
Chapter 2
Underwater Acoustic Channel Models

In this chapter, we introduce two prevailing UWA channel models, namely, the
empirical UWA channel model and the statistical time-varying UWA channel model,
to capture the features of RA-UAC systems from different aspects. In addition, the
relationship between the coherence time and transmission distances is also explored
to reveal the fundamental difference between the short-range UAC and the medium-
long range UAC.

2.1 Empirical UWA Channel Model

The empirical UWA channel model is measured through sea trials. The signal
attenuation A of a path is dependent on both distance d and subcarrier frequency fk:

A.d; fk/ D dea.fk/
d; (2.1)

where e is the path loss exponent reflecting the geometry of acoustic signal
propagation. We adopt e D 1:5 for practical spreading. The frequency dependency
is captured by a.fk/, which is given by Thorp’s formula [1] in dB/km:

10 log a.fk/ D 0:11f 2k
1C f 2k

C 44f 2k
4100C f 2k

C 2:75 � 10�4f 2k C 0:003: (2.2)

In (2.1) and (2.2), frequency fk is in kHz.
In addition, the noise variance is also frequency-dependent and empirically

modeled as

10 logN .fk/ D N1 � � log.fk/C 10 log�f ; (2.3)
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where N1 and � are constants with empirical values N1 D 50 dB re �Pa per Hz and
� D 18 dB=decade, respectively. Frequency fk is in kHz, and the subcarrier spacing
�f is in Hz.

2.2 Statistical Time-Varying UWA Channel Model

Due to the slow propagation of UWA waves, signals reflected from the sea surface
and bottom arrive at the receiver with distinct delays. This results in a sparse
multipath channel [2, 3]. We consider the long-term path loss and the short-term
random fading to model the discrete-time baseband UWA channels. The long-
term pass loss is modeled as a deterministic discrete-time UWA channel Nh D
Œ0; � � � ; Nhl0 ; 0; � � � ; Nhl1 ; 0; � � � ; NhlLnz�1 �

T , within which only Lnz taps are nonzero. Each
nonzero tap Nhl; l 2 fl0; � � � ; lLnz�1g corresponds to the pass loss of the lth arrival
with delay �l D l�t, where �t D 1=B is the tap length and B is the system
bandwidth. The randomness of nonzero taps is modeled as independent Rayleigh
fading [4, 5]. The resultant channel coefficients are given as an L � 1 vector h D
Œ0; � � � ; hl0 ; 0; � � � ; hl1 ; 0; � � � ; hlLnz�1 �

T with each nonzero tap hl; l 2 fl0; � � � ; lLnz�1g
following the independent complex Gaussian distribution, i.e., hl � CN .0; jNhlj2/.
The discrete-time baseband CIRs of the time-varying UWA channels are given as

h.t; �/ D
X

l2fl0;��� ;lLnz�1g
hl.t/ı.� � l/; � 2 f0; 1; � � � ;L � 1g: (2.4)

Jake’s model is utilized to capture the channel variation, i.e., EŒhl.t/h�
l0.t

0/� D
Rh.t� t0; l/ı.l� l0/. Rh.t� t0; l/ D jNhlj2J0.2	 fd.t� t0// is the autocorrelation between
time t and time t0 for path l. fd is the maximum Doppler shift, and J0.�/ is the
zeroth-order Bessel function of the first kind. It is confirmed in [6] that as long as
the motion-induced nonuniform Doppler shift is removed through received signal
resampling, the Doppler scaling factor a can be very small, i.e., a < 10�4. With
carrier frequency fc D 17 kHz as an example, the maximum Doppler shift fd D afc is
less than 1:7Hz. After residual carrier frequency offset (CFO) compensation, fd can
be further reduced [7]. Therefore, we assume that after the major Doppler effect has
been removed through received signal resampling and residual CFO compensation,
fd is very small (fd < 0:5Hz), which means hl changes slowly over a few seconds.

For an OFDM-based communication system, the channel response in the FD is
given as H D p

NFNPh, where N is the subcarrier number, FN is N � N discrete
Fourier transform (DFT) matrix with FNFH

N D IN , and P D ŒIL 0L�.N�L/�
T is

the zero-padding matrix. The kth element of H is Hk D PL�1
nD0 e�j 2	N knhn; k D

0; � � � ;N � 1 and is complex Gaussian distributed, i.e., Hk � CN .0; �/ where
� D PLnz�1

nD0 EŒjhln j2� D P
l2fl0;��� ;lLnz�1g

ˇ
ˇNhl

ˇ
ˇ2. � is actually the channel power, i.e.,

the total energy of all nonzero channel paths, which depends on the transmitter and
receiver locations as well as the sea geometry.
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2.3 Relationship Between Coherence Time
and Transmission Distances

According to Clarke’s model [8], the coherence time is defined as

Tc D
s

9

16	 f 2d
� 0:423

fd
D 0:423

afc
; (2.5)

where fd is the Doppler shift, fc is the carrier frequency, and a is the Doppler scaling
factor. Suppose the distance between the transmitter and the receiver is D. Then the
round-trip delay time is �T D 2D=c. The quasi-static channel assumption during
the feedback signal propagation holds if the coherence time is larger than the round-
trip delay time, i.e.,

Tc > �T ; (2.6)

or

D < Dc D 0:212c

afc
: (2.7)

In an UWA channel with c D 1500m/s, fc D 17 kHz, and a D 3 � 10�5,
the transmission distance D has to be less than Dc D 624m. This means that
for short-range UAC (0:1 � 1 km), the instantaneous CSI feedback from the
receiver to the transmitter is feasible, especially with the help of channel prediction.
However, for medium-long-range UAC (� 1) km, due to the slow propagation
speed of UWA signal (c � 1500m/s), the propagation time of the feedback
signal could be much larger than the coherence time and nullify the instantaneous
CSI feedback. Therefore, the adoption of the instantaneous CSI feedback depends
on the transmission distances and the level of channel variation after Doppler
compensation.

In summary, the unique features of UWA channels have great impacts on the
design of the energy-efficient and reliable RA-UAC.
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