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In the deep-water reliable acoustic path (RAP), when estimating target depth using a vertical array,
a large-aperture array can enhance the extraction of the acoustic field interference structure under low signal-
to-noise ratio (SNR). However, this operation introduces slow envelope modulation (the envelope amplitude
of peak beam intensity decreases with frequency) to the broadband acoustic field interference pattern, sig-
nificantly degrading the performance of estimating the source depth. The Kraken normal-mode model can
accurately calculate low-frequency sound fields in deep-water environments. This paper uses this tool to find
that, in the deep-water direct arrival zone (DAZ), the peak beam intensity output of a vertical linear array varies
across a broadband frequency range, exhibiting a pattern combining periodic changes of Lloyd’s mirror interfer-
ence and inherent envelope attenuation changes. The physical mechanism of envelope attenuation is explained
through both theoretical derivation and simulation analysis, key factors affecting the envelope-attenuation
pattern are clarified, and the impact of beam-intensity envelope attenuation on the depth-estimation method
based on matched beam intensity processing (MBIP) is pointed out. Based on this, a modified target depth
estimation method of matched beam intensity processing (M-MBIP) that contains an attenuation coefficient
is proposed, and its effectiveness is verified through simulated data.
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1. Introduction

Three-dimensional acoustic target localization in-
volves the estimation of azimuth, range, and depth,
with target depth being a key indicator for surface
and underwater target identification (Gaul et al.,
2007). Recently, underwater target depth estimation
has gained significant attention from acousticians.
As a typical sound propagation mode in deep water,

the reliable acoustic path (RAP) propagation mode
is widely used for target detection in the upper wa-
ter column (typically within 200m from the surface).
RAP-based target localization has two main advan-
tages. First, the grazing angle of the received sig-
nal measured by a vertical array can be used to es-
timate the target range. Second, the acoustic signal

radiated by a near-sea surface source propagates to
a near-seabed receiver through the reliable acoustic
path. The acoustic signal of the receiver mainly comes
from the superposition of the direct acoustic signal and
the sea surface-reflected acoustic signal, forming a typi-
cal Lloyd’s mirror interference effect that produces dis-
tinct interference fringes in the acoustic field. These
fringes are highly sensitive to changes in source depth
(Worcester et al., 2013). Due to these advantages,
using Lloyd’s mirror interference for estimating source
depth has attracted extensive research (McCargar,
Zurk, 2013; Li et al., 2022; Duan et al., 2012; Wei
et al., 2020).
McCargar and Zurk (2012) were the first to ex-

plore the use of Lloyd’s mirror interference for esti-
mating source depth, showing that for narrowband sig-
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nals, acoustic intensity, as a function of range, is mod-
ulated by source depth. They proposed the generalized
Fourier transform (GFT) method for depth estima-
tion. Kniffin et al. (2016) later provided a theoretical
analysis of the GFT method’s performance and intro-
duced a more straightforward depth-estimation tech-
nique based on the spacing of beam-intensity nulls.
Lei et al. (2016) presented a passive source localiza-
tion method that uses deep-water multipath RAP and
cross-correlation matching for localizing source. Xu
et al. (2023), addressing the performance degradation
in GFT implementation in real-world deep-water envi-
ronments, designed a preprocessing resampling scheme
that enhances the periodicity of beam intensity in
the grazing angle sine domain and improves depth-
estimation accuracy when applied to GFT.
Zheng et al. (2020) pointed out that GFT

is a typical non-perfect match from the general-
ized matched-field processing perspective. They pro-
posed the matched beam intensity processing method
(MBIP), an incoherent processing technique that
matches data-beam intensity variations with those of
assumed source depth, achieving better accuracy for
near-surface source. Based on the research of Zheng
et al. (2020), Zhou et al. (2022) proposed a depth esti-
mation method that matches the interference structure
in the frequency domain for narrowband source-depth
estimation. This method can be used for real-time
or semi-real-time source-depth estimation and classi-
fication. Wang et al. (2021) presented a broadband
source-depth estimation method using the frequency-
grazing angle interference structure to distinguish mul-
tiple underwater targets, validated by both simulation
and experimental data.
The aforementioned methods and experiments were

conducted using a pressure hydrophone array, while
a vector hydrophone can simultaneously measure both
acoustic pressure and particle velocity at the same
point in the acoustic field. Zhang et al. (2025) ad-
dressed the passive detection problem using deep-water
vector vertical arrays in a RAP environment, and pro-
posed a coherent matched broadband complex acoustic
intensity interference pattern (CM-BCAIIP) method
for shallow-target depth estimation with high real-time
capability. Sun et al. (2016) studied the distribution
characteristics of the RAP vector acoustic field and es-
timated the range using derived from angle-of-arrival
information from the horizontal and vertical compo-
nents of complex acoustic intensity (see also, Zhu,
Sun, 2023).
Whether using pressure-field or vector-field broad-

band interference structures for target- depth estima-
tion in RAP, a low signal-to-noise ratio (SNR) causes
large errors in the acoustic-field broadband interfer-
ence structure extraction. This leads to poor perfor-
mance in target-depth estimation. Although increas-
ing the array aperture can increase array processing

gains and improve the SNR of tracking beams, thereby
enhancing the extraction of the broadband interfer-
ence structure, this approach introduces slow envelope
modulation. This causes the peak beam intensity to
decay with frequency, which can significantly degrade
the performance of traditional target-depth estimation
methods.
To address this, this paper reviews Lloyd’s mir-

ror interference theory, pointed out the fast calcula-
tion equation for peak beam intensity, the attenuation
law of peak beam intensity under vertical long array
was briefly analyzed (which will be verified later), and
based on this law proposes a M-MBIP method based
on the MBIP approach. It then utilizes the Kraken
normal-mode model to accurately compute the acous-
tic field at low-frequency (usually below 500Hz) in the
deep sea. This enables to analyze the key factors and
patterns causing broadband attenuation of beam in-
tensity through theory and simulation. Finally, sim-
ulation results are used to confirm that the proposed
M-MBIP method is superior to the conventional MBIP
method.

1.1. Lloyd’s mirror interference theory

Duan et al. (2019) presented the conventional
beamforming (CBF) output of a near-bottom vertical
line array (VLA) arranged as shown in Fig. 1 (see also,
Zhu et al., 2021), under the assumption of a constant
sound speed:

P (ω, zs, zj) ≈ −2iS(ω)
eikR

Rs
sin (kzs sin θS), (1)

B(ω, sin θ, zs) = ∣
N

∑
n=1

ejk(nd−z) sin θP (ω, zs, zj)∣
2

, (2)

where N represents the number of array elements,
d represents the spacing between array elements, z is
the depth of the VLA center, θ is the grazing angle of
the sound signal, S(ω) denotes the source strength,
P (ω, zs, zj) represents the complex sound pressure
received by the j-th hydrophone, B(ω, sin θ, zs) is
the beam intensity obtained after applying CBF to
the complex sound pressure field recorded by the VLA,
ω = 2πf is the angular frequency of the acoustic wave,
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Fig. 1. Diagram of the source and vertical line array (VLA)
geometry.
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k = k(ω) is the wavenumber of the acoustic wave, zj de-
notes the receiving depth of the j-th hydrophone,
zs is the source depth, Rs =

√
R2 + z2j , R is the hor-

izontal range between the source and the VLA, and
sin θS = z

√

z2
+R2
.

When the signal’s detected grazing angle is θs, the
peak beam intensity B can be expressed as (Zheng
et al., 2020):

B(ω, sin θs, zs) = 2
∣S(ω)∣2

z2
sin2 θs

⋅ [1 − cos (2kzs sin θs)]. (3)

Equation (3) represents the beam intensity under
a constant sound speed. In the actual process of sound
propagation, the change in the sound speed gradient
causes acoustic ray refraction. The equation of peak
beam intensity considering the bending of acoustic rays
is as follows:

B(ω, sin θs, zs) = 2
∣S(ω)∣2

z2
sin2 θs

⋅ [1 − cos(2kzs
√

c2r/c2 + sin θ2s − 1)], (4)

where cr is the sound speed at the receiving depth, and
c is the equivalent sound speed from the sea surface to
the source depth, expressed as

c =

¿
ÁÁÁÀ⎛
⎝
zs/

zs

∫
0

1/c2(z)dz
⎞
⎠
. (5)

Then, the frequency interference period of the peak
beam intensity, considering the refraction of sound
rays, can be expressed as

∆fPD ≈
cr

2zs
√
c2r/c2 + sin θ2s − 1

. (6)

It is clear from this formulation that the change
of beam intensity with frequency is periodic whether
under constant sound speed or varying sound speed.
Therefore, the behaviour of beam intensity variation
under broadband conditions can be studied based on
either case.

1.2. Broadband modified MBIP target depth
estimation method (M-MBIP)

Under the Lloyd’s mirror interference theory, the
MBIP method proposed in (Zheng et al., 2020) is
based on a small-aperture VLA. It constructs replica
beam intensity time series (referred to as replica en-
velopes) at different depths and matches them with the
actual output beam intensity time series from the array
(referred to as data envelopes) to estimate the source
depth. This process is completed through a fuzziness
function similar to Eq. (10). The replica envelopes are
calculated using Eq. (3). However, for large-aperture

VLAs, the peak beam intensity attenuates with fre-
quency increases after beamforming. In this case, the
replica envelope calculated by Eq. (3) does not match
the actual value, and using the MBIP method can lead
to erroneous depth estimates. To solve this, this paper
proposes a modified target depth estimation method
based on the MBIP method, as detailed further.
When the target source is within 5 km of the

VLA, the Kraken program (Porter, 1991) can be
used. In the simulated marine environment, attenu-
ated replica envelopes for different source depths can
be calculated. By matching these attenuated replica
envelopes with the data envelopes, the target depth
can be estimated. For target sources at a range of
5 km–15 km from the array, the peak attenuation of
its replica envelope is close to a constant value. By
using Kraken to calculate the envelope attenuation co-
efficient of the replica at any of the above ranges and
substituting it into Eq. (3), an approximate attenu-
ated replica envelope can be obtained. Matching this
approximate replica with the data envelope can quickly
provide the target source depth while reducing compu-
tation time. The main steps of the proposed method
are as follows:
1) estimate the target range re based on the VLA
measurement of signal’s arrival grazing angle θr;

2) for the given deep water environment, assum-
ing a frequency band ω ∈ [ωl, ωh], array depth
zr ∈ [zr1, zrN ], target range re, and target depth
zs ∈ [zs1, zsN ], generate the broadband sound field
p (ω; re, zs, zr) at a certain array element based on
Kraken;

3) when the target depth zs = z, the sound field ma-
trix of the entire array can be represented as

p = [p (ω; re, z, z(1)r ) , p (ω; re, z, z(2)r ) , ...,

p (ω; re, z, z(N)r )]T ; (7)

4) when the arrival grazing angle is θr, the peak
beam intensity I of the array can be calculated as

I (ω; z; sin θr) =w′pp′w, (8)

where w is the steering vector for beamforming,
which incorporates the spacing d between array
components. The steering vector w (incorporat-
ing the spacing d between array components) is
defined as

w = [1, ejkd sin θr , ..., ejk(N−1)d sin θr]T ; (9)

5) calculate the ambiguity function of the broadband
modified MBIP target depth estimation method
by matching the peak beam intensity time se-
ries measured from data against a replica peak
beam intensity time series evaluated for an as-
sumed source depth, where its peak can be re-
garded as the real depth of the source:
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MM−MBIP(z) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ωh

∫
ωl

Irp1(ω; z; sin θr)Idata(ω; z; sin θr)dω

¿
ÁÁÁÀ

ωh

∫
ωl

∣Irp1(ω; z; sin θr)∣2 dω

¿
ÁÁÁÀ

ωh

∫
ωl

∣Idata(ω; z; sin θr)∣2 dω

(r < 5km),

ωh

∫
ωl

(1 + µ ∗∆f)Irp1(ω; z; sin θr)Idata(ω; z; sin θr)dω

¿
ÁÁÁÀ

ωh

∫
ωl

∣(1 + µ ∗∆f)Irp1(ω; z; sin θr)∣2 dω

¿
ÁÁÁÀ

ωh

∫
ωl

∣Idata(ω; z; sin θr)∣2 dω

(5km ≤ r < 5km),

(10)

where Irp1 denotes the replica envelope, Idata de-
notes the data envelope, µ is the attenuation co-
efficient of the envelope, and ∆f is the frequency
interval.

Similar to MBIP, the depth corresponding to the
peak of the ambiguity function is the estimated target
depth.

2. Research and analysis of beam intensity
broadband attenuation pattern

This section studies the mechanisms responsible for
the attenuation of peak beam intensity in deep-water,
large-aperture VLAs. It also analyzes the patterns of
beam intensity attenuation under variations in array
aperture, source depth, and other related factors.

2.1. Sound field interference structure for a long VLA

To reasonably analyze the factors influencing the
extracted envelope of the sound field interference struc-
ture from a VLA, simulations are conducted using
the Kraken normal-mode acoustic field calculation pro-
gram. The simulation adopts a Munk sound speed pro-
file typical of deep water, as shown in Fig. 2, with
a critical depth of 4800m. A 128-element VLA is
laid near the seabed, with an element spacing of 5m,
the first element located at a depth of 4315m and
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Fig. 2. Deep-water Munk sound speed profile.

the last element at 4950m, giving a total array aper-
ture of 635m.
In the simulation, the source is set at a depth of

50m and a horizontal range of 7 km. Broadband array
data spanning from 50Hz to 200Hz is generated using
the Kraken program. CBF is applied to the received
VLA data. The results are shown in Fig. 3, where
display peaks (red stripes) correspond to the graz-
ing angles of signal arrivals. Positive and negative val-
ues correspond to waves arriving from the sea surface
and seabed directions, respectively. The peak beam ex-
hibits pronounced interference in the frequency dimen-
sion.
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Fig. 3. Conventional beamforming output as a function
of grazing angle and frequency.

The peak beam intensity at a grazing angle sine
(+0.59) is extracted from Fig. 3 and shown in Fig. 4.
It can be seen that the peak beam intensity changes
periodically with frequency, while the envelope of the
peak shows an almost linear attenuation. This atten-
uation pattern can lead to incorrect target depth es-
timation in MBIP, which could cause the omission of
information necessary for target depth identification.
To explore the cause of the peak beam intensity

attenuation, Fig. 5 shows the broadband transmission
loss at different receiver depths corresponding to the
source.
As shown in Fig. 5, the energy peaks correspond

to two frequency points: 190Hz (high-frequency) and
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Fig. 4. Peak beam intensity variation with frequency (red
dashed line in the figure shows the attenuation trend of the
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Fig. 5. Transmission loss at different depths.

74Hz (low-frequency). Figure 6 further illustrates the
variation of transmission loss with receiver depth. It is
observed that the transmission loss at 74Hz remains
relatively stable across depths, whereas at 190Hz, the
transmission loss progressively increases with depth,
leading to a gradual attenuation of beam energy. This
phenomenon results in a reduction of peak beam in-
tensity as frequency rises.

Depth [m]

190 Hz
74 Hz

TL
 [d

B]

Fig. 6. Transmission loss of sound propagation at different
frequencies.

It is evident that the transmission loss of high-
frequency acoustic signals increases with depth. This
is the main reason for the attenuation of peak beam in-
tensity with frequency after beamforming using a long
VLA.

2.2. Influence of array aperture on beam intensity
attenuation pattern

In the simulation environment described in Sub-
sec. 2.1, with the array element spacing and the depth
of the first array element kept constant, CBF is per-
formed for different array apertures: 32, 64, 96, and
128 elements. The resulting variation of peak beam in-
tensity with range and frequency is shown in Fig. 7.
Observing the energy variation from low to high

frequency in Fig. 7, it can be seen that at the same
range, as the frequency increases, the peak beam in-
tensity fluctuates periodically. Additionally, as the ar-
ray aperture increases, the energy attenuation with fre-
quency becomes faster. Figure 8 shows the variation of
peak beam intensity with frequency at different ranges
for 64 and 128 array elements. Comparing the two sub-
figures in Fig. 8, it can be seen that after 5 km, the
peak beam intensity at high frequencies for 128 array
elements is significantly lower than that for 64 array el-
ements, and the peak attenuation is close to linear, as
shown by the red dashed curve, while the red circles
indicate the extremes.

2.2.1. Linear attenuation coefficient

To quantify the attenuation pattern of beam inten-
sity across broadband frequencies, an in-band linear
attenuation coefficient is defined, with the calculation
method as follows (the µ in this section corresponds to
the same variable previously defined in Subsec. 1.2):

µ = (Ahp −Alp) / (fhp − flp), (11)

where, assuming there are multiple extreme points in
a frequency band of 50Hz–200Hz, Ahp

is the value
of the last extreme point, Alp is the value of the first
extreme point, fhp is the frequency corresponding to
the last extreme point, and flp is the frequency corre-
sponding to the first extreme point.
The linear attenuation coefficients for the 64-

element and 128-element arrays are calculated and
shown in Fig. 9. It can be seen that the linear attenu-
ation coefficient µ is related to the target range, with
around 5 km acting as a critical point. When the range
is less than 5 km, µ fluctuates greatly. When the
range is greater than 5 km, it varies within a cer-
tain range. Moreover, the larger the array apertu-
re, the greater the absolute value of µ, indicating that
the beam intensity attenuates more rapidly with fre-
quency change. This observation also confirms the ef-
fect of depth-dimension extension on peak beam inten-
sity, as mentioned in Subsec. 2.1.
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Fig. 7. Variation of peak beam intensity with range and frequency for different array apertures:
a) 32 array elements; b) 64 array elements; c) 96 array elements; d) 128 array elements.
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Fig. 8. Variation of peak beam intensity with frequency at different array apertures and horizontal ranges:
a) 64 array elements; b) 128 array elements.
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Fig. 9. Variation of linear attenuation coefficient
with target range.

2.3. Influence of source depth on beam intensity
attenuation pattern

Under the same simulation conditions and proce-
dures as described in Subsec. 2.1, the source depth
was varied at 50m, 100m, and 200m. The variations
of peak beam intensity as functions of range and fre-
quency are presented in Fig. 10.
From Fig. 10, it can be observed that, at the same

range, as the frequency increases, the peak beam inten-
sity fluctuates periodically, the number of interference
fringes increases significantly, and the amplitude of the
energy gradually decreases.
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Fig. 10. Variation of peak beam intensity with range and frequency at target depths of: a) 50m; b) 100m; c) 200m.

Furthermore, the peak beam intensity at a range
of 7 km under different source depth conditions is ob-
tained, and its variation with frequency is shown in
Fig. 11.
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Fig. 11. Variation of peak beam intensity with frequency
at 7 km range for different source depths.

It can be seen from Fig. 11 that as the source
depth increases, the period of the sound field interfer-
ence shortens and the number of interference fringes
increases, which is consistent with the analysis shown
in Fig. 10. The linear attenuation coefficients corre-
sponding to different source depths are calculated, and
the results are presented in Fig. 12. It can be seen that
as the source depth increases, the absolute value of
the attenuation coefficient decreases slightly, while the
attenuation trends of different source depths are basi-
cally the same. The absolute value of the attenuation
coefficient gradually increases within a range of 5 km,
and beyond 5 km, it tends to a constant value.
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zs = 200 m
zs = 100 m
zs = 50 m
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Fig. 12. Variation of linear attenuation coefficient
with target for different target depths.

2.4. Influence of array depth on beam intensity
attenuation pattern

This section analyzes the broadband attenuation
pattern of beam intensity when the array deployment
depth varies. Using the same simulation conditions as
in Subsec. 2.1, the deployment depth of the array is
varied by changing the depth of the 128-th element to
3950m, 4450m, and 4950m. The variation of the peak
beam intensity with range and frequency is shown in
Fig. 13.
From Fig. 13, it can be seen that at the same

range, the peak beam intensity fluctuates periodically
from low to high frequency. However, as the array de-
ployment depth increases, there is no obvious trend
in the energy attenuation rate. Figure 14 further shows
the variation of peak beam intensity with frequency at
a range of 7 km for different array deployment depths.
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Fig. 13. Variation of peak beam intensity with range and frequency at different array deployment depths:
a) 3950m; b) 4450m; c) 4950m.
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Fig. 14. Variation of peak beam intensity with frequency
at 7 km range for different array deployment depths.

It can be seen from Fig. 14 that the attenuation
trends of the peak beam intensities at 7 km under dif-
ferent source depths are basically the same. The lin-
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Fig. 15. Variation of linear attenuation coefficient with tar-
get range for different array deployment depths.

ear attenuation coefficients corresponding to different
array deployment depths are calculated, as shown in
Fig. 15. It can be seen that the attenuation trends of
the beam intensity under different array deployment
depths remain basically the same, although the abso-
lute value of the linear attenuation coefficient decreases
as the deployment depth of the array increases.

2.5. Influence of sound speed profile on beam
intensity attenuation pattern

Given the unique characteristics of the deep-water
DAZ, this study compares isovelocity (1510m/s) with
Munk sound speed profiles to illustrate the influence
of the sound-speed profile on the broadband beam in-
tensity attenuation pattern.
Except for setting the sound-speed gradient as

a constant sound speed, the same simulation condi-
tions are adopted as those in Subsec. 2.1. After gener-
ating broadband array data with Kraken and perform-
ing conventional beamforming, the peak beam inten-
sity envelopes at different ranges are shown in Fig. 16.
Compared with Fig. 8b, when the range between

the source and array is greater than 5 km, the beam in-
tensity envelope shows nearly linear attenuation within
50Hz–200Hz.
Figure 17 further illustrates the variation of linear

attenuation coefficients with range for both isoveloc-
ity and Munk profiles, showing similar trends in both
cases.
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Fig. 16. Variation of peak beam intensity with range under
constant sound speed.
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Fig. 17. Variation of linear attenuation coefficient
with target range under profiles – isovelocity and Munk
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Fig. 18. Conventional beamforming output with an SNR of −10 dB at different source depths:
a) zs = 50m; b) zs = 100m; c) zs = 150m.

3. Simulation results for target depth estimation

To verify whether the depth-estimation perfor-
mance of the M-MBIP method under a long VLA is
better than that of the MBIP method, the Kraken
program is used for simulation. The simulation se-
lects a typical Munk sound channel, sets the source
depths to 50m, 100m, and 150m. The receiving ar-
ray is a 128-element VLA, the depth of the first ele-
ment is at 4315m and an element spacing is 5m. The
corresponding center frequency is at 125Hz, the receiv-
ing range is at 7 km, and Gaussian white noise with
an SNR of −10 dB is added to the VLA data. After
conventional beamforming, the results are presented
in Fig. 18.
As known from Subsec. 2.1, the peak beam inten-

sity at the sine of the grazing angle in Fig. 18 corre-
sponds to waves incoming from the sea surface, which
is used as the replica envelope of the M-MBIP method.
At the same time, the replica envelope of the MBIP
method is generated using Eq. (3), and both are com-
pared with the data envelope of the array output (see
Fig. 19).
It can be seen in Fig. 19 that the data enve-

lope is basically covered within the envelopes of both
M-MBIP and MBIP, but the envelope of M-MBIP
has a higher degree of coincidence with the data
envelope.
The source depth is estimated using the M-MBIP

method and the MBIP method, as shown in Fig. 20.
It can be seen from Fig. 20 that the depth-

estimation ambiguity function of the M-MBIP and
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Fig. 19. Interference envelopes of beam energy for different source depths:
a) zs = 50m; b) zs = 100m; c) zs = 150m.
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Fig. 20. Comparison of M-MBIP and MBIP methods for different source depths:
a) zs = 50m; b) zs = 100m; c) zs = 150m.

MBIP methods have similar estimation capabilities
when the source depth is 50m. The peak of the
M-MBIP method at the true depth is slightly higher
than that of the MBIP method; when the source depth
is 100m or 150m, the MBIP method performs poorly,
with false peaks appearing at shallow depths, resulting

in depth misjudgment problems. However, the peak of
the M-MBIP method at the true source depth is always
higher than that of the MBIP method, and no false
peaks appear. Therefore, the depth-estimation perfor-
mance of the M-MBIP method under a long VLA is
better than that of the MBIP method.
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4. Conclusion

This paper examined the issue of slow envelope
modulation in the broadband interference structure
of large-aperture VLA in deep water DAZ, which
degrades source depth estimation. Through theoreti-
cal and simulation analyses, the key factors affecting
the attenuation of peak beam intensity were identified,
and a modified M-MBIP method based on MBIP was
proposed. There are several conclusions that can be
drawn:
1) the increase in transmission loss of high-frequency
sound signal with depth is the key reason for the
frequency-dependent attenuation of peak beams
after beamforming in a VLA;

2) the attenuation rate of beam intensity is pro-
portional to the array aperture, inversely propor-
tional to the array deployment depth and source
depth, and largely independent of the sound speed
profile;

3) within a certain range, the M-MBIP method sig-
nificantly outperforms the MBIP method in esti-
mating source depth using a large-aperture VLA.
During data processing, it was observed that the

replica envelope may exhibit a frequency shift relative
to the data envelope. This phenomenon has the poten-
tial to impact the accuracy of source depth estimation
methods. Additionally, the M-MBIP cannot be vali-
dated due to the lack of experimental data. Therefore,
future research will focus on exploring the feasibility
of target depth estimation under conditions of under-
sampling in the frequency domain of the sound field
and verifying the effectiveness of the method with sea
trial data.
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