underwater wireless sensor networks,” International Journal of
Communication Networks and Information Security (IJCNIS), vol. 2,
no. 3, pp. 253–261, December 2010.

[10] M. C. Domingo and R. Prior, “Energy analysis of routing protocols
for underwater wireless sensor networks,” Computer Communications
(Elsevier), vol. 31, pp. 1227–1238, 2008.

[11] H. G. Urban, Handbook of Underwater Acoustic Engineering. STN
ATLAS Elektronik GmbH, November 2002.

[12] M. A. Ainslie and J. G. McColm, “A simplified formula for viscous
and chemical absorption in sea water,” Acoustical Society of America
Journal, vol. 103, pp. 1671–1672, Mar. 1998.


