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1. INTRODUCTION
The problem of  separating individual 
propagating modes and determining their 
characteristics is important for many 
branches of  ocean acoustics. For example, 
when localizing low-noise sources [1,2], when 
constructing low-mode acoustic tomography 
[3], when restoring the parameters of  the 
bottom [4-7], when modeling the propagation 
of  acoustic waves in methods of  processing 
hydroacoustic signals consistent with the 
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propagation medium [8,9], when restoring 
the depth of  the sound source [10,11], etc.

Determination of  the mode composition 
of  the acoustic field can be carried out both 
with the use of  receiving antennas consisting 
of  a large number of  elements, and with 
the use of  single receivers. Mode resolution 
methods using antennas are very complex 
and expensive to implement in practice. For 
this reason, more and more attention has 
recently been paid to single-receiver mode 
selection methods based on waveguide signal 
dispersion.

At present, for mode selection using single 
receivers, the Wigner transform [6,7] and the 
time-warping method [4,5] are mainly used, 
which allow restoring the group velocities of  
individual modes. The main advantage of  the 
Wigner transform is the compensation of  the 
intramode dispersion, which makes it possible 
to more accurately estimate the arrival times 
of  the selected modes. The time-warping 
method is based on the use of  the so-called 
sweeping transformation or deformation 
operator, which makes it possible to straighten 
dispersion curves and greatly simplify mode 
separation. Strictly, the time-warping method 
is applicable to an ideal waveguide, but under 
certain conditions it also approximately works 
in real water areas of  a shallow sea. However, 
within the framework of  the application of  
these two methods, the question of  restoring 
the remaining mode parameters remains open.

To overcome this difficulty, a holographic 
method for selecting modes and estimating 
their parameters is proposed, based on the 
two-dimensional time-frequency Fourier 
transform of  the field of  a broadband 
moving source [12]. The reconstructed mode 
parameters are: amplitude, real (propagation 
constant) and imaginary (modal attenuation 
coefficient) components of  the horizontal 
wave number, group velocity. This makes it 
possible to reconstruct the transfer function 

of  the waveguide in a parametric form and 
use this information to model the propagation 
of  acoustic waves. The holographic method 
of  mode selection [12] is an alternative to 
adaptive methods for localizing low-noise 
underwater sources [13,14], which do not 
require information about the characteristics 
of  the oceanic medium.

In real shallow water waveguides, there 
are always space-time inhomogeneities, 
which can lead to the loss of  identity of  
the mode parameters of  individual modes. 
Therefore, for the practical application of  
mode selection methods, it is undoubtedly 
important to consider their performance in 
randomly inhomogeneous media. The issues 
of  mode resolution under such conditions 
were not considered. An exception is the 
work [15], where the time-warping operator 
is generalized to the case of  a waveguide 
with small smooth variations in the water 
area depth. In this paper, on the basis of  
numerical simulation, we present the results 
of  approbation of  the holographic method 
of  mode selection against the background 
of  intense internal waves, which determine 
the interaction of  the waves of  a broadband 
source.

2. CHARACTERISTICS OF INTENSE 
INTERNAL WAVES
In shallow water areas, the intense internal 
waves (IIW) are trains of  intense short-term 
oscillations of  the water surface of  constant 
density, caused by internal tides, interpreted 
as trains of  solitons that propagate towards 
the coastline. According to the experimental 
data, soliton trains are characterized by the 
following parameters: velocity u ~ 0.5-1 m/s, 
periods of  calm δL ~ 5-10 km, length L ~ 
2-4 km, period D ~ 200-400 m (distance 
between crests of  adjacent solitons), half-
width η ~ 50-150 m, amplitude B ~ 10-30 m 
[16,17]. Soliton trains are characterized by: a) 
anisotropy in the horizontal plane, radius of  
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curvature of  the front r = 15-25 km; b) quasi-
sinusoidality in the direction of  propagation, 
i.e. spatial narrow spectrum; c) synchronism 
of  vertical displacements in depth, which 
indicates the dominance of  the first gravity 
mode. These factors determine the horizontal 
refraction and interaction of  sound waves of  
the source if  the path is located at small and 
large angles to the wave front of  the soliton 
train, respectively.

3. PHYSICAL FOUNDATIONS 
OF THE HOLOGRAPHIC MODE 
SELECTION METHOD
Let a point source move in a horizontally 
homogeneous waveguide at a fixed depth zs 
with a constant radial velocity w. We write the 
real component of  the sound pressure of  a 
broadband source at a horizontal distance r 
from a single receiver as the product of  the 
signal spectrum S(ω) = |S(ω)|cos[iφs(ω)] and 
the channel transfer function, presented as 
the sum of  propagating modes

0
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Here ω1 ≤ ω ≤ ω2, ω1,2 = ω0 ± (Δω⁄2), Δω and 
ω0 are the width and average frequency of  the 
spectrum, ω = 2πf is the circular frequency; r0 
is the initial horizontal distance at time t0 = 0; 
Am(ω,r), hm(ω), and γm(ω) are the amplitude, 
propagation constant, and modal damping 
coefficient of  the m-th mode. The cylindrical 
discrepancy of  the field, the source depth 
zs and the receiver depth zq are taken into 
account in the mode amplitude.

In relation (1), we pass from the distance 
variable r to the time variable t, r = wt, and 
apply the two-dimensional Fourier transform 
to it:
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where Δt is the observation time; τ and 
2ν πν=  are the time and circular frequency of  

the hologram; ( , )mF τ ν  is the partial hologram 
of  the m-th mode. The hologram (2) records 
the source field in all intermediate states that 
it successively passes during the observation 
time. In the linear approximation of  the 
waveguide dispersion and phase spectrum of  
the signal, assuming r0 >> wΔt, the partial 
hologram is [12]
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where ts = dφs(ω0)⁄dω, phase
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The spectral density of  the hologram (2) is 
localized in a small region in the form of  focal 
spots corresponding to individual modes. 
The peak amplitude of  the m-th focal spot is 
ΔωΔt times greater than the field amplitude 
of  the m-th mode. Information about the 
propagation constants hm(ω0) and group 
velocities ugm(ω0) = dω/dℎm(ω0) of  the modes 
is determined by the coordinates of  the focal 
spot peak (3)
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The estimates of  the mode parameters, in 
contrast to their true values, are indicated by 
a dot above. The value of  τm is interpreted as 
the time of  arrival of  the signal of  the m-th 
mode.
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According to the Rayleigh criterion, the 
resolvability of  the maxima of  neighboring 
focal spots is reduced to the simultaneous 
satisfaction of  the inequalities

0 1 0
0

( ) ( ) 2 ,m mdh dhr
d d
ω ωω π
ω ω

+∆ − ≥  (6)

0 1 0| w || h ( ) h ( ) |  2 .m mt ω ω π+∆ − ≥  (7)

To separate the spectral regions of  
neighboring focal spots, it suffices to satisfy 
one of  these inequalities. The inequalities 
impose certain restrictions on the bandwidth, 
distance, observation time, and radial velocity. 
The fulfillment of  inequalities (6), (7) becomes 
easier with an increase in the mode number. 
According to condition (6), the difference 
in the arrival times of  adjacent mode signals 
must exceed the time 2π⁄Δω. Condition (7) 
reduces to the requirement that the phase 
difference between adjacent modes during the 
observation time exceed 2π.

A hologram is an unambiguous 
representation of  the source field. The 
inversion, carried out by the reverse 
application of  the two-dimensional Fourier 
transform to the spectral densities of  the 
selected focal spots, restores the fields of  
individual modes. Let us assume that the focal 
spots are resolved, i.e. one of  the inequalities 
(6), (7) holds. We filter the spectral regions of  
focal spots with a two-dimensional filter
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Here ,m mτ ν∆ ∆   are the linear dimensions of  
the focal spots along the τ, .ν axes. Next, 
we perform the inverse two-dimensional 
Fourier transform. As a result, we obtain 
the reconstructed spectral densities ( , )mp t ω  
of  individual modes. If  the initial distance 

r0 and the radial velocity w are known, then, 
according to (5), the group velocities and mode 
propagation constants are reconstructed from 
the measurements of  the coordinates of  the 
focal spot peaks. Otherwise, the initial distance 
r0 and the radial velocity w are reconstructed 
by adaptive algorithms [13,14].

The reconstructed amplitude of  the m-th 
mode at distance r and frequency ω0 is equal 
to

0
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where | ( , , ) |m m mF rτ ν  is the peak value of  
the m-th focal spot. The expression for the 
reconstructed modal damping coefficient, 
taking into account the cylindrical divergence 
of  the mode amplitude, has the form
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The mode resolution method is 
implemented as follows. During the 
observation time Δt, in the spectral band Δω, 
J independent realizations are accumulated 
with duration δt1 and with time interval δt2

1 2

.tJ
t tδ δ
∆

=
+

 (13)

A two-dimensional source field p(t, ω) 
is formed in time-frequency variables, and 
a two-dimensional Fourier transform is 
applied to it. Reconstruction of  the modal 
attenuation coefficient is based on the 
recording of  holograms for two different 
observation intervals. At the initial time 
t0 = 0, processing (2) is implemented in the 
time interval Δt. At the time t1 = t0 + δT, 
the next processing is carried out during the 
time Δt. Thus, holograms are formed for two 
different observation intervals. In this case, 
the coordinates of  the focal spot peaks shift 
along the time axis, while remaining constant 
along the frequency axis.
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4. SELECTION OF MODES AGAINST 
THE BACKGROUND OF INTENSE 
INTERNAL WAVES
In the framework of  numerical simulation, we 
consider the performance of  the described 
method of  mode resolution in the case of  a 
waveguide with IIW causing mode interaction.

The depth distribution of  sound speed in 
an undisturbed waveguide is shown in Fig. 1. 
Parameters of  the liquid absorbing bottom: 
density ratio of  soil and water ρ = 1.8, 
complex refractive index n = 0.849(1 + i0.03). 
The frequency range f = 100-120 Hz, the 
sound field was formed by three modes. The 
propagation constants hm and group velocities 
ugm of  modes for an unperturbed waveguide 
at the middle frequency of  the spectrum f0 = 
110 Hz are given in Table 1. The scheme of  
the numerical experiment is shown in Fig. 2.

Let us consider the cases of  a noise source 
stationary and moving at a speed w = 1 m/s 
towards a single source. The signal spectrum 
is assumed to be uniform, and the phase is 

constant. The source is located at a depth of  
zs = 20 m, and the receiver is at a depth of  zq = 
45 m. A single soliton moving in the direction 
from the receiver towards the source was 
used as the IIW model. Soliton parameters: 
amplitude B = 15 m, half-width η = 150 m, 
velocity u = 0.7 m/s. At the initial time t0 = 0: 
the distance between the source and the 
receiver is r0 = 10 km, the distance between 
the soliton and the receiver is r* = 2.5 km.

At the initial time t0 = 0, time-frequency 
processing (2) of  mode selection was 
implemented in the time interval Δt = 20 s, 
the duration of  the noise signal realization 
δt1 = 0.75 s (frequency step δf = 1.4 Hz), the 
time interval between realizations δt2 = 0.25 
s, the number of  time intervals J = 20. The 
processing was repeated for subsequent time 
intervals of  the same duration, but shifted 
relative to the previous one by a fixed time 
interval δT = 1 min. Processing time T = 20 min 
20 s. During the experiment T with a frequency 
of  δT = 1 min for time points ti = 0, 1, …, 19 
min, N = 20 holograms were formed. During 
the processing time, the soliton traveled the 
distance Δr = 854 m. The sound field at the 
receiving point was calculated using the modal 
approach of  mode interaction.

In the case of  a stationary source, the 
processing results for three time points t1 = 0, 
10, 19 min are shown in Fig. 3-5. The signal 
envelope was reconstructed by applying the 
inverse two-dimensional Fourier transform to 
the hologram and making a horizontal section 
of  the reconstructed field at a frequency 
f0 = 110 Hz. On the holograms, the coordinates 
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Fig. 1. Sound velocity profile.

Table 1
Mode parameters of the unperturbed waveguide at the 

frequency f0 = 110 Hz.
Mode numbers, m 1 2 3

ℎm, м-1 0.4635 0.4557 0.4450

ugm, м/с 1478.76 1468.75 1448.98

Fig. 2. Geometry of  the numerical experiment.
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of  the focal spot maxima are located on the 
time axis. The mode group velocities ugm 
were determined from the coordinates of  
the maxima τm of  the focal spots (5) or from 
the positions of  the maxima tm of  the signal 
envelope: 0 0( ) /gm mu rω τ=  or 0 0( ) / .gm mu r tω =

When the source is stationary, the mode 
propagation constants are not restored.

According to the results of  processing for 
twenty time points ti = 0, 1, … , 19 min:

a) relative variations of  the group 
velocities of  the modes with respect to the 
model values − 1 10.9955 / 0.9997,g gu u≤ ≤  

2 20.9848 / 0.9860,g gu u≤ ≤  

3 30.9739 / 0.9751,g gu u≤ ≤
;

b) maximum relative errors of  the 
reconstructed group velocities of  the 
modes - the first mode, m = 1, maxδ1 = 
0.45%; second mode, m = 2, maxδ2 = 
1.52%; third mode, m = 3, maxδ3 = 2.61%.
The relative variations of  the mode 

amplitudes ( ) ( ) /m i m i mb t A t A=   are shown in 
Fig. 6, where ( )m iA t  and Am are the amplitude 
of  the m-th mode, reconstructed at time 
ti, and its model value for the unperturbed 
waveguide, respectively.

In the case of  a moving source, the 
processing results for three time points ti = 0, 
10, 19 min are shown in Fig. 7-9. The mode 
group velocities ugm were determined from 
the coordinates of  the maxima τm of  the focal 
spots (5) or from the positions of  the maxima tm 
of  the signal envelope: 0( , ) ( ) / ( )gm i i m iu t r t tω τ=

 
or 0( , ) ( ) / ( ).gm i i m iu t r t t tω =  Here r(ti) is the 
distance between the source and the receiver 
at time ti. The mode propagation constants 
were determined from the coordinates of  the 
maxima vm(ti) of  focal spots (5).

According to the results of  processing for 
twenty time points ti = 0, 1, ..., 19 min, it was 
established:

a) relative variations of  the group 
velocities of  the modes with respect to the 
model values − 1 10.9977 / 1.0049,g gu u≤ ≤

 
2 20.9904 / 0.9945,g gu u≤ ≤

 

3 30.9750 / 0.9835;g gu u≤ ≤

b) maximum relative errors of  the 
reconstructed group velocities of  the modes - 
the first mode, m = 1, maxδ1 = 0.49%; second 
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Fig. 4. Normalized hologram (a) and signal envelope (b). 
Time t10 = 10 min. The source is stationary.

              a                        b                           c
Fig. 6. Dependences of  the relative variations of  the 
reconstructed mode amplitudes on the processing time: (a) the 
first mode, (b) tℎe second mode, (c) tℎe tℎird mode. Tℎe source 

is stationary.

                   a                                      b

                   a                                      b

                   a                                      b
Fig. 5. Normalized hologram (a) and signal envelope (b). 
End of  processing: time t19 = 19 min. The source is stationary.

Fig. 3. Normalized hologram (a) and signal envelope (b). 
Processing start: time t0 = 0. The source is stationary.



307

RENSIT: Radioelectronics. Nanosystems. Information technologies | 2022 | Vol. 14 | No. 3

mode, m = 2, maxδ2 = 0.96%; third mode, 
m = 3, maxδ3 = 2.50%;

c) relative variations of  the mode 
propagation constants with respect to the 
model values − 1 10.8923 / 1.0705,h h≤ ≤  

2 20.7382 / 0.9914,h h≤ ≤

3 30.7229 / 1.0081.h h≤ ≤

The relative variations of  the mode 
amplitudes ( ) ( ) /m i m i mb t A t A=   are shown in 
Fig. 10.

5. CONCLUSION
The data of  numerical simulation of  the 
selection of  modes and the reconstruction 
of  their parameters against the background 
of  IIW, which cause the interaction of  the 
modes of  the source field, are presented. The 
cases of  stationary and moving sources are 
considered. It is shown that in both cases 
there is no loss of  identity of  the mode 
parameters: the modes are resolved and their 
parameters are restored. Variations in the 
amplitudes, propagation constants, and mode 
group velocities were determined from the 
results of  a numerical experiment. It has been 
established that in the low-frequency range 
the relative error in reconstructing the group 
velocities of  the modes with respect to the 
unperturbed waveguide does not exceed one 
percent.
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