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Abstract — This paper demonstrates the modeling of seawater acoustic channel to obtain the optimum carrier frequency for 
autonomous underwater vehicle (AUV) wireless communication system.  The wireless communication distance of an AUV with its 
control vessel changes due to the mission at different depths. Current AUV is designed with an operating depth of 0 to 2000m. 
Therefore, the existing model had limitation when the operational depth varies based on the mission assignment. This is because 
the optimum frequency to noise ratio changes with respect to the distance of the transmission.  To overcome the existing modeling 
method, this paper presents a ameliorate method to determine the optimum carrier frequency for the AUV wireless 
communication system. The mathematical model with the relation of noise, distance and frequency is formulated and simulation 
carried out to set the optimum frequencies at various distances. From the frequency band, the average frequency is identified as 
the optimum transmission carries frequency. The determined frequency will be utilized for further hardware improvement. 
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I. INTRODUCTION 

    The community that is involved in underwater activities 
needs technology for exploring the undersea world. As a 
result, researchers kept finding and improving over a decade 
on design method to overcome the issue. Richard, Roy and 
Steven stated that Autonomous Underwater Vehicles (AUV) 
research had started during 1960, but until 1991 less than 30 
AUV had been successfully developed [1]. Various 
Underwater Remote Operated Vehicles (ROV) had been 
developed by engineers to feed underwater activities. 
However, the main drawbacks of ROV had been due to the 
dedicated surface vessel and as well as the limitation of the 
tethers that can be broken or become entangled.  AUV had 
been developed with the Underwater Wireless 
Communication System (UWCS) to replace the tethers in 
order to solve this problem. 
    The communication system is one of the vital 
requirements for AUVs deployment in solving these 
complex problems [2]. Underwater wireless communication 
can be achieved by using either acoustic propagation or 
radio modems. Whereas, according to Nam H. and An S., 
radio waves need large antennas with high transmission 
power for long distance underwater transmission [3]. 
Otherwise, the acoustic wave propagation in underwater is 
found to be more effective if compare to electromagnetic 
wave propagation in underwater application [3]. Therefore 
the acoustic propagation is explored for the AUV wireless 
communication development. 
    The main purpose of this paper is to present the 
innovative method by starting with a brief introduction. This  

 
followed by Section II, which describes the different 
characteristics between acoustic waves and electromagnetic 
waves in underwater wireless communication. Next is 
Section III, demonstrating the modeling steps in the 
formulation of the seawater channel. Section IV illustrates 
the simulation result and discussion on obtaining the 
optimal carry frequency. The paper ends with the 
conclusions in Section V.   

II. UNDERWATER WIRELESS COMMUNICATION 

CHARACTERISTICS 

    Acoustic waves and electromagnetic waves had been 
established for underwater wireless communication systems.  
In some situations, both of these waves are used together. 
These two types of waves are different in nature; 
electromagnetic waves are caused by interference in an 
electromagnetic field and acoustic waves are caused by a 
physical vibration of particles [4]. Due to their nature 
characteristic, acoustic waves being able to perform well 
due to low absorption in the underwater environment, but if 
the system involved the air-water interface it become 
impractical for underwater communication. On the other 
hand, for underwater communication using electromagnetic 
wave it is possible to be employed for trans-boundary air-
water. The liability of electromagnetic wave depends on the 
high power and large antenna. This becomes the major 
problem for it to deploy on AUV [5].  
    In underwater environment the acoustic wave propagation 
power is smaller compared to electromagnetic wave.  
Therefore, the acoustic transmissions become a main 



HOU PIN YOONG et al: UNDERWATER WIRELESS COMMUNICATION SYSTEM: ACOUSTIC CHANNEL . . 

DOI 10.5013/IJSSST.a.13.3C.01                                                                                 ISSN: 1473-804x online, 1473-8031 print 2

consideration for underwater communication researchers 
[6]. This is particularly true for AUV purposes, where the 
power carry on-board is circumscribed and power 
conservation is essential [7]. With lower power 
consumption the AUV is able to run its assigned mission 
with longer operation time. Besides that, the present AUV 
applications are usually paired with a surface vessel.  Hence, 
there is no requirement for air-to-water interface issue, 
which satisfies the limitation of acoustic property [8]. 
    In the air channel characteristic is different from the 
underwater channel [9]. The response of the medium with 
respect to the acoustic wave input could be simulated, 
whereby the acoustic wave propagation in the underwater 
channel is mathematically modeled. The carries signals of 
the frequency response in the medium with the minimum 
transmission power and with minimum noise effect may be 
used to define the effective carrier frequency [10]. 

III. UNDERWATER WIRELESS COMMUNICATION  

MODELING 

    When acoustic waves travel through the water medium, 
the water absorbed the energy of the wave and due to the 
spreading of the wave energy, the energy density also 
decays. Thus, the first model is to formulate the relation 
between the transmission loss with respect to the acoustic 
channel characteristic and the distance of transmission as 
the attenuation model. 

A. Attenuation Model 

Acoustic signals that propagate underwater endure from 
a debasement of amplitude is called attenuation or path loss 
[11]. Attenuation that take place in an underwater acoustic 
communication over a distance d [m] for a signal with 
frequency f [kHz] is given by 

                              ( , ) ( )g dA d f d a f                               (1) 

Where, k stands for the spreading factor and a(f)[dB/km] is 
the absorption coefficient. The g corresponded to the 
geometry of propagation; typical values are g = 2 for 
spherical spreading, g = 1 for cylindrical spreading and g = 
1.5 for the alleged practical spreading. The absorption 
coefficient can be explicit using the Throp’s formula as per 
(2) [12]:  
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    Fig. 1 shows the absorption coefficient versus frequency 
for a distance of 2000 meter. The absorption coefficient 
increases rapidly with frequency. Thus, the absorption 
characteristic  is  baronial  a  limit  on the maximal operable 
  

 
Figure 1.  Absorption coefficient, a (f) [dB/km]. 

frequency for an acoustic link with a given distance. The 
attenuation of the signal is simulated with an unimpeded 
propagation path. Therefore, the received signal power can 
be defined as P/A(d, f)for a signal of frequency f and power 
P that’s transmitted over a distance d. Where the power 
density for of the signal at transmission distance d can be 
obtained from P/A(d, f). By analysing the lowest effect of 
noise on the carries signal to obtain the power spectral 
density (PSD) for the underwater channel is the next form to 
be modeled to acquire the carries frequency. But the noise 
PSD must be determined and modeled. 

    The Fig. 2 shows the attenuation versus distance of 2000 
meter. Increasing of frequency cause the transmission loss 
arising while the distance gets farther. Besides that, for long 
distance the Transmission loss in the medium effect the 
signal transmission power. It is observed from the graph 
that, for frequency higher than 100 kHz the losses are 
proportionally increasing with respect to the distance. 

 

Figure 2.  Attenuation, A(d,f) [dB]. 
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B. Noise Model 

Research had shown [11] that the ambient noise in the 
ocean can be modeled using four sources: turbulence, 
shipping, waves, and thermal noise. Furthermore, 
continuous PSD and Gaussian statistics can be used to 
describe most of the ambient noise sources. The four noise 
empirical formula components yield the PSD in dB re µPa 
per Hz according to the function of frequency in kHz [13]: 
 

   10log  17 30  
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N f log f                                           (3) 
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    Different noise sources affect different frequency regions. 
Turbulence noises influence and occupy the very low 
frequency region at frequency, f < 10 Hz. Noise generated 
by shipping activities is affecting the frequency region 
between 10 Hz to 100 Hz. The shipping noise activities can 
be modeled through the shipping activity factor s whereby 
the value is ranging between 0 and 1 for low and high 
activity, respectively. Surface motion, caused by wind-
driven waves (w is the wind speed in m/s) is the major 
element conducive to the noise in the frequency region 
between 100Hz to 100 kHz, which is the operating region 
used by the majority of the acoustic systems. For higher 
frequency, thermal noises affect frequency at more than 100 
kHz. Equation 7 shows the overall PSD of the ambient noise 
can be model as. 

                   t s w thN f N f N f N f N f            (7) 

C. AN Product, SNR and Band Selection 

    The effect of noise on the signal is dependent on the 
signal to noise ration. Equation 8 represents the power 
density of the signal P/A(d,f), which is the ratio over the 
PSD of ambient noise N(f) and signal to noise ratio (SNR) 
can be formulated as.  

                  , / , /SNR d f P A d f N f f                 (8) 

where d is distance,  f is the signal frequency and Δf is the 
receiver noise bandwidth. The AN product, A(d, f)N(f), 
determines the frequency dependents on part of the SNR. 
Therefore, the factor 1/A(l, d)N(f) can be utilized to obtain 
the frequency range with minimum noise effect.  

IV. SIMULATION RESULTS AND DISCUSSION 

Modeling is conducted for the PDS for frequency range 
below 100 kHz, whereby the frequency more than 100 kHz 

have large amount of transmission loss that reduces the 
frequency band efficiency. Due to the inefficient of low 
frequency range, the ambient noise from a turbulence is not 
included in the simulation. Frequency range between 1 kHz 
to 100 kHz is emphasized on the simulation.      

The noise PSD simulation generated by shipping 
activities had shown the density distribution as in the Fig. 3. 
Frequency below 1 kHz had a significant effect of the 
changes of shipping activities with the factor, s from 0 to 1. 
Whereby, the low frequency range is not affected by the 
shipping activity. The shipping activities noise has also 
shown a minimum curve at frequency around 20 to 50 kHz.  
    The Fig. 4 shows the ambient noise Nw(f) caused by wind 
from a typical wind speed ranging from 0 to 50 m/s. From 
the simulation, the wind effect is proportion to the wind 
speed at frequency region from 100 Hz to about 30 kHz. 
However, the wind has a slight influence on frequency more 
than 30 kHz and invariant effect at low frequency. Although 
the effect is small at high frequency, but when the wind 
speed reach 50 m/s the noise PDS is able to reached just 
above 60 dB re µPa. Thus, this simulation result suggests 
that during SNR study, the wind speed should be set at the 
higher range to reflect the worse condition possible. The 
next simulation is conducted for the noise generated by 
wind speed. 

 
Figure 3.  PSD of the ambient noise N(f) [dB re µ Pa] for low to high 

shipping activity. 

 
Figure 4.  PSD of the ambient noise N(f) [dB re µ Pa] for wind speed from 0 

m/s to 50m/s. 
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    In both wind and shipping noise activities, PSD had 
shown a minimum effect at frequency range from 10 kHz to 
100 kHz. This frequency band is also the favour frequency 
range for acoustic communication development. The 
simulation present in the Fig. 5 and Fig. 6 is conducted on 
the SNR by studying the two main noise sources 
contributing to frequency range of 10 kHz to 100 kHz.  The 
Fig. 5 shows the simulation of the SNR versus the frequency 
and distance. The distance is set from 0 to 2000 meter as the 
operating range of the proposed communication system. To 
illustrate the significance of optimum frequency variation 
with respect to the distance the distance is incorporated in 
the simulation.  
    Maximum values are observed at different frequency for 
every distance as in the Fig. 5, and the Fig. 7 is the plane 
view of SNR plot. The optimum frequency drifts between 25 
kHz to 40 kHz with respect to the range of 0 to 2000 meter. 
A more detail simulation is conducted to plot the optimum 
frequency versus distance. As the result, the Fig. 6 
illustrates when distance increases, the optimum frequency 
decreases. The selection of optimum frequency is best based 
on the dominant operational depth of the AUV. However, if 
the operating depth is uncertain, an average point can be 
obtained as the optimum frequency. With this assumption, 
the average optimum frequency is found to be 31.5 kHz. 

 
Figure 5.  Channel SNR with pratical spreading (k=2) is used for the path 

loss. Moderate shipping g activity (s=0. 5) and no wind (w=0) are used for 
the noise PSD. 

 

 

 

 

Figure 6.  Optimal frequency at which 1/A(l, d)N(f) reach maximum. 

 
Figure 7.  SNR with pratical spreading (k=2) is used for the path loss.     

Moderate shipping g activity (s=0. 5) and no wind (w=0) are used for the 
noise PSD. 

V. DOPPLER EFFECT 

    The Doppler Effect reduces the performance of the 
underwater wireless communication system by reducing the 
band accommodation [14]. The frequency drift due to 
Doppler Effect cause the overlapping of frequency channel, 
and thus, spread the channel further apart and occupying a 
wider frequency range. Relative motion either or both 
transmitter and receiver pair is contributing to the Doppler 
Effect, and it causes the shifting of transmitted signal 
frequency. If the transmitter is moving into the medium with 
a relative speed of vTx towards a fixed receiver (negative if 
not towards the receiver), the received frequency will 
change. The received frequency (fRx) is given by 

                        
Rx Tx

Tx

c
f f

c v



                 (9) 

where c is the signal propagation speed in this case and the 
signal speed is the speed of sound in underwater. If the 
receiver is moving with relative speed of vRx towards a fixed 
transmitter, the fRx will be 

                       Rx

Rx Tx

c v
f f

c


                 (10) 

whereby, if both transmitter and receiver are moving, the fRx 
is given by 

                       Rx

Rx Tx

Tx

c v
f f

c v





                (11) 

change of the frequency resulting from the movement of the 
transmitter and receiver is known as the Doppler Effect. The 
frequency change can be defined as 

                                    Δ Tx Rx

Tx

Tx

v v
f f

c v





                (12) 
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Normally, the speed of transmission is very small compared 
to the speed of sound, therefore 

                       Δ
Δ

Tx

v
f f

c
                     (13) 

where Δf is the different speed of transmitter and receiver. 

If the frequency is in kHz, then Δv is in knots and Δf is in 

Hz.  Therefore, the Doppler Effect in the sea can be defined 
as 

                 Δ 0.35 Δ
Tx

f sea f v                   (14) 

    The Fig. 8 shows the Doppler Effect cause by moving 
receiver from the transmitter. In the simulation, the 
transmitter is not moving while the receiver speed moves 
further from the transmitter with average AUV speed from 0 
knot until 4 knot and the transmission frequency is set from 
20 kHz until 40 kHz. The frequency shift is increasing 
followed by increasing of receiver movement speed. 
Whereby, increasing of frequency also cause the frequency 
shift significantly. Overall, the frequency shift from 0 Hz to 
118.73 Hz.    
      To avoid the frequency band for each channel from 
overlapping each other, the channel frequency is defined 
between two times the maximum Doppler Effect frequency 
drift. Additional threshold can be inserted in between the 
channel. With rounding up of the Doppler Effect to 120 Hz 
and a threshold of 60 Hz, the channel frequency can be 
defined at every 300Hz from 31.5 kHz. The higher 
frequency is used to have a higher transmission rate. 

 
Figure 8.  Doppler Effect 

VI. CONCLUSION   

    This paper presented a study on modeling of underwater 
wireless communication with a detail model on the channel 
characteristic, environmental noise, signal to noise ration 

and the Doppler Effect. The modeling of the underwater 
channel had been derived to mathematically quantify the 
underwater channel characteristic. Optimum frequencies are 
obtained with the highest SNR along the transmission range. 
With 2000 meter transmission range, the optimum 
frequency drifts from 25 kHz to about 40 kHz. Due to the 
uncertainty of the AUV operation distance, the average 
optimum frequency is obtained as the carries signal. The 
carry signal frequency is identified at 31.5 kHz. The 
Doppler Effect at worst case scenario is applied to obtain 
the frequency drift. From the frequency drift, channel 
frequency is defined as two times the Doppler Effect away 
from each define channel frequency. The main contribution 
of this paper is the innovative method in obtaining the 
optimum frequency for an uncertain transmission distance 
within a range.  

VII. FUTURE WORK 

    From the work in this paper, the carries frequency and 
Doppler Effect are obtained. The next step will be defining 
the number of channels needed for the transmission. Then 
the work will follow from the transmission power study and 
lastly is building the hardware for realizing the underwater 
wireless communication system.  
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