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Abstract: Discriminating a real underwater target echo from a synthetic echo is a key challenge to
identifying an underwater target. The structure of an echo envelope contains information which
closely relates to the physical parameters of the underwater target, and the characterization and
extraction of echo features are problematic issues for active sonar target classification. In this
study, firstly, the high-frequency envelope fluctuation of a complex underwater target echo was
analyzed, the envelope fluctuation was characterized by the envelope fluctuation intensity, and a
characterization model was established. The features of a benchmark model echo were extracted and
analyzed by theoretical simulation and sea testing of a scaled model, and the result shows that the
envelope fluctuation intensity varies with carrier frequency and azimuth of incident signal, but the
echo envelope fluctuation of the synthetic target echo does not present these features. Then, based on
the characteristics of echo envelope fluctuation, a novel method was developed for active sonar
discrimination of a real underwater target echo from the synthetic echo. Through a sea experiment,
the real target echo and synthetic echo were classified by their different echo envelope fluctuations,
and the feasibility of the method was verified.

Keywords: active sonar; underwater; envelope; envelope fluctuation intensity; synthetic echo;
echo discrimination

1. Introduction

An active acoustic decoy which can simulate a target echo provides very important
countermeasures to active acoustic torpedoes and active sonar. Basically, the active acoustic decoy
comprises several monostatic hydrophones, and once the hydrophones receive the incident sonar
pulse, the monostatic hydrophones transmit an acoustic wave with a certain phase, magnitude,
Doppler frequency shift, time delay, and signal broadening that characterize the target echo [1–4].
This kind of active acoustic decoy can simulate a series of an echo’s characteristic parameters, such as
the relative positions of the main echo highlights, relative magnitude of echo highlights, and scale
features of the target, and it is a great challenge for active sonar target classification.

Many algorithms have been developed for underwater acoustic target tracking [5–8],
but discriminating the real underwater target echo from the synthetic echo is still a key challenge to
identifying an underwater target. The echo of an underwater target is the incident signal modulated
by material, structure, and shape parameters, so the echo envelope structure is the characterization of
the target’s geometric scattering and elastic scattering in a time domain [9–12]. Therefore, the envelope
structure of an underwater echo contains the information which closely relates to the physical
parameters of the target. In a high-frequency acoustic scattering wave, the echo’s energy is dominated
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by a geometrical scattering wave, the geometrical scattering highlights are always present in the
high-amplitude fluctuation of an echo envelope, while the elastic scattering highlights are present in
the fast and weak fluctuation of the envelope [13].

For the high-amplitude fluctuation of an echo envelope, the envelope’s structural features can be
characterized by the number of echo highlights, relative magnitude, and relative spacing [14–18].
A statistical quantitative model of echo highlights has been established for a complex target,
which quantitatively characterizes the echo highlights [19]. For the weak fluctuation of the echo
envelope, which contains the elastic scattering, for an actual echo signal, the features of weak
fluctuation echo envelope are hard to extract and use [13].

In previous work, echo envelope fluctuation features were studied in a frequency domain, and the
envelope modulation rate of underwater target’s scattering signal is characterized. Theoretical and
experimental research has indicated that the maximum envelope modulation frequency of a complex
target increases when the incident frequency increases [20]. Based on the maximum envelope
modulation frequency, a method for discriminating the real target from the synthetic target was
proposed and tested [21]. The maximum envelope modulation frequency was obtained by using a
threshold for the strong influence of low-frequency envelope modulation. The extraction of maximum
frequency is always affected by the threshold, and the correct choice of the threshold is often not easy
for actual sea data. Consequently, in order to deeply understand the mechanism of echo envelope
modulation and to properly describe the echo envelope fluctuation, the authors studied the features of
echo envelope fluctuation in a time domain, and they proposed a novel method for the discrimination
of a real underwater target echo from a synthetic echo. Compared with previous work, the strong
influence of a low-frequency echo envelope fluctuation was reduced, the fine structure of a high
fluctuation envelope was enhanced, and the processing of the features extracted from a high-frequency
modulation was straightforward.

The major contributions of this paper are as follows:

• This paper focuses on the characterization and extraction of echo fluctuation features from an
underwater complex target. Based on practical engineering applications, it presents a method for
discrimination of a real echo from a synthetic echo underwater.

• The high-frequency fluctuation of an echo envelope was characterized by the echo envelope
fluctuation intensity, and a model of echo envelope fluctuation intensity was established.

• Results from simulation and real sea experiments of a benchmark model and synthetic echo are
provided in detail.

• The feasibility of the proposed method for discriminating between a real target echo and a
synthetic echo was verified by real sea experiment. The method proposed in this paper has
low processing complexity and provides a new and valuable insight into the classification of
underwater real and synthetic echoes.

The rest of this paper is organized as follows. Section 2 describes the theoretical analysis of the
high-frequency envelope fluctuation of a complex underwater target echo, and the characterization
model we established is presented. Section 3 presents the extraction of echo envelope fluctuation
features from a scaled benchmark model and synthetic echo with different frequencies and pulse
lengths, and the simulation and experimental results are discussed in detail. Section 4 describes the
proposed method of real echo and synthetic echo discrimination. Section 5 consists of sea experiments,
data processing results, and discussion of estimation performance. A summary of the proposed
method is provided in Section 6.

2. Characterization of Echo Envelope Fluctuation Features

2.1. Relation of Echo Envelope Fluctuation with Carrier Frequency of Incident Pulse

Normally, based on the echo highlight model, an echo is considered the superposition of echo
highlights and background. In this study, the concept underlying the echo highlight model has been
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generalized: the echo is the supposition of highlights from scatterings on the target, and the scatterings
are equally spaced according to the carrier frequency of the incident pulse. For the linear dimension,
the complex echo can be expressed by [20]

y(t, θ) =
N

∑
i=1

ai(θ) · x(t). exp[j(2π f (i− 1)τθ)] (1)

where θ is the azimuth of the incident signal; ai(θ) is the strength coefficient of the echo highlight,
assumed equal spaced distribution of scatter on the target; x(t) is the incident signal; N is the number
of echo highlights; τθ is the difference in time between the echo highlight and the start of the echo
signal, i.e.,

τθ =
L cos(θ)
(N − 1)C

(2)

where L is the length of the target, C is the sound speed in water. Assuming equal strength coefficients
of echo highlights, namely ai(θ) = a(θ), the frequency domain expression of (1) is as below [21]

s( f , θ) = a(θ).X( f ).
N
∑

i=1
exp(j2π f (i− 1)τθ)

= a(θ).X( f ).h( f , θ)
(3)

where

h( f , θ) =
N
∑

i=1
exp(j2π f (i− 1)τθ)

= sin(π f Nτθ)
sin(π f τθ)

(4)

In (3) and (4), h( f , θ) receives the maximum value when f τθ = m, (m = 1, 2, 3, . . .). The echo
envelope forms dips and peaks correspondingly. As per the theoretical expression above, the spacing
of echo highlights relates to the carrier frequency, and when the carrier frequency increases, a higher
frequency modulation of the echo envelope forms, presenting more detailed information on the target.
It also implies that when the carrier frequency changes, the characteristics of the echo envelope
modulation change accordingly, representing the features of a real complex target.

2.2. Characterization of Underwater Target Echo Envelope Fluctuation Intensity

A high-frequency fluctuation of the echo envelope represents the fine features of an underwater
complex target echo, but the energy of a low-frequency fluctuation of the echo envelope dominates
the whole echo envelope. Normally, extracting the features from a high-frequency fluctuation of the
echo envelope is not easy. The maximum fluctuation frequency could be used to characterize the
high-frequency envelope fluctuation and its features extracted in the frequency domain [20], but the
maximum envelope modulation frequency is obtained by using a threshold, and correctly choosing the
threshold is difficult for actual sea data. In this work, the extraction of features from a high-frequency
fluctuation of the echo envelope was carried out in the time domain.

The intensity of the magnitude of the envelope signal fluctuates with time, and it can
be characterized by a differential coefficient, through differentiation of the echo envelope.
The low-frequency envelope fluctuation is suppressed, equivalent to high-pass filtering, and the
high-frequency envelope fluctuation is enhanced.

For convenient analysis in the time domain, Equation (1) is expressed as

y1(t, θ) =
N

∑
i=1

ai(θ). exp[j2π f (t− ti)] (5)

ti = (i− 1)τθ (6)
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Deriving the formula, with time (t) as a variable, the echo envelope fluctuation intensity is

y2(t, θ) =

∣∣∣∣∣ N

∑
i=1

ai(θ) · j2π f · exp[j2π f (t− ti)]

∣∣∣∣∣ (7)

y2(t, θ) = 2π f

∣∣∣∣∣ N

∑
i=1

ai(θ) · exp[j2π f (t− ti)]

∣∣∣∣∣ (8)

y2(t, θ) = 2π f |y1(t, θ)| (9)

From this expression, the echo envelope fluctuation intensity strongly relates to the carrier
frequency of the incident pulse, and the echo envelope fluctuation intensity varies with the carrier
frequency accordingly.

The envelope fluctuation intensity is a time-changing value, and it cannot be used directly for
discriminating between different echo signals. In this paper, the feature is characterized by two
parameters, one being fluctuation intensity

K(θ) =
1
M

M

∑
n=1
|kn| (10)

kn = X(n)− X(n− 1) n = 1, 2, 3 . . . . . . M (11)

where X is the discrete series of y1(t, θ), kn is the difference between adjacent elements of X, and M
is the data length. K(θ) is called the fluctuation intensity, which characterizes the whole fluctuation
intensity of the echo envelope.

Another parameter is the standard deviation (STD) of echo envelope magnitude
fluctuation intensity,

S(θ) =

[
1
M

M

∑
n=1

(kn − E)2

] 1
2

(12)

where

E =
1
M

M

∑
n=1

k(n) (13)

where S(θ) characterizes the inconsistency of the fluctuation intensity of the envelope that varies with
time.

3. Extraction of Echo Envelope Fluctuation Features

3.1. Simulation Study

3.1.1. Simulation Study of Benchmark

Based on the analysis above, the envelope fluctuation intensity was studied through simulation,
where the target studied is the benchmark model [22] scaled by a ratio of 1:20, the length is 3 m,
and the scaled model is made of steel. The incident pulse is a linear frequency modulation (LFM)
signal, the frequencies are 10–20 kHz and 20–40 kHz, and the pulse lengths are 1 ms and 3 ms.

The method of echo simulation is called the frequency indirect echo simulation method.
The acoustic scattering of the target can be considered a linear system or target scattering channel, the
incident signal is the system input, and the echo is the system output that is transferred by the target
system and underwater sound channel. In this study, the transfer function of the target was calculated
using special software that is based on the planar element method (PEM)—a numerical model that
converts an integral calculation to arithmetic calculation [23,24]. The software can rapidly calculate
sonar echo characteristics from sonar targets of various shapes [25].
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Figures 1–3 are the simulated echo envelope fluctuation features. Figures 1a and 2a are the
echo envelope fluctuation intensities with different pulse lengths, and Figures 1b and 2b are the
corresponding STDs of echo envelope fluctuation with different pulse lengths.

The simulation results show that the fluctuation intensity and its standard deviation change
dramatically with the azimuth, with the minimum intensity on the beam, and the maximum on
the keel-line. The cause is that the time difference of the echo highlight in the keel-line is greater
than that in the beam direction; correspondingly, the phase difference is larger than that causing the
strong fluctuation of the echo envelope. However, in the beam direction, the phases of different echo
highlights are nearly the same, and the envelope is flatter than that in other azimuths.

Figure 3 compares the fluctuation intensity features of the echo envelope for different frequencies,
10–20 kHz and 20–40 kHz, with 1 ms pulse lengths. Figure 3a is the comparison of fluctuation intensity,
and Figure 3b is the comparison of STDs of echo envelope fluctuation intensity, correspondingly.
The simulated results show that the echo envelope fluctuation intensity greatly depends on the carrier
frequency: when the carrier frequency increases, the echo envelope fluctuation intensity increases
correspondingly, which is consistent with the theoretical analysis.
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Figure 1. (a) Intensity of echo envelope fluctuation after normalization, the frequency is 20–40 kHz and
the pulse length is 1 ms; (b) STD of echo envelope fluctuation after normalization.
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Figure 2. (a) Intensity of echo envelope fluctuation after normalization, the frequency is 20–40 kHz and
the pulse length is 3 ms; (b) STD of echo envelope fluctuation after normalization.
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Figure 4. (a) Fluctuation intensity comparison of a synthetic echo envelope with different frequencies; 

(b) STD comparison of synthetic echo envelope fluctuation intensity with different frequencies. 
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Figure 3. (a) Fluctuation intensity comparison of echo envelopes with different frequencies; (b) STD
comparison of echo envelope fluctuation intensity with different frequencies.

3.1.2. Simulation Study of Synthetic Echo

The echo of an active acoustic decoy was simulated by several monostatic hydrophones, where the
number of monostatic hydrophones represents the number of main echo highlights. In this study,
the synthetic echo was simulated based on the statistical features of echo highlights [19]. The number
of highlights is six; the incident pulse is the LFM signal; the frequencies are 10–20 kHz, 20–40 kHz,
and 40–80 kHz; and the pulse lengths are 1 ms and 3 ms.

Figure 4 shows the results of the synthetic echo. Figure 4a compares the fluctuation intensity
features of the echo envelope for different frequencies, and Figure 4b compares the STD of the echo
envelope fluctuation intensity, correspondingly. The simulation results of 3 ms pulse length are
consistent with Figure 4. From the results, we can see that the fluctuation intensity and its STD
remain almost stable when the carrier frequencies change. This greatly differs from the results of the
benchmark model because the synthetic echo is the superposition of signals from several monostatic
hydrophones. The low-frequency modulation features of the echo envelope can be simulated, such as
the echo highlights, but the high-frequency modulation features cannot be simulated, such as echo
envelope fluctuation intensity. The high-frequency modulation features are caused by body scattering
and elastic scattering.

Appl. Sci. 2018, 8, x FOR PEER REVIEW  6 of 17 

Figure 2. (a) Intensity of echo envelope fluctuation after normalization, the frequency is 20–40 kHz 

and the pulse length is 3 ms; (b) STD of echo envelope fluctuation after normalization. 

20 40 60 80 100 120 140 160 1800

2

4

6

8

10

12
x 10

-4

Azimuth(deg)

R
e
la

ti
v
e
 M

a
g
n
it
u
d
e

 

 

10-20kHz

20-40kHz

  
(a) (b) 

Figure 3. (a) Fluctuation intensity comparison of echo envelopes with different frequencies; (b) STD 

comparison of echo envelope fluctuation intensity with different frequencies. 

3.1.2. Simulation Study of Synthetic Echo 

The echo of an active acoustic decoy was simulated by several monostatic hydrophones, where 

the number of monostatic hydrophones represents the number of main echo highlights. In this study, 

the synthetic echo was simulated based on the statistical features of echo highlights [19]. The number 

of highlights is six; the incident pulse is the LFM signal; the frequencies are 10–20 kHz, 20–40 kHz, 

and 40–80 kHz; and the pulse lengths are 1 ms and 3 ms. 

Figure 4 shows the results of the synthetic echo. Figure 4a compares the fluctuation intensity 

features of the echo envelope for different frequencies, and Figure 4b compares the STD of the echo 

envelope fluctuation intensity, correspondingly. The simulation results of 3 ms pulse length are 

consistent with Figure 4. From the results, we can see that the fluctuation intensity and its STD remain 

almost stable when the carrier frequencies change. This greatly differs from the results of the 

benchmark model because the synthetic echo is the superposition of signals from several monostatic 

hydrophones. The low-frequency modulation features of the echo envelope can be simulated, such 

as the echo highlights, but the high-frequency modulation features cannot be simulated, such as echo 

envelope fluctuation intensity. The high-frequency modulation features are caused by body 

scattering and elastic scattering. 

0 20 40 60 80 100 120 140 160 180

0.02

0.03

0.04

0.05

0.06

 

 

10-20kHz

20-40kHz

40-80kHz

 
Azimuth(deg)

0 20 40 60 80 100 120 140 160 180

0.02

0.03

0.04

0.05

0.06

0.07

0.08

 

 

10-20kHz

20-40kHz

40-80kHz

 
(a) (b) 

Figure 4. (a) Fluctuation intensity comparison of a synthetic echo envelope with different frequencies; 

(b) STD comparison of synthetic echo envelope fluctuation intensity with different frequencies. 

0 20 40 60 80 100 120 140 160 180

0.5

1

1.5

2

2.5

x 10
-3

Azimuth(deg)

R
e
la

ti
v
e
 M

a
g
n
it
u
d
e

 

 

10-20kHz

20-40kHz

Figure 4. (a) Fluctuation intensity comparison of a synthetic echo envelope with different frequencies;
(b) STD comparison of synthetic echo envelope fluctuation intensity with different frequencies.
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3.2. Experiment Study of Benchmark Model and Rock

3.2.1. Experiment Configuration

For comparison with the simulation results, broadband acoustic scattering testing was conducted
with the scaled benchmark model and with rock. Figure 5 shows the experiment configuration:
Figure 5a is the schematic diagram of the experimental layout, Figure 5b is the photo of the sea
experiment, and Figure 5c is the photo of the rock that was tested.
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The target and monostatic sonar were mounted on the experimental ship, and the target was
mounted by two thin ropes on the rotator, by which the azimuth was changed from 0 degree to
180 degrees. The depth of the target and monostatic sonar was 5 m deep in the water, and the range
between the target and the sonar was 21 m, which satisfies the testing requirements for far field
acoustic scattering. The transmitting beam was maintained on the benchmark to diminish interference
from reverberation.

A continuous wave (CW) signal and a linear frequency modulation wave signal were te ted;
the parameters were as listed in Table 1.

Table 1. Parameters of the incident signal.

Signal Form Frequency Pulse Length Target

CW 30 kHz, 60 kHz 1 ms, 3 ms, 10 ms Benchmark model
LFM 20–40 kHz, 40–80 kHz 1 ms, 3 ms, 10 ms Benchmark model

43–47 kHz 1 ms Rock
71–74 kHz 1 ms Rock
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3.2.2. Experimental Results

The procedure for processing the test data for the echo envelope fluctuation feature of the
benchmark model is:

a. Filter the data by a bandpass filter to minimize the interference;
b. Calculate the envelope of the echo signal;
c. Normalize the echo envelope for magnitude consistency;
d. Differentiate the echo envelope;
e. Calculate the fluctuation intensity and the standard deviation;
f. Process the echo in whole azimuths.

Figure 6a is the echo envelope with LFM 20–40 kHz at a certain azimuth, and the pulse length is
1 ms; Figure 6b is the echo envelope fluctuation after differentiation; Figure 7a is the echo envelope
with LFM 40–80 kHz, the pulse length is 1 ms; and Figure 7b is the echo envelope fluctuation after
differentiation. Results show that, after differentiation, the energy of geometric scattering has decreased,
and the fine structure of the high fluctuation envelope has been enhanced.

Then, the echo data in whole azimuths were processed, and the echo envelope fluctuation features
with varied carrier frequency, pulse length, and azimuth were analyzed.
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Figure 6. (a) Echo envelope with LFM 20–40 kHz frequency; (b) gradient of the echo envelope from (a).
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Figure 7. (a) Echo envelope with LFM 40–80 kHz frequency; (b) gradient of the echo envelope from (a).
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A. Fluctuation Intensity

Figure 8 is the comparison of fluctuation intensity for experimental and simulated results for a
frequency of LFM 20–40 kHz and pulse lengths of 1 ms and 3 ms, respectively. Figure 8 shows that
the tendencies of the experimental and simulated results are fundamentally similar; the value of the
fluctuation intensity is at the minimum on the beam, and at the maximum on the keel-line.
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Figure 8. Theoretical and tested echo envelope fluctuation intensity with the frequency of LFM
20–40 kHz. (a) The pulse length is 1 ms; (b) the pulse length is 3 ms.

Figure 9 is the fluctuation intensity results of the scaled benchmark model with different carrier
frequencies: the tested signal from Figure 9a is the broadband signal, and Figure 9b is a single frequency
signal. From the results, we can see that the echo envelope fluctuation intensity greatly depends on
the carrier frequency; when the carrier frequency increases, the echo envelope fluctuation intensity
increases correspondingly. According to the theoretical analysis, when the carrier frequency increases,
the time resolution of the incident pulse increases, the echo envelope presents a finer fluctuation,
and the fluctuation intensity of the envelope increases correspondingly. This feature notably represents
the influence of target shape and structure on the echo envelope.

Appl. Sci. 2018, 8, x FOR PEER REVIEW  9 of 17 

Figure 9 is the fluctuation intensity results of the scaled benchmark model with different carrier 

frequencies: the tested signal from Figure 9a is the broadband signal, and Figure 9b is a single 

frequency signal. From the results, we can see that the echo envelope fluctuation intensity greatly 

depends on the carrier frequency; when the carrier frequency increases, the echo envelope fluctuation 

intensity increases correspondingly. According to the theoretical analysis, when the carrier frequency 

increases, the time resolution of the incident pulse increases, the echo envelope presents a finer 

fluctuation, and the fluctuation intensity of the envelope increases correspondingly. This feature 

notably represents the influence of target shape and structure on the echo envelope. 

From the comparison of Figure 9a,b, we can see that the echo envelope fluctuation intensity of 

the narrowband signal does not change markedly compared to that of the broadband. This is because 

the time resolution of the broadband signal is greater than that of the narrowband signal, thus, the 

envelope structure presents a higher frequency fluctuation.  

  
(a) (b) 

Figure 8. Theoretical and tested echo envelope fluctuation intensity with the frequency of LFM 20–40 

kHz. (a) The pulse length is 1 ms; (b) the pulse length is 3 ms. 

  
(a) (b) 

Figure 9. (a) Fluctuation intensity comparison of the wideband echo envelope with different 

frequencies, the pulse length is 3 ms; (b) fluctuation intensity comparison of the CW echo envelope 

with different frequencies, the pulse length is 3 ms. 

Figure 10a,b is the echo fluctuation intensities of the CW and LFM signals, with pulse lengths of 

1, 3, and 10 ms, respectively. The results show that the magnitude of the fluctuation intensity changes 

as the pulse length changes; when the pulse length increases, the magnitude of the echo fluctuation 

intensity decreases. This is because a smaller pulse length has a greater time resolution, the echo 

envelope presents finer fluctuation, and, correspondingly, the fluctuation intensity of the envelope 

0 20 40 60 80 100 120 140 160 180

0.2

0.4

0.6

0.8

1

Azimuth(deg)

R
e
la

ti
v
e
 M

a
g
n
it
u
d
e

 

 
Theoretical

Tested

0 20 40 60 80 100 120 140 160 180

0.2

0.4

0.6

0.8

1

Azimuth(deg)

R
e
la

ti
v
e
 M

a
g
n
it
u
d
e

 

 

Theoretical

Tested

0 20 40 60 80 100 120 140 160 180

0.2

0.4

0.6

0.8

1

Azimuth(deg)

R
e
la

ti
v
e
 M

a
g
n
it
u
d
e

 

 

40-80kHz

20-40kHz

0 20 40 60 80 100 120 140 160 180
0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Azimuth(deg)

R
e
la

ti
v
e
 M

a
g
n
it
u
d
e

 

 

30kHz

60kHz

Figure 9. (a) Fluctuation intensity comparison of the wideband echo envelope with different
frequencies, the pulse length is 3 ms; (b) fluctuation intensity comparison of the CW echo envelope
with different frequencies, the pulse length is 3 ms.
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From the comparison of Figure 9a,b, we can see that the echo envelope fluctuation intensity
of the narrowband signal does not change markedly compared to that of the broadband. This is
because the time resolution of the broadband signal is greater than that of the narrowband signal, thus,
the envelope structure presents a higher frequency fluctuation.

Figure 10a,b is the echo fluctuation intensities of the CW and LFM signals, with pulse lengths
of 1, 3, and 10 ms, respectively. The results show that the magnitude of the fluctuation intensity
changes as the pulse length changes; when the pulse length increases, the magnitude of the echo
fluctuation intensity decreases. This is because a smaller pulse length has a greater time resolution,
the echo envelope presents finer fluctuation, and, correspondingly, the fluctuation intensity of the
envelope increases. This feature is consistent with the theoretical analysis. Also, as shown in Figure 9,
the wideband signal provides better time resolution than that of the narrowband signal. Then,
the envelope structure presents a higher frequency fluctuation, so the wideband pulse presents clearer
results than the narrowband signal with the same pulse length.
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Figure 10. (a) Fluctuation intensity of the CW echo envelope with different pulse lengths; (b) fluctuation
intensity of the wideband echo envelope with different pulse lengths.

B. Standard Deviation of Fluctuation Intensity

Figure 11 compares the STDs of the theoretical and experimental echo envelope fluctuation
intensities with LFM 20–40 kHz and pulse lengths of 1 ms and 3 ms, respectively. Figure 11 shows
that the tendency of the experimental and simulated results are fundamentally similar: the STD of the
fluctuation intensity is minimum on the beam, and maximum on the keel-line.
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Figure 11. STD of theoretical and tested echo envelope fluctuation intensity with the frequency of LFM
20–40 kHz. (a) The pulse length is 1 ms; (b) the pulse length is 3 ms.
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Figure 12 is the STD results of fluctuation intensity of the scaled benchmark model, varying with
azimuth: Figure 12a shows the results of the broadband signal, and Figure 12b shows the results
of the narrowband signal. The results of the two kinds of tested signals show that the standard
deviation of the fluctuation intensity depends on the carrier frequency; it increases with increasing
carrier frequency, and it is more notable for the broadband signal—similar to the fluctuation intensity
results. Compared with the fluctuation intensity of the narrowband signal, the narrowband signal’s
standard deviation of fluctuation intensity changes with carrier frequency, and these changes are
relatively weak. The resolution performance of this feature is not notable.
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Figure 12. STD of echo envelope fluctuation intensity with different frequencies, the pulse length is
3 ms. (a) STD comparison of wideband echo envelope fluctuation intensity with different frequencies;
(b) STD comparison of CW echo envelope fluctuation intensity with different frequencies.

C. Envelope Fluctuation Features of Rock

For further study, we tested the rock with frequencies of 43–47 kHz and 71–74 kHz, and a pulse
length of 1 ms. Figure 13a is the fluctuation intensity comparison of the rock echo envelope with
different frequencies; Figure 13b is the STD comparison of the rock echo envelope fluctuation intensity
with different frequencies. The results of the test with the rock show that the echo envelope fluctuation
intensity and its STD increase correspondingly when the carrier frequency increases, which further
verifies the theoretical analysis.
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Figure 13. (a) Fluctuation intensity comparison of the rock echo envelope with different frequencies;
(b) STD comparison of the rock echo envelope fluctuation intensity with different frequencies.
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4. Method of Real Echo and Synthetic Echo Discrimination

Normally, the synthetic echo that is simulated by an active sonar decoy is synthesized by the
signal that is transmitted from several monostatic hydrophones. The number of hydrophones is
determined by the number of predominant echo highlights, which are characterized by the relative
spacing of the hydrophones and the relative magnitude of the transmitted signal. For a real sonar decoy,
the number of hydrophones is fixed, the high-frequency echo envelope modulation characteristics
(such as echo envelope fluctuation intensity) cannot be simulated, and the echo envelope fluctuation
intensity changes with frequencies.

Based on these echo envelope fluctuation characteristics, a novel method was developed for the
discrimination of real underwater target echoes from synthetic echoes. The procedure is as below:

a. The active sonar transmits two different frequency pulses with frequency f1 and f2 (LFM signal
is preferred), and the difference will be notable;

b. Filter the input data by a bandpass filter to minimize the interference;
c. Processing the envelope data for the two different frequency echoes;
d. Extract the envelope fluctuation features for the two different frequency echoes, such as echo

envelope fluctuation intensity;
e. Compare the fluctuation features, and then discriminate between the real underwater target

echo and the synthetic echo.
Figure 14 is the proposed procedure for discriminating a real underwater target echo from a

synthetic echo.
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5. Experimental Results

In order to further verify the feasibility of the proposed method, the research team carried out a
sea experiment in the sea near Dalian, China. The sea area is at a depth of 30–40 m, and it has fine
sediment. Figure 15 is the configuration of the synthetic echo test. The echo was simulated by two
monostatic hydrophones, where the spacing between the two hydrophones was 1.4 m. By rotating
the pole that mounted the two hydrophones, the azimuth of the echo was changed from 0 degree to
180 degrees. The receiver and transmitter were mounted on the experimental ship. The receiver and
transmitter were 5 m deep in the water. The 20–40 kHz and 40–80 kHz LFM wideband signals were
tested using pulse lengths of 1 ms and 3 ms.

Appl. Sci. 2018, 8, x FOR PEER REVIEW  12 of 17 

decoy, the number of hydrophones is fixed, the high-frequency echo envelope modulation 

characteristics (such as echo envelope fluctuation intensity) cannot be simulated, and the echo 

envelope fluctuation intensity changes with frequencies. 

Based on these echo envelope fluctuation characteristics, a novel method was developed for the 

discrimination of real underwater target echoes from synthetic echoes. The procedure is as below:  

a. The active sonar transmits two different frequency pulses with frequency 
1f  and 

2f  (LFM 

signal is preferred), and the difference will be notable; 

b. Filter the input data by a bandpass filter to minimize the interference; 

c. Processing the envelope data for the two different frequency echoes;  

d. Extract the envelope fluctuation features for the two different frequency echoes, such as echo 

envelope fluctuation intensity; 

e. Compare the fluctuation features, and then discriminate between the real underwater target 

echo and the synthetic echo. 

Figure 14 is the proposed procedure for discriminating a real underwater target echo from a 

synthetic echo. 

)(1 ts

)(2 ts

1f

2f

1K

2K

 

Figure 14. Procedure for discriminating a real underwater target echo from a synthetic echo. 

5. Experimental Results 

In order to further verify the feasibility of the proposed method, the research team carried out a 

sea experiment in the sea near Dalian, China. The sea area is at a depth of 30–40 m, and it has fine 

sediment. Figure 15 is the configuration of the synthetic echo test. The echo was simulated by two 

monostatic hydrophones, where the spacing between the two hydrophones was 1.4 m. By rotating 

the pole that mounted the two hydrophones, the azimuth of the echo was changed from 0 degree to 

180 degrees. The receiver and transmitter were mounted on the experimental ship. The receiver and 

transmitter were 5 m deep in the water. The 20–40 kHz and 40–80 kHz LFM wideband signals were 

tested using pulse lengths of 1 ms and 3 ms. 

 

Figure 15. Configuration of the synthetic echo test. 

Figure 16 is the synthesized echo envelope with LFM 20–40 kHz and an azimuth of 45 degrees, 

and the results after differentiation. Figure 17 is the simulated echo envelope with LFM 40–80 kHz 

and an azimuth of 45 degrees, and the results after differentiation. From the comparison of Figures 

Figure 15. Configuration of the synthetic echo test.



Appl. Sci. 2018, 8, 1329 13 of 17

Figure 16 is the synthesized echo envelope with LFM 20–40 kHz and an azimuth of 45 degrees,
and the results after differentiation. Figure 17 is the simulated echo envelope with LFM 40–80 kHz and
an azimuth of 45 degrees, and the results after differentiation. From the comparison of Figures 16a and
17a, we can see that the shape and structure of the echo envelope remains almost the same when the
carrier frequency changes, and the gradient of the echo envelope differs slightly. For the real target
echo, from the comparison of Figures 6a and 7a, the shape and structure of the echo envelope differ
notably when the carrier frequency changes, as does the gradient of the echo envelope.
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Figure 16. (a) Synthetic echo envelope with LFM 20–40 kHz frequency; (b) gradient of the synthetic
echo envelope from (a).
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Figure 17. (a) A synthetic echo envelope with LFM 40–80 kHz frequency; (b) gradient of the synthetic
echo envelope from (a).

The echo in all azimuths was processed, and the echo envelope fluctuation features for the two
different frequencies were extracted.

Figure 18 is the fluctuation intensity of the real target echo and the synthetic echo of the wideband
echo envelope for different frequencies, with a pulse length of 1 ms. Figure 18a is the fluctuation
intensity comparison of the real target’s wideband echo envelope for different frequencies; Figure 18b is
the fluctuation intensity comparison of the synthetic wideband echo envelope for different frequencies.
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Figure 18. (a) Fluctuation intensity comparison of the real target wideband echo envelope with different
frequencies, the pulse length is 1 ms; (b) fluctuation intensity comparison of the synthetic wideband
echo envelope with different frequencies, the pulse length is 1 ms.

Figure 19 is the standard deviation of the fluctuation intensity of the real target echo and the
synthetic echo of the wideband echo envelope for different frequencies, where the pulse length is 1 ms.
Figure 19a compares the standard deviation of the fluctuation intensity of the real target’s wideband
echo envelope for different frequencies; Figure 19b compares the standard deviation of the fluctuation
intensity of the synthetic wideband echo envelope for different frequencies.
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Figure 19. (a) STD comparison of the real target wideband echo envelope with different frequencies,
the pulse length is 1 ms; (b) STD comparison of the synthetic wideband echo envelope with different
frequencies, the pulse length is 1 ms.

Figure 20 is the fluctuation intensity of the real target echo and the synthetic echo of the wideband
echo envelope for different frequencies, where the pulse length is 3 ms. Figure 20a is the fluctuation
intensity comparison of the real target wideband echo envelope for different frequencies; Figure 20b is
the fluctuation intensity comparison of the synthetic wideband echo envelope for different frequencies.
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Figure 20. (a) Fluctuation intensity comparison of the real target wideband echo envelope with different
frequencies, the pulse length is 3 ms; (b) fluctuation intensity comparison of the synthetic wideband
echo envelope with different frequencies, the pulse length is 3 ms.

From Figures 18–20, we can see that the fluctuation intensity and its STD of the real target echo
changes notably when the carrier frequency changes, but the fluctuation intensity and its STD of the
synthetic echo remains almost the same when the carrier frequency changes. The experimental results
are consistent with the theoretical analysis and simulation results.

For further comparison, Figure 21 is the difference in the fluctuation intensity between the two
different carrier frequency echoes. Figure 20a compares the difference in the fluctuation intensity from
Figure 18, and Figure 21b compares the difference in the STD from Figure 19. In Figure 21, we can
see that the fluctuation intensity and its STD of the real target echo change notably when the carrier
frequency changes, but the fluctuation intensity and its STD do not present notable differences when
the carrier frequency changes. Then, the real target echo and synthetic echo could be discriminated
by the difference in those two features. The experimental results demonstrate the feasibility of the
method that is proposed.
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Figure 21. (a) Fluctuation intensity difference comparison of Figure 18; (b) STD difference comparison
of Figure 19.
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6. Discussion and Conclusions

In this study, the characteristics of echo envelope fluctuation intensity were studied, two features
of which were characterized. The data processing results of the simulation and scaled benchmark
tests are consistent. The echo envelope fluctuation intensity and its STD features strongly depend on
the carrier frequency: when the carrier frequency increases, the echo envelope fluctuation intensity
increases correspondingly. The magnitude of the echo fluctuation intensity and its STD vary with
azimuth, which is minimum on the beam, and maximum on the keel-line. This is because the time
difference between the echo highlights in the keel-line is greater than that in the beam direction,
causing a larger magnitude fluctuation of the echo envelope. The magnitude of the fluctuation
intensity changes as the pulse length changes—when the pulse length increases, the magnitude of the
echo fluctuation intensity decreases. The fluctuation intensity and its STD could be used to characterize
the fluctuation in the echo envelope magnitude, but the sensitivity of the standard deviation of the
fluctuation intensity is relatively low, compared to that of the fluctuation intensity, especially for a
narrowband signal.

Based on these echo envelope fluctuation characteristics, we propose a novel method for
discriminating between a real underwater target echo and synthetic echo. The feasibility of the
method was verified through a sea experiment.

It should be noted that the waveform structure of the synthetic echo becomes more like the real
target echo when the number of highlights simulated by the echo decoy increases. The performance of
this proposed method for a more complex synthetic echo will be studied in further work.
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