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Underwater acoustic communication has proved to be very difficult owing to time varying multipath propagation 
and frequency spreading of the acoustic signal in the hydroacoustic communication channel. In this paper the 
propagation of the acoustic signal along multiple paths is observed. From the received equivalent lowpass 
signal, the statistical nature of the hydroacoustic communication channel response is derived. The channel is 
characterized as the Rayleigh fading channel. The frequency time correlation function and the scattering 
function that fully characterize the channel behavior are defined. These functions give the measure of the time 
and frequency coherence of the channel, thus enabling the signal parameters optimization   
 
Key words: underwater acoustic communication, hydroacoustic communication channel 

characterization, Rayleigh fading 
 
 

1. INTRODUCTION 
 
Acoustic transmission had so far proved to be the only 
practical solution for an efficient and reliable 
communication underwater.  However, it has been 
demonstrated that seawater is an extremely difficult 
medium for  a reliable transmission of information. The 
main limitations arise from the presence of time varying 
signal fading and frequency spreading, due to multipath 
propagation occurring mainly in shallow water horizontal 
channels [1]-[3] 
 
From the general theory of communication, seawater can 
be  considered a communication channel, namely a 
hydroacoustic communication channel. In this paper the 
propagation of an acoustic signal, which carries the 
information along such a channel is observed and 
discussed. The goal is to characterize channel behavior in 
order to optimize signal parameters for a reliable 
communication. 
 
 

2. CHANNEL CHARACTERIZATION 
 
Let us assume that transmitted signal is represented as 
 
( ) ( ) ( )[ tfjtuRts ce ]π2exp⋅=    (1.1) 

 
which is traveling along multiple propagation paths. Each 
path is characterized by its transmission loss and  

propagation delay, both being time-variant due to the 
structure of the propagation medium. Thus the received 
bandpass signal is in the form 
 

( ) ( ) ( )[ ]ttstTLtx n
n

n τ−⋅= ∑    (1.2) 

Where n is the number of paths, TLn is the transmission 
loss for a signal received along the n-th path and τn is the 
propagation delay for the n-th path. Substituting (1.1) in 
(1.2) yields 
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From (1.3) it is obvious that the equivalent lowpass signal 
is 
 

( ) ( ) ( )[ ] ( )[ ]ttutfjtTLtr nnc
n

n ττπ −⋅−= ∑ 2exp  

Since r(t) is the response of the equivalent lowpass 
channel to the equivalent lowpass signal u(t) it follows 
that equivalent lowpass channel is described by the time-
variant impulse response 
 

( ) ( ) [ ] ( )[ ]tfjtTLth nnc
n

n ττδτπτ −⋅−=∑ 2exp,  (1.4) 

Because r(t) is the convolution of the transmitted signal 
u(t) with the channel impulse response. Some channels 
would have response (received signal) consisting of  a 



number of multipath components. In such a case the 
received signal can be expressed in a form: 
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Again, substituting (1.1) in (1.5) yields 
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And again, the equivalent channel lowpass response is the 
convolution of u(t) with the channel impulse response, 
thus 
 

( ) ( ) ( )τπττ cfjtTLth 2exp,, −=   (1.6) 
 
is the equivalent lowpass channel impulse response, 
representing the response of the channel at time t due to 
an impulse applied at t-τ.  
 
The equation (1.4) is the appropriate definition of the 
equivalent channel lowpass impulse response with a 
presumption of  discrete multipath components, and (1.6) 
in the case of continuous multipath. 
 
Now, let us consider the transmission of an unmodulated 
signal with the frequency fc , through the channel with a 
discrete multipath. If u(t) = 1 for all t, than 
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where  ( ) ( )tft ncn τπφ 2= . 
Thus the received signal is the sum of time-variant 
vectors having amplitudes TLn (t) and phases ( )tnφ . It is 

obvious that ( )tnφ  changes by 2π radians whenever τn  
changes by 1/fc . As 1/fc  is small, phase can change 
significantly with small changes in the medium. Delays 
from different signal paths would change in a different 
(random) manner. This implies that the channel can be 
modeled statistically and received signal r(t) as a random 
process. If the number of different signal paths is large, 
with the application of  the central limit theorem, r(t) can 
be modeled as a complex, gaussian random process. It 
means that the channel impulse response h(τ,t) is also 
complex, gaussian random process with variable t.  
The multipath propagation model results in signal fading. 
This phenomenon is the result of the time variation in the 
phases ( )tnφ  which leads to the random addition of 
different vectors (signals traveling through different 
paths). In one time this addition is constructive, so the 
resulting received signal r(t) is large, and in other time the  
addition is destructive and r(t) is small or even vanishes. 
If the channel impulse response h(τ,t) is modeled as a zero 
mean complex gaussian process, the envelope |h(τ,t)| is 
Rayleigh distributed at any time t. In that case the channel 
is said to be a Rayleigh fading channel. 

To model fading channel characteristics, various new 
functions are introduced. The autocorrelation function of 
the channel impulse response is 
 

( ) ( ) ( )tththEtRh ∆+⋅=∆ ;;*2/1;, 2121 ττττ  (1.7) 
 
If we assume that transmission loss and phase shifts of 
different signal paths are uncorrelated and using (1.7) 
 

( ) ( ) ( 21121 ;;, )ττδτττ −⋅∆=∆ tRtR hh . 

If we let ∆t=0,    then   ( ) ( )ττ hh RR =0, , 
and the autocorrelation function is simply the average 
power of the channel as a function of the time delay τ. 
Thus Rh (τ) is called multipath intensity profile of the 
channel and gives, in general, average power as a function 
of the time delay τ and the difference in observation time 
∆t. The typical shape of the function Rh (τ) is shown in 
Fig. 1(b). The range of τ over which Rh (τ) is larger than 
some nonzero value is called multipath spread of the 
channel Tm. 
 
Analogous characterization can be made in frequency 
domain. By taking the Fourier transform of channel 
impulse response, the time variant transfer function is 
obtained 

( ) ( ) ( ) ττπτ dfjthtfH c2exp,, −= ∫
∞

∞−

  (1.8) 

The transfer function H(f,t) is also zero mean, complex 
gaussian random process and its autocorrelation function 
is 
 

( ) ( ) ([ ]ttfHtfHEtffRH )∆+⋅=∆ ;;*2/1 21,2,1 . 
 
Substituting (1.8) yields 
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      (1.9) 
where ∆f = f2 - f1 . 
 
From (1.9) it is clear that RH(∆f; ∆t) is related to Rh (τ) by 
Fourier transform and is appropriate to be called the 
spaced-frequency spaced-time correlation function [4]. It 
can be obtained by transmitting a pair of signals separated 
by ∆f and cross correlating two separately received 
signals with a relative delay ∆t. If we set ∆t = 0 in (1.9), 
than 
 

( ) ( )fRfR HH ∆=∆ 0, . 
 

Earlier we defined  ( ) ( )ττ hh RR =0, , and the transform 
relationship simplifies in: 
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Fig. 1  Relationship between RH(∆f) and Rh (τ) 
 

Since RH(∆f) is an autocorrelation function in the 
frequency variable, it provides a measure of the frequency 
coherence of the channel. The measure of the channel 
coherence is the channel coherence bandwidth (∆f)H  and 
is reciprocal of the multipath spread Tm . That is 
 
(∆f)H  ~ 1/ Tm  
  
Two signals with a frequency separation greater than 
(∆f)H   are affected differently by the channel. It means 
that if the channel coherence bandwidth is smaller than 
the signal bandwidth being transmitted, channel is 
selective for that signal and severe distortions are to be 
expected in the transmission. Typical shape of the 
function RH (∆t) is also shown in Fig. 1(a), as well as 
relationship between (∆f)H   and Tm.  
 
So far in our discussion we assumed ∆t=0, which means 
that we disregarded the time variations of the channel. 
The time variations are evidenced as a Doppler shift of 
spectral lines of the signal. To relate such a shift and time 
variations of the channel, the function SH(∆f,λ) is defined 
as the Fourier transform of RH(∆f; ∆t) with respect to the 
variable ∆t. That is 

( ) ( ) ( tjtfRfS HH ∆−∆∆=∆ ∫
∞

∞−

πλλ 2exp,, )

)

      (1.10) 

where λ is frequency of the Doppler shift in signal 
spectrum. This time we let ∆f = 0 and get 
 

( ) (λλ HH SS =,0 ,  and substituting in (1.10) yields 

( ) ( ) ( ) tdtjtRS HH ∆∆−∆= ∫
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πλλ 2exp . 

The function SH(λ) is a power spectrum that is a measure  

of the signal intensity as a function of the Doppler 
frequency and is called the Doppler power spectrum of 
the channel. The range of λ over which SH (λ) is larger 
than some nonzero value is called the Doppler spread of 
the channel Bd. The functions SH(λ) and RH(∆t) are 
Fourier transform pair, and the reciprocal of  Bd is a 
measure of the coherence time of the channel. That is 
 
(∆t)H ~ 1/ Bd . 
 
Typical shapes of the functions SH(λ) and RH(∆t) are 
shown in Fig. 2, as well as the relationship between (∆t)H   
and Bd. The slowly changing channel has a small Doppler 
spread or, equivalently a large coherence time. For the 
time invariant channel, RH(∆t) equals 1 for all ∆t and 
SH(λ) equals delta function and there is no broadening of 
the signal spectrum. 
  
Another useful transformation defines function S(τ,λ) as a 
Fourier transform of the autocorrelation function Rh (τ,∆t) 
with respect to the variable ∆t: 
 

( ) ( ) ( )∫
∞

∞−

∆∆−∆= tdtjtRS h πλτλτ 2exp,,  

Using (1.9) yields 
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This function is channel scattering function, and is a 
measure of the average power of the channel as a function 
of the time delay τ and the Doppler frequency λ. The 
relationships among all defined correlation functions and 
power spectrums are shown in Fig. 3 [4]. 

  



        
Fig. 2 Relationship between RH (∆t)  and SH(λ) 

                 
 

Fig. 3 Relationships among the channel correlation functions and power spectra 



 
It can be seen that the hydroacoustic communication 
channel is fully characterized by its scattering function or 
by the spaced-frequency spaced-time correlation function. 
The scattering function is characterized with time and 
Doppler spreads, and the correlation function with 
coherence time and bandwidth. The meaning of the 
scattering function is obvious and can be measured. The 
transmission of a very short sinusoidal burst through the 
channel allows for the measurement of Tm and Bd . 
 
A typical scattering function of the hydroacoustic 
communication channel is shown on Fig. 4. 

 
 
Fig. 4 Typical scattering function of the hydroacoustic 

communication channel 
 

3. CONCLUSION 
 
From the previous discussion, two basic sources of signal 
distortions can be identified in the hydroacoustic 
communication channel. First is the signal fading 
depending on the time variations in the channel. This 
distortion is defined by channel coherence time  (∆t)H  or 

equivalently by channel Doppler spread Bd . The second 
source of distortion is the frequency selectivity of the 
channel which is defined by channel coherence bandwidth 
(∆f)H  or equivalently by channel multipath spread Tm.  Let 
us assume that the transmitted signal is modulated in 
some way and the modulation speed is 1/T, T being 
duration of the information element. If T is greater than 
coherence time (∆t)H  , the signal would be distorted 
because its amplitude and phase will vary within signal 
duration. If  T < (∆t)H  the channel is called slowly fading, 
and its amplitude and phase would be mostly constant 
within signal duration. Also, if the frequency bandwidth  
of the transmitted signal is greater than the channel 
coherence bandwidth (∆f)H , the spectral components 
would have different amplitude and phase. It is obvious 
that it should be: 
 
∆f < 1/Tm and  T < 1/Bd  . 

 
For the most signals  ∆f = 1/T , and it follows 
 
Tm  Bd  < 1                (1.11) 
 
If the channel fulfils the condition (1.11), there is always  
the signal for which that channel would be slowly fading 
and non-selective. Thus appropriate characterization of 
the hydroacoustic channel allows the optimization of the 
signal used to transmit information, and consequently  the 
minimization of  communication errors. 
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