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Abstract: For the detection of underwater target echo under
strong interferences, the modulation feature of direct echo
signal and reverberation spectrum are characterized by the
signal spectral irregularity feature, and the relationship
between signal spectral irregularity and target physical
properties is theoretically formed. A novel method of
broadband target echo detection under
reverberation based on the signal spectral irregularity
characteristics is proposed. The proposed method has the
capability of discriminating between the direct target echo
signal from reverberation. Simulation results of complex
underwater target broadband acoustic scattering show that the
echo can be detected even with the signal to reverberation
ratio( SRR) below -10 dB by the proposed method based on
the spectral irregularity ( SI) feature. The corresponding sea
experimental results also show that echo can be detected when
the SRR is below 0 dB. The effectiveness and correctness of
the proposed method are verified both in simulated data and
in real data in sea experiment.
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underwater

everberation is the major interference for active so-
R nar in underwater target detection. Ocean reverbera-
tion is the superposition of all indirect echoes caused by
the sea bottom, sea surface, sea animals and the inhomo-
geneous water. The characteristics of reverberation and
the direct echo signal are very similar in time and fre-
quency domains. The detection performance of sonar seri-
ously degrades using conventional time-frequency signal
processing to distinguish the target echo from these rever-
berations. Direct echo signal detection under strong rever-
berations is a challenging problem in active sonar signal
processing.
Typically, the spatial filtering technique based on the
beamforming is one of the effective ways for anti-rever-
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beration. The reverberation can be effectively suppressed
by the beamforming technique''. However, a superior
performance of spatial filtering method requires an array
with a large number of sensors and an ideal shape. In
many practical applications, it The
matched filtering method is considered to be an optimal
detector under the condition of Gaussian white noise
background. Typically, ocean reverberation is not Gauss-
ian white noise, and the performance of matched filtering
can be degraded for anti-reverberation”™'.

Several methods were proposed to suppress non-Gaussi-
an reverberation. The first one is increasing procession
gain by whitening the reverberation using reverberation
statistical models, and the method works well when re-
verberation statistic models are known"™'.

one is the model based on matched filtering using the
16-7]

is not feasible.

The second
characteristics of the ocean channels which requires
the transmission model of the underwater sound channel.

Echo detection based on differences between echo and
interference characteristics is a different method of anti-re-
verberation* "' Those methods fully utilize the target’s
physical characteristics of an underwater echo. In this pa-
per, the broadband underwater target echo detection under
reverberation based on the echo spectral irregularity fea-
ture is one of these methods.

According to the classical acoustic resonance scattering
theory'*™, the scattered acoustic pressure consists of
two main components: A non-resonant background that
varies smoothly with frequency, and a resonance compo-
nent characterized by a series of echoes corresponding to
resonance frequencies. The resonance components of
these targets cause strong notches and peaks in the echo
spectra, which depends on target elastic properties
(e. g., bulk density and elastic constants), and the non-
resonance components from geometric reflection result in
a smooth background. The resonances of an elastic object
can be regarded as its fingerprints. Resonance scattering
feature extraction applied to air-filled, cylindrical shells
in water can provide accurate target parameter estima-
tion'"". The elastic scattering wave and geometric wave
are combined in the time domain and the frequency do-
main. For a complex target echo signal, the extraction of
elastic acoustic scattering feature is not feasible.

Underwater target echo spectrum is the characterization
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of an echo in the frequency domain. The fluctuation of
the echo envelope closely relates to the physical parame-
ters of the target, by which the envelope of incident sig-
nal spectrum is modulated. The echo spectrum is modula-
ted by geometrical scattering and elastic scattering, and
the same resonance scattering model modulates the echo
spectrum by equal intervals. The envelope modulation
characteristics of the echo are greatly influenced by the
physical parameters, such as material, structure, dimen-
sion scale, etc. The modulation feature of echo spectrum
can be useful for underwater target classification' " .
Studies have shown that the spectral features of the ech-
oes, such as frequency shifts in the peaks and nulls of the
echo spectrum, have been used by the whales and dol-
phins to discriminate between echoes of different
prey'” "', All previous studies show that the echo spec-
trum contains the information of the target being detected.

In shallow water, the reverberation caused by the inter-
face is the main interference for active detection, and the
magnitudes of reverberation caused by the sea bottom and
sea surface are different. The magnitudes of echo in time
and frequency domains are significantly modulated by the
two kinds of reverberation. Normally man-made targets
have a regular shape and smooth surface, and accordingly
the magnitude differences of the echo highlights are small
and the fluctuation of the echo spectrum is also relatively
small. For discrimination between the broadband echo of
the underwater man-made target and reverberation, the ir-
regularity characteristics of the spectrum envelope are stud-
ied and characterized with spectral irregularity ( SI) for
echo and reverberation.

In this paper, a novel method is proposed to discrimi-
nate broadband underwater target echo from reverberation
based on the relationship between signal spectral irregulari-
ty and the target’s physical properties. The results of theo-
retical simulation and sea test show that the spectral irregu-
larity of underwater man-made target broadband echo and
reverberation have clear differences, and target echo and
reverberation can be distinguished well using the proposed
methods.

1 Characteristics of Spectrum Fluctuation

1.1 Magnitude fluctuation of echo spectrum

Echo spectrum is the product of the spectrum of under-
water target scattering function and the incident signal.
The fluctuation of the underwater target echo spectrum
contains the physical properties of the target, and the fea-
ture of the spectral fluctuation is used to discriminate un-
derwater target from reverberation.

Fig. 1 and Fig.2 show the typical examples of the scat-
tering form functions for the steel cylinder and ball of
normal incidence, respectively, where ka is the nondi-
mensional frequency parameter and the computation is
carried out with the following parameters:

Steel: p, =7.9 x 10° kg/m’, ¢, =5 940 m/s, ¢, =
3 100 m/s

Water: p=1.0 x 10° kg/m3, c=1500 m/s

Comparing the functions of geometric scattering with
elastic scattering, the magnitude of geometric scattering
function fluctuates slightly in the low frequency band and
relatively flat in the high frequency band, which relates to
the low frequency modulation of the echo spectrum. The
elastic spectrum possesses extensive fluctuation, which
closely relates to the physical properties of the target and
high frequency modulation of the echo spectrum magnitude.

The entire spectral envelope fluctuation presents the
combined influence of the geometric and elastic scattering
waves. For a complex underwater target, both the struc-
ture and shape greatly influence the scattering spectrum.
Fig. 3 is the scattering form functions for steel benchmark
model in two different azimuths, in which the azimuth of
90° is defined as normal incidence, and the azimuth of 0°
is the direction of incident from the stem. As a typical
complex target, the model of benchmark was established
for an international workshop on target strength simulation
methods'™. The simulation results show that the scatter-
ing function varies greatly with azimuth, which is more
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Fig.3 Form function for the benchmark. (a) 0°; (b) 90°

complex in the bow and stem direction, demonstrating the
azimuth influence on the scattering form function, and al-
so show the relationship between physical properties and
fluctuation of spectrum magnitude.

1.2 Feature of reverberation spectrum

Reverberation is the superposition of indirect echoes
produced by the sea bottom, randomly undulatory sea
surface and inhomogeneous sea water. Unlike the sea en-
vironment noise, reverberation is caused by the transmit-
ting signal and increases with the increase in the intensity
of it. The reverberation has much resemblance to that of
transmitting signal, which is often considered as non-sta-
tionary colored noise'
spatial distributions of the scattering wave, the received
reverberation at a certain time is the superposition of the
three types scattering waves. For analyzing the reverbera-
tion spectral envelope characteristic, the simulation of re-
verberation is based on the following assumptions'”:

1) The secondary scattering effects are assumed to be
negligible, and the scattering waveform is identical to that
of the transmitting signal.

2) The reverberation caused by the bottom and sea sur-

. According to the three different

face is included in the shallow water.

3) Monostatic transmitting and receiving configuration
are assumed.

4) Sound propagates along a straight line with spherical
spread transmission loss.

5) Absorption is not taken into account.

6) The scattering of the sea bottom meets the Poisson
distribution law.

Reverberation is the scattering wave of a large number
of scatters with random distribution, which can be ex-
pressed as

N(1)

S(n = Y A(ne”™* 'z (1 -1 (1)

where S (¢) is the reverberation; N(t) is the number of
scatters in time #; ¢, is the Doppler frequency shift caused
by the motion of the i-th scatter; A,(¢) is the magnitude
of the scattering wave caused by the i-th scatter in time .

According to the reverberation forming mechanism, the
contribution of all scattering wave that constitutes the
whole reverberation is very small. The instantaneous val-
ue of reverberation should accord with Gaussian distribu-
tion, and the phases of scattering wave caused by the
scatters are random. Especially, for broadband reverbera-
tion, the magnitude and phase are all random, and thus
the phases of reverberation are random for different
times. Therefore, the spectral irregularity of broadband
reverberation does not have notable time varying charac-
teristics.

1.3 Spectral envelope irregularity

The theoretical calculation shows that the form function
of benchmark varies with azimuth, and its mechanism
characteristic will be introduced in this section. The scat-
tering wave of the complex underwater targets consists of
geometric reflecting echo and various elastic waves based
on the echo highlight model. The echo of the complex

28
target can be expressed as'*"!
N

y(t,0) = Za,,(@)x(t -7,) +b(1) (2)
where y(t, 6) is the echo with an incident angle of 6;
x(t) is the incident signal; a, (@) is the strength coeffi-
cient of the n-th echo highlight; b(f) is the echo back-
ground signal. Assuming that the echo highlights are
equally spaced on the target; N is the number of echo
highlights; and 7, is the receiving time delay between the
n-th echo highlight and the start of the echo signal.

_(n-=1)Lcos(6)

ETN-DC (3)
T,=(n-1)7, (4)

_ Lcos(6)
TT(N-DC )

where L is the lengthwise length; C is the sound speed in
water; and the frequency domain expression (Eq. (2))
can be expressed as

N

s(f,0) = Zan(a)exp[j(wa(n -D7,)1X(H + B
(6)
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where s(f, §) is the frequency domain expression of y(¢,
0); X(f) is the frequency domain expression of the inci-
dent signal; B(f) is the frequency domain expression of
the b(t).

Ignoring the echo background and simplifying the fol-
lowing expression, we obtain

s(f) = Zan(ﬁ)exp[j(wa(n -Dr)1X(H =

X(f) X a,(0)expli2mfin = 1)7,)] = X(f) H(f)
(7)

Assuming that the strength coefficients of echo high-
lights are equal, namely a,(#) =a(0), the H(f) can be
written as

H(f) = a(9) Y, exp(i2mfin = 1)7,) =
a(6) h(f. 6) (8)

where

N 1 ‘N
W0 = 3 exp(i2afin - Dr) = S T
9

where h(f, §) obtains the maximum value when fr, = m,
(m=1,2,3), and the spectral envelope will form dips
and peaks correspondingly. The frequency interval of
spectral peaks is

(10)

The above theoretical derivation is under the assump-
tion of the equal strength coefficient of echo highlights.
Actually, the magnitudes of different echo highlights are
not the same, which vary with the azimuth, and also with
the echo position corresponding to the target. Deduced
the interval of dips and
peaks, and the strength of envelope fluctuation are all de-
termined by the characteristics of echo highlights. The
echo spectral envelope is modulated by the bulk physical
properties (e. g., bulk density and elastic constants) and
the geometry of the target, and the shape of the echo
spectrum is the characterization of the physical properties.

from theoretical derivation,

Spectral irregularity is one of the features that characterize
the shape of the signal spectral.

In this paper, the shape of signal spectral envelope is
studied and characterized. To describe the spectral enve-
lope shape and irregularity, the SI function is computed,

and the definition is"™”

Z [E(k) —E(k-1)]°

SI = .
ZE(k)2

(11)

where E(k) is the spectral energy of y(f) by the fast Fou-
rier transforming (FFT); K is the length of the FFT; and
y(1) is the received echo.

As the definition of spectral irregularity, SI describes
the shape of signal spectral envelope and characterizes the
magnitude difference of adjacent components and the
magnitude consistency of the spectral envelope. There-
fore, SI represents the irregularity of the echo spectral.
Smaller ST means that the spectral envelope is flatter, and
a larger SI means more fluctuation of the spectral enve-
lope. The signal is more like noise.

Normally, a man-made underwater target has a regular
shape and smooth surface, and the spectral envelope is
flatter than that of reverberation; therefore, the value of
spectral irregularity should be smaller than that of rever-
beration.

2 Target Echo Detection Method Based on SI of
Underwater Target and Reverberation

In this section, a novel target echo detection method of
underwater target and reverberation based on SI is pro-
posed. The scaled model testing of the benchmark based
on SI is first introduced, and then the SI in reverberation
is analyzed. Considering the difference of SI between di-
rect target echo and reverberation, a novel target echo de-
tection method is proposed, and the scheme of the pro-
posed method is given.

2.1 Scaled model testing of the benchmark

The target studied is the benchmark model scaled by
the ratio of 1:20, and the length is 3 m. The scaled mod-
el is made of steel. The incident pulse is the linear fre-
quency modulation( LFM) signal of 20 to 40 kHz, and
the pulse length is 3 ms.

The theoretical simulation of the scattering field is cal-
culated using a special software based on the planar ele-
ment method (PEM). The PEM is a numerical model
that converts the integral calculation to arithmetic calcula-

303
B3 The software can calculate sonar echo charac-

32]

tion
teristics from sonar targets with various shapes rapidly'

For the comparison of the simulation results, the
broadband acoustic scattering testing is conducted. Fig. 4
is the testing configuration. The target and monostatic so-
nar are mounted on the experimental ship, and the target
is mounted by the two thin ropes on the rotator, by which

Benchmark scaled model
Fig. 4

Monostatic hydrophone
Image of benchmark and configuration of testing
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the azimuth is changed from 0° to 180°. The depth of the
target and monostatic sonar are 5 m in the water, and the
range between the target and the sonar is 21 m, which
satisfies the testing requirement of far field acoustic scat-
tering. The transmitting beam follows the benchmark for
diminishing the interference of reverberation.

The data is processed for spectral irregularity of the
spectral envelope. The length of processed data is 12 ms,
and the number of FFT points is the same as the pro-
cessed data length. Fig.5 is the SI of theoretical simula-
ted results. Fig. 6 is the SI of tested results. The results
of Fig.5 and Fig. 6 show that the SI varies with the azi-
muth, relatively larger in bow and stern direction, smal-
ler on the beam direction, demonstrating the feasibility of
the characterization of the echo spectral fluctuation with
SI.
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Fig.5 Theoretical calculated SI for benchmark
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Fig.6 Tested SI for benchmark

For underwater targets like the benchmark, the time
difference of echo highlights in keel-line is larger than
that of beam direction. Correspondingly, the phase
difference is larger, causing the strong fluctuation of echo
spectrum. However, in the beam direction, the phases of
different echo highlights are nearly the same, and the
spectrum is more flat than that in other azimuths. The
reason is that the benchmark SI is smaller in the beam di-
rection and larger in other azimuths.

It should be noted that the results of experiments and
theoretical simulation present some slight differences in
some azimuths. This is mainly due to two causes. One is
that the version of the planar element method model soft-
ware used in this paper does not include elastic scattering,
and the other is the fluctuation of broadband transmitting
and receiving response.

2.2 SI in reverberation

For comparison, the reverberation SI of shallow water
is simulated. The parameters are the same as those used
in the simulation of the benchmark, namely the LFM sig-
nal of 20 to 40 kHz, with a pulse length of 3 ms.

The results of simulated reverberation are of 3 ms
shown in Fig.7 and Fig. 8. Fig. 7 is the spectrum of sim-
ulated reverberation. Fig.8(a) is the waveform of simu-
lated reverberation, containing the reverberation caused
by the sea bottom and surface, and Fig. 8(b) is the SI of
the simulated reverberation varying with time. The results
show that the SI of the reverberation does not vary nota-
bly with time.

In accordance with the theoretical predication, the SI of
reverberation is notably larger than that of benchmark, which
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has a regular shape and smooth surface. Therefore, the
difference in SI will be a useful feature for supporting the
classification of the reverberation and man-made target in
the water.

2.3 Target echo detection method based on SI feature

According to the theoretical and testing study of the
complex echo spectrum, for a man-made target with a
regular shape and smooth surface, the echo spectral irreg-
ularity is relatively small. But for the shallow water re-
verberation, the magnitude fluctuated notably in time and
frequency domains. From the definition, the value of
spectral irregularity for a data segment is determined by
spectral magnitude and the difference of adjacent compo-
nents. By signal spectral magnitude normalization, the
value of spectral irregularity is mainly determined by the
difference of adjacent components. For the detection of
echo under strong reverberation, the spectrum of rever-
beration should be modulated by the superposition of echo
and reverberation. The SI of echo with reverberation should
be larger than the echo and smaller than the reverberation,
depending on the signal to reverberation ratio (SRR).

Based on that characteristic, a method of echo detec-
tion under reverberation based on SI feature is proposed.

2.4 Scheme of the proposed method

For the discrimination between echo and strong rever-
beration background, the difference of SI between man-
made target echo and reverberation can be the feature for
classification. The data processing procedure shown in
Fig. 9 is as follows:

1) Filter the input data by a band-pass filter to mini-
mize the interference.

2) Segment data with a certain overlap, and perform
FFT transformation on the segmented data.

3) Normalize the data segments after FFT transforma-
tion for spectral magnitude consistency.

4) Compute SI value for the data, and the frequency
band should be the same as the transmitting pulse.

5) Detect the minimum detection for the entire SI data
sequence and obtain the detected echo.

For the validation of the method,
echo discrimination of benchmark with different SRRs is

S Minimum
detection

Fig. 9 Data processing procedure for discrimination between

the simulation of

made.

Band-pass|
filter

Magnitude

FFT L
normalization

the echo and reverberation based on SI

3 Simulation and Real-Data Experiment

In this section, both simulations and real-data experi-
ments are carried out to verify the proposed method.

3.1 Simulation results

Echo is simulated by the frequency indirect echo simu-
lation method, and the computation of the target transfer
function is based on PEM.

The simulations validate the performance of the pro-
posed method with SRR varying from high to low. The
incident pulse is the LFM signal of 20 to 40 kHz, the
pulse length is 3 ms. The ratio of echo to reverberation
changes from 3 to - 10 dB.

The results of benchmark echo in 45°with three SRRs
are given. Fig. 10 and Fig. 11 are the echo waveforms
and corresponding results with a SRR of 3 dB, Fig. 12 is
the result with 0 dB SRR, and Fig. 13 is the result with
—-10.0 dB SRR. For performance comparison, the fea-
tures of SI and MF are processed. SI and MF in the fig-
ures refers to the spectral irregularity and matched filte-
ring (MF) results, respectively, and the positions of the
echo are marked by the rectangle.

Based on the simulation results, the SRR influences the
performance of the method, and the performance is de-
graded with the decrease in SRR. When the SRR is below
—10 dB, the method based on the SI feature can still detect
the echo, but the performance of MF degrades dramatically.
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The above simulation results show that the method
can detect echo under reverberation effectively. Apart
from the SRR, the performance of the method also de-
pends on the azimuth, which is more effective for the
beam direction and degrades in bow and stern direc-
tion.

3.2 Real-data experimental results

For further evaluating the feasibility of the proposed
method on detection of echo with strong reverberation, a
sea experiment is conducted. The target that is being test-
ed is a scaled model. The transmitting signal is the LFM
signal with 1 kHz bandwidth, and the center frequency is
5 kHz. The azimuths of the target are in the scope of 30°
to 150°. the feature of SI
and MF are processed for the data with a sliding window,
and for better time resolution, the data overlap should not
be larger than one half of the window length.

For performance comparison,

Fig. 14, Fig. 15 and Fig. 16 are the results of the three
samples, respectively, in which the positions of echo are
marked by the rectangle. The position of echo is esti-
mated by the ranging information and the feature detec-
tion methods. The SRR of the first two samples are 4.2
dB and below 0 dB,
33°, Sample [ is different, which has great reverbera-
tion interference near the echo. The positions of the lar-

respectively, and the azimuth is

gest interference are marked by a star.

The results of the three samples show that the positions
of the echo can be easily estimated by minimum detection
for the three samples by spectral irregularity. The position
of the echo can be estimated by peak detection after
matched filtering, but at the beginning of signal, the re-
verberation is still strong after matched filtering, which

interferes with the detection of the echo, especially for
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The spectral irregularity of echo decreases with the de-
crease in the SRR, but it maintains notable difference of
reverberation for the three samples. The spectral irregu-
larity of reverberation fluctuates slightly with time, and
the values of spectral irregularity do not vary with the
magnitude of reverberation. For matched filtering, the
performance of reverberation suppression degrades non-
Gaussian reverberation, see the results in Fig. 16.

Comparing the SI feature of echo with reverberation,
the echo spectrum of a man-made target with regular
shape and smooth surface fluctuates gently and the SI is
smaller than that of reverberation. Based on that charac-
teristic, the echo and reverberation can be classified by
the SI feature. But, actually, the SI feature of benchmark
varies with its azimuth; and the performance of echo de-
tection also depends on the azimuth.

4 Conclusions

1) Through theoretical analysis, it is found that the in-
tensity and intervals of acoustic scattering wave spectral
fluctuation have a close relationship with the characteristic
of echo highlights, SI, which characterizes the shape of
the echo spectral envelope, can characterize the different
physical properties of underwater targets.

2) The simulation and experiment results show that the
SI of benchmark echo spectrum varies with azimuth,
which is relatively greater in bow and stern direction and
smaller on the beam direction.

3) The spectral irregularity of shallow water reverbera-
tion fluctuates slightly with time, and the values of SI do
not vary with the magnitude of reverberation.

4) Sea experimental results show that the SI of echo is
smaller than that of the reverberation with visible differ-
ence, demonstrating the feasibility of echo detection un-

der reverberation based on the SI features.

5) The results of this paper mainly discuss the bench-
mark echo in shallow sea, the feasibility of which for oth-
er targets and different frequency bands will be studied in
future work.
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