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ABSTRACT 

 

Underwater Wireless Sensor Networks (UWSNs) find numerous applications, like underwater monitoring 

& exploration, water quality analysis, offshore oil field monitoring, oceanographic data collection etc. All 

these aquatic applications need to observe & predict the ocean characteristics. The conventional methods 

used for terrestrial domain cannot be applied here as there exist some architectural differences in the 

underwater environment, mainly due to variations in the transmission medium. In this paper, we have 

analyzed the acoustic channel characteristics like attenuation, noise and speed of sound (propagation 

speed) with variations in frequency, depth, salinity, temperature etc. by applying different models and 

equations for UWSNs. 
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1. INTRODUCTION TO UNDERWATER WIRELESS SENSOR NETWORKS  
 

A Wireless Sensor Network (WSN) consists of a web of small sensor nodes, deployed in a 

specific geographical region. Each node is programmed to sense or monitor data, process it and 

communicate it with other nodes, external base station or sink. The sensor networks find diverse 

applications in residential, medical, commercial, industrial and military division [1]. 

 

As depicted in Figure 1, the surface of earth is occupied largely by water, which provides a lot of 

opportunities for exploration & research in this field [2], calling for the need of an underwater 

sensor network that can intensify the abilities to explore the ocean [3]. 
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Figure 1.  Water on the planet earth 

 

Technically, both terrestrial and underwater WSNs operate on the same principle, but there are 

many differences between Underwater Wireless Sensor Networks (UWSNs) and the terrestrial 

ones. These differences are mainly because of the medium of transmission (sea water) and the 

signals used to transmit data (acoustic ultrasound signals). Most terrestrial methods fail to address 

the underwater applications [2]. Figure 2 shows the basic arrangement of Underwater Wireless 

Sensor Network environment. 

 

 
 

Figure 2.  Underwater Wireless Sensor Network  

 

For Underwater Wireless Sensor Networks, there are generally, two types of architectures: First is 

the static two-dimensional Underwater Acoustic Sensor Networks (UW-ASNs) for ocean bottom 

monitoring. A group of sensor nodes are anchored to the bottom of the ocean with anchors. 
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These nodes are interconnected via wireless acoustic links forming clusters or groups, relaying 

data from the ocean bottom to the surface station, as shown in Figure 3. Another one is the three-

dimensional Underwater Acoustic Sensor Networks (UW-ASNs) used for ocean column 

monitoring. In this, the sensor nodes float at different depths in order to observe a given 

phenomenon as shown in Figure 4 [4]. 

 

 
 

Figure 3.  Architecture of 2D Underwater Sensor Networks 

 

 
 

Figure 4.  Architecture of 3D Underwater Sensor Network 

 

UW-ASNs can perform pollution monitoring, monitoring of ocean's current and wind, detecting 

climate change, understanding and predicting the effect of human activity on marine ecosystems, 
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tracking fishes or micro-organisms etc. The network may help detect underwater oilfields and 

valuable minerals, determine routes for undersea cables etc. Some underwater sensors that 

measure seismic activity can provide storm warnings to the coastal areas [5]. Sensors can be used 

to identify hazards on the seabed, locate dangerous rocks in water, mooring positions, submerged 

wrecks etc [6]. To make such applications feasible, acoustic channels need to be characterized. 

Using these channels is a major challenge. Certain identified problems in the communication 

system are signal attenuation, speed of sound and ambient noise in water. 

  

The following work deals with the analysis and evaluation of the different communication 

constraints related to the special characteristics of water as a communication medium. The 

simulations have been done on MATLAB [7]. 

 

The remainder of the paper is organized as follows: Section 2 describes the acoustic models based 

on the fundamentals of underwater acoustic theory. Section 3 describes the implementation and 

the simulation results of the different characteristics and section 4 concludes the analysis for the 

same. 

 

2. CHARACTERIZING ACOUSTIC CHANNEL FOR UNDERWATER WIRELESS 

SENSOR NETWORKS 
 

The medium of transmission is a critical factor for communication. Underwater wireless 

networking complicates the system. The following parameters must be studied in order to 

construct an accurate communication model: 

 

2.1. Attenuation 
 

Attenuation occurs due to the conversion of acoustic energy into heat. With seawater, the process 

of attenuation becomes frequency dependent. Energy absorbed by the water is proportional to the 

frequency of the signal. There are different equations describing the processes of acoustic 

attenuation in seawater, as discussed below in detail. 

 

2.1.1 Thorp Equation 
 

The Thorp model proposed in 1967 [8] involves the simplest equation for attenuation, taking into 

consideration the effect of the frequency utilized. It neglects the effect of frequencies caused by 

boric acid and magnesium sulphate, salinity and acidity levels of the water in sea or ocean, may 

not leading to a very accurate result. The Thorp Equation is formulated as:  

 
2 2

4 2

2 2
0.11 44 2.75 10 0.003

1 4100

f f
f

f f
α −

= + + × +
+ +

     (1)                                            
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Here, f is frequency in kHz  

 

2.1.2 Fisher & Simmons Equation 

 

The Fisher & Simmons model proposed in 1977 [9] is another most commonly used models. This 

model takes into account the effect of temperature and depth, for calculating the attenuation 

coefficient, introducing the effects of frequencies caused by boric acid and magnesium sulphate, 

which were ignored in the Thorp model. The Fisher & Simmons Equation can be given as:  

 

 
2 2

21 2
1 1 2 2 3 32 2 2 2

1 2

f f f f
A P A P A P f

f f f f
α = + +

+ +
                                                                            (2) 

Where, A1, A2, A3 are functions of temperature and P1, P2, P3 are functions of the constant 

equilibrium pressure. These are represented as: 
8 10 12 2

1 1.03 10 2.36 10 5.22 10A T T
− − −

= × + × − ×                                                                      (3) 

8 10

2 5.62 10 7.52 10A T
− −

= × + ×                                                                                                (4) 

2 2 4 3 15
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−
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3052
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−

+= × +                                                                                             (7) 

1 1P =                                                                                                                                           (8)                              
4 7 2

2 1 10.3 10 3.7 10P P P
− −

= − × + ×                                                                                          (9) 

4 8 2

3 1 3.84 10 7.57 10P P P
− −

= − × + ×                                                                                      (10) 

/10P D=                                                                                                                                 (11) 

 

Here, f is frequency in kHz  

T is temperature in degrees Celsius 

D is depth in meters 

f1 and f2 are frequencies caused by boric acid and magnesium sulphate in kHz 

 

2.1.3 Ainslie & McColm Equation 
 

The Ainslie & McColm equation proposed in 1998 [10] is based upon the Fisher & Simmons 

model. However, it proposes some extra relaxation frequencies and simplifications to derive the 

following equation, hence increasing the applicability and probability of getting more accurate 

results: 
82 2

4 2 27 171 20.56 6
2 2 2 2

1 2

0.106 0.52 1 4.9 10
43 35

T DpH D
f f f fT S

e e f e
f f f f

α

 − −
− + 

−    
= + + + ×  

+ +  
            

                                                                                                                                                   (12)                                                                                     

Here, f is frequency in kHz  

T is temperature in degrees Celsius 

D is depth in meters 

S is salinity in parts per thousand 

f1 and f2 are frequencies caused by boric acid and magnesium sulphate in kHz 
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This McColm model also takes into account the effects of the pH of sea water.  The equations for 

f1 and f2 are also simplified and represented in kHz: 

 

26
1 0.78

35

T
S

f e=                                                                                                                      (13) 

17
2 42

T

f e=                                                                                                                                  (14) 

 

 

2.2. Noise 
 

An important acoustic characteristic of UWSN is the underwater ambient noise. This could be 

regarding the state of sea surface, atmosphere, behaviour of marine animals etc. Ambient noise is 

made up of contributions from natural and manmade sources both. Sources like underwater 

explosion, blasting, machinery and shipping activities are contributors for manmade noise.  

Natural noise is related to hydrodynamics, seismic and biological phenomena. It comes from 

sources such as turbulence, wave noise, storms, rain, distant shipping etc [11]. Total noise for the 

acoustic channel is considered as a resultant of the following four factors [12]: 

 

2.2.1 Turbulence noise 

 

Turbulence associated with surface disturbance or tidal flow around an obstruction generates 

continuous noise.Turbulence is also caused by storms or during the rain events. It may be 

produced by marine life. 

 

Turbulence noise is denoted by ( )tN f in dB re micro Pa per Hz by: 

 

( ) ( )10log 17 30logtN f f= −                                                                                               (15) 

 

2.2.2 Shipping Noise 

 

Another type of noise is the one caused by ship traffic. The effect of ship traffic is concerned with 

the number of ships and the distance of shipping from the area of study. It is denoted as ( )sN f  

in dB re micro Pa per Hz (with s as the shipping factor which lies between 0 and 1 for low and 

high activities respectively). 

 

( ) ( ) ( )10log 40 20 0.5 26logsN f s f= + − +                                                                       (16) 

 

2.2.3 Wave Noise 
 

Wave noise is caused due to the movement of waves in the sea or ocean. It is denoted as ( )wN f  

in dB re micro Pa per Hz (with w as the wind speed in m/s). The movement of the water results 

from tides, winds, currents and storms. 

 

( ) ( ) ( )10log 50 7.5 20 log 40log 0.4
w

N f w f f= + + − +                                                (17) 
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2.2.4 Thermal Noise 

 

Thermal noise is denoted as ( )thN f in dB re micro Pa per Hz, which can be taken as additive 

white Gaussian noise. Additive white Gaussian noise is the noise model used to mimic the effect 

of many random processes that occur in nature.Thermal noise is created by molecular agitation at 

the receiver side and it is always present in communication system. 

( ) ( )10log 15 20logthN f f= − +                                                                                           (18) 

 

2.2.5 Total Noise 

 

The overall noise power spectral density for a given frequency f can be computed by adding all 

types of noise as [12]: 

 

( ) ( ) ( ) ( ) ( )t s w thN f N f N f N f N f= + + +                                                                        (19) 

 

2.3. Sound Speed 
 

The prime method of wireless data communication in underwater is dependent on the acoustic 

medium and the most basic property affecting the data rate, quality of service, latency and other 

important network factors in the channel is the speed of sound. A sound wave can be considered 

as the mechanical energy that is transmitted by the source. A sound wave travels from one 

particle to another, being propagated through the ocean at the sound speed.  

 

The propagation speed can be expressed by the following equation [13]: 

 
2 2 4 3 1449 4.6 5.304 10 2.374 10c T T T

− −
= + − × + × ( )1.340 35S+ − +  

21.630 10 D
−

× + ( )7 2 2 13 31.675 10 1.025 10 35 7.139 10D T S D− − −
× − × − − ×                       (20) 

Where, T is temperature in degrees Celsius  

S is salinity in parts per thousand 

D is depth in meters 

 

The approximate speed of sound in water is 1500 m/s, but varies between 1400 ≤ v ≤ 1700 m/s. 

The Underwater Wireless Sensor Network is a complex environment that is affected by many 

varying factors, primarily temperature, salinity, depth and furthermore each of these factors may 

also be interdependent or may vary across the ocean at multiple locations and depths. Sensors in 

an underwater wireless network can be deployed at multiple depths, thereby encountering a range 

of temperatures as well. It is, thus, important to have an accurate model of the effects of these 

parameters on the speed of sound in water. 

 

The salinity value for the ocean varies between 0.030 ppt to 0.040 ppt, with a global depth and 

surface average of approximately 0.035 ppt.  [14].  
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3. RESULTS AND ANALYSIS 
 

3.1. Attenuation 
 

Attenuation has been computed by applying the equations 1 and 12. Figure 5 shows how 

attenuation changes with varying frequencies by using Thorp equation. Figure 6 shows how 

attenuation changes with varying frequencies using Ainslie & McColm equation. For the 

simulation of these models, we consider Temperature = 30°C, Salinity = 0.035ppt, pH = 8 and 

Depth=1000m. [15]  
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Figure 5.  Attenuation coefficient with varying frequency using Thorp equation 
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Figure 6.  Attenuation coefficient with varying frequency and depth using Ainslie & McColm equation 
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From the simulation of attenuation models, we have observed that with increasing frequency and 

depth attenuation is also increased. 

  

3.2. Noise 
 

Noise has been computed from equation 19. Using this equation, results have been plotted in the 

graphs shown in Figures 7, 8 and 9 with varying frequency (10Hz to 100kHz), shipping factor 

(0.1 to 1) and wind speed (5m/s to 15m/s) respectively [16]. Figure 7 shows the relation between 

noise and frequency with constant shipping factor=0.5, wind speed= 10m/s and varying frequency 

from 10 kHz to 100 kHz. A larger frequency causes high noise in underwater. 
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Figure 7.  Noise v/s frequency 

 

Figure 8 shows the relation between noise and shipping factor with constant frequency=50 Hz 

(for shipping noise 10 Hz<f<100 Hz) [16], wind speed= 10m/s and varying shipping factor from 

0.1 to 1. The figure depicts that in underwater with increasing shipping factor, the noise increases. 
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Figure 8.  Noise v/s Shipping factor 

 

Figure 9 shows the relation between noise and wind speed with constant frequency=10 kHz (for 

wind noise 100 Hz<f<100 kHz) [16] and shipping factor=0.5 with varying wind speed from 5m/s 

to 15m/s. With the increasing wind speed in underwater, noise also increases. 
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Figure 9.  Noise v/s wind speed 

3.3. Sound Speed 
 

Using sound speed from equation 20, results have been plotted in the graphs shown in Figures 10, 

11 and 12. A table 1 show that as the depth of a water body is varied from 0 meters to 1500 

meters, the temperature and salinity decreases [17]. 
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Table 1.  Sound Speed with varying depth, temperature and salinity 

                                                         

S.No. Depth (D) 

in meters 

Temperature (T) in 

degree Celsius 

Salinity (S) in ppt Sound Speed 

in m/s 

1 0 18 0.03745 1475 

2 50 15 0.03602 1466 

3 100 10 0.03534 1448 

4 500 8 0.03511 1447 

5 1000 6 0.03490 1446 

6 1500 4 0.03405 1446 

 

Figure 10 and Figure 11 represent how temperature and salinity changes with depth respectively. 
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Figure 10.  Depth v/s Temperature 
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Figure 11.  Depth v/s Salinity 
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Figure 12 shows the relation between sound speed and depth with varying depth from 0m to 

1500m, varying temperature from 18°C to 4°C and varying salinity from 0.03745ppt to 0.03405. 

It may be observed from the results that initially the change in the speed is very large but at 

greater depths the variation is very low. 
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Figure 12.  Sound Speed v/s Depth 

 

4. CONCLUSION 
 

The paper analyses the different acoustic channel characteristics to be considered for 

communication in underwater wireless sensor networks. The first being the attenuation profiles 

like Thorp model, Fisher and Simmons model and Ainslie & McColm model have been studied.  

From the simulation of these attenuation models, it has been observed that the attenuation 

coefficient increases with the increasing frequency in water. Moreover, the noise in underwater 

wireless sensor networks has also been studied, depending upon the parameters like wind speed, 

shipping factor, concluding that the noise also increases with increasing frequency. Another 

characteristic observed is the sound speed, which depends upon the depth, temperature and 

salinity of the sea or ocean. The speed of acoustic signal decreases with increased depth. 
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