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Array gain is the fundamental determinant of the detection performance of large-aperture arrays in applications for
long-range underwater target detection. However, field experiments conducted on the continental slope of the South China
Sea reveal significant discrepancies between measured and theoretical array gains. To quantitatively explain this phe-
nomenon, this study derives an array gain expression based on the exponential–cosine coherence model, which provides a
coherent physical interpretation of the effects of three-dimensional (3D) propagation characteristics on array gain. Using
a rigorous controlled-variable approach, we quantitatively isolate the independent contributions of the three core spatial
coherence parameters (coherent amplitude coefficient A, spatial coherence attenuation coefficient γ , and spatial oscillation
angular frequency κ) and element signal energy Ei to array gain. The analysis demonstrates that, in wedge-shaped sloping
environments, bathymetric variability induces horizontal divergence of acoustic energy, which leads to degradation of hori-
zontal spatial coherence and ultimately results in array performance degradation. Incomplete accounting for the horizontal
energy divergence effect inherent in 3D propagation systematically overestimates the coherence amplitude coefficient A —
the dominant factor determining array gain — and thus leads to significant array gain underestimation. The theoretical anal-
ysis is experimentally validated using field measurement data from eight sites across the study area. The derived array gain
expression accurately reproduces the experimentally observed array gain behavior, with excellent quantitative agreement
between theoretical model calculations and experimental results. As a result, the normalized mean squared error is less than
0.08 at all measurement sites. The agreement between the calculated and experimental array gains supports the proposed
mechanism analysis. The consistent results across the eight sites also indicate that the identified relationships among 3D
propagation, spatial coherence, and array gain apply throughout the investigated continental slope region.
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1. Introduction

Array gain, as a quantifiable measure of the improve-
ment in array processing gain over a single receiver, is af-
fected by acoustic propagation characteristics in waveguide
environments. In a pioneering study, Bourret[1] established
the quantitative relationship between environmental variabil-
ity and array performance. Subsequent early investigations of
array gain primarily focused on random perturbations in sig-
nal amplitude and phase.[2–4] Following the work of Berman
and Berman,[2] who derived the mean array output power un-
der Gaussian phase fluctuations, Brown[3] further obtained a
closed-form solution for the variance of the array output. Im-
portantly, Carey[5] derived the formula for calculating array
gain based on spatial functions and obtained the relationship
between array gain and coherence length. This research direc-
tion has provided theoretical foundations and practical guid-
ance for optimizing the deployment of acoustic arrays in real-
istic ocean environments.

Building on these theoretical foundations, numerous ex-

perimental studies have been conducted to characterize spa-
tial coherence and array performance in diverse oceanographic
settings. Dong et al.[6] investigated the intrinsic relationship
between spatial coherence of the acoustic field and vertical
array gain in the deep-sea environment. Through theoreti-
cal derivation and experimental validation, their work revealed
that the attenuation of vertical coherence constitutes the physi-
cal mechanism leading to the degradation of array gain. Based
on the SW06 experimental data, Duda et al.[7] have demon-
strated that horizontal refraction induced by internal waves can
significantly degrade spatial coherence in flat continental shelf
environments. The investigated environment had an average
water depth of approximately 80 m and seabed slopes of less
than 0.1◦. Xie et al.[8–10] employed the parabolic equation
(PE) model to analyze acoustic field characteristics during up-
slope propagation in a two-dimensional (2D) continental slope
environment.

As previous studies identified spatial coherence as the pri-
mary factor governing array gain, research on spatial coher-

†Corresponding author. E-mail: lei.bo@nwpu.edu.cn
© 2026 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, AI training, and similar technologies, are reserved.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

104303-1

https://doi.org/10.1088/1674-1056/ae9c21
https://cstr.cn/32038.14.CPB.ae9c21
mailto:lei.bo@nwpu.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn


Chin. Phys. B 35, 104303 (2026)

ence has attracted increasing attention. These investigations
of spatial coherence have systematically characterized the spa-
tial coherence properties in different typical marine environ-
ments: shallow water,[11–18] continental slopes,[7–10,19–21] and
the deep sea.[6,22] Existing works have further quantified how
environment-specific factors shape spatial coherence. In shal-
low water, spatial coherence is dominated by multimode in-
terference and boundary interactions.[9] Continental slopes
exhibit anisotropic coherence due to three-dimensional (3D)
horizontal refraction,[21] whereas deep-sea coherence shows
strong seasonal variations driven by internal waves and sur-
face scattering.[22] High-order Bragg forward scattering from
a moving rough sea surface can also produce frequency shifts
in low-frequency underwater acoustic fields.[23] In addition,
multiple methods[24,25] have been proposed to enhance array
gain by improving signal correlation.

Although previous studies have established fundamental
links between ocean environments and spatial coherence, im-
portant areas for further exploration remain. The 2022 paper
by Lin et al.[21] focused on the experimental verification of 3D
sound propagation mechanisms. These authors focused exclu-
sively on sound field characteristics such as transmission loss
and arrival structure and did not explore their quantitative im-
pact on array gain and beamforming performance. Meanwhile,
analyses of continental slope array gain[8–10] were based on
2D models, which ignored the horizontal refraction-induced
coherence degradation that is prevalent in wedge-shaped en-
vironments. To address these critical knowledge gaps, this
study systematically investigates the underlying mechanisms
by which 3D acoustic propagation characteristics affect large-
aperture horizontal array gain in wedge-shaped continental
slope environments.

To investigate the effects of 3D acoustic propagation char-
acteristics on array gain in continental slope environments,
this study develops theoretical analysis, numerical simula-
tions, and validation using experimental data from eight sites
in the South China Sea. This work derives an array gain ex-
pression based on the exponential–cosine coherence model,
which demonstrates that bathymetric variability induces hor-
izontal divergence of acoustic energy. This condition leads to
degradation of horizontal spatial coherence and ultimately re-
sults in array performance degradation in wedge-shaped slop-
ing environments.

The paper is organized as follows. First, the signifi-
cance of large-aperture horizontal arrays for target detection
in wedge-shaped shallow-water environments is emphasized.
Second, we present the field experiment data from the con-
tinental shelf-slope region of the South China Sea. Trans-
mission loss of experimental data and models are compared.
Third, we establish the array gain formulation based on the
normalized signal correlation coefficient model. The next sec-

tion employs the controlled-variable method to analyze the in-
dependent contributions of three spatial coherence parameters
and element energy, which is verified by comparing measured
data from eight sites with model array gain. In the final sec-
tion, the conclusion is written.

2. Experimental configuration and model vali-
dation
The sound propagation experiment was conducted in the

South China Sea by the Shaanxi Key Laboratory of Under-
water Information Technology in August 2025. The experi-
mental site is located in the continental shelf-slope transition
zone, with a fixed-inclination linear upslope of 3◦. As shown
in Fig. 1, the water depth decreases from 700 m to 400 m
along the 6 km upslope propagation path. The bathymetric
map delineates the fixed location of the sound source and the
trajectory of the receiving array. Eight discrete measurement
stations (S1–S8) along the receiving-array trajectory were se-
lected for acoustic data acquisition.
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Fig. 1. Bathymetric map of the experimental area and the experimental
configuration.

To accurately describe the 3D acoustic propagation en-
vironment, a Cartesian coordinate system is defined as illus-
trated in Fig. 2. Figure 2(a) shows the YZ cross-section of the
wedge-shaped slope. A horizontal receiving array is towed
by a surface vessel at a depth zr, while the acoustic source is
suspended at a fixed depth zs beneath the sea surface. The
seabed, which is characterized by a uniform inclination angle
α , constitutes a wedge-shaped acoustic boundary that governs
ray refraction and modal coupling.

Figure 2(b) presents the XY horizontal cross-section. The
coordinate origin (x = 0, y = 0) is located vertically above the
acoustic source. Consistent with the coordinate system defined
in Fig. 2(a), the source is positioned at (0, 0, zs). The y-axis is
aligned with the upslope direction, which corresponds to the
direction of decreasing water depth. The x-axis is orthogonal
to the y-axis, and the water depth remains constant along the
x-axis. The receiving array takes the element nearest to the
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towing vessel as its reference element. The azimuth angle φ

represents the angle between the array axis and the radial di-
rection from the source to the reference element. Specifically,
φ = 0◦ indicates that the array is oriented along the positive x-
axis, whereas φ = 90◦ indicates that the array is oriented along
the positive y-axis. The array location angle θ̄ is defined as the
angle between the line segment connecting the acoustic source
to the reference array element and the positive y-axis direction,
which is expressed as

θ̄ = arctan
(

xr

yr

)
, (1)

In the experimental system, a 60 Hz continuous-wave sound
source was deployed at a depth of 30 m in the deeper water
region. The receiving system was an 84-element unequally
spaced horizontal line array (HLA) towed at a depth of 50 m,
which operated at a sampling frequency of 32 kHz. The de-
tailed inter-element spacing of the array is presented in Fig. 3.
During the experiment, the source ship remained stationary
while the receiver ship towed the HLA along the track shown
in Fig. 1. Acoustic data were collected continuously as the
receiving array moved from a source–receiver range of 4 km
to 5.5 km. The station-related data recorded during the exper-
iment are listed in Table 1. The continuously collected data
enabled high-resolution characterization of the effects of 3D
acoustic propagation on array gain.
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Fig. 2. Diagram of the wedge-shaped slope. (a) YZ cross-section of the
wedge-shaped slope; (b) XY cross-section of the wedge-shaped slope.
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Fig. 3. Schematic diagram of experimental configuration. The horizontal
axis denotes the offset of each array element relative to the first element.

During the experiment, a conductivity–temperature–
depth (CTD) profiler was deployed to measure the in situ hy-
drographic conditions of the experimental area. The sound
speed profile of the seawater was calculated using the classi-
cal sound speed formula, as shown in Fig. 4(a). To satisfy the
requirements of the sound field simulation, the sound speed
profile was vertically extended to 700 m by assimilating cli-
matological data from the World Ocean Atlas (WOA), which

yielded the sound speed profile shown in Fig. 4(b). The pa-
rameters for the bottom sediment include a sound speed of
1700 m/s, an absorption coefficient of 0.5 dB/λ , and a density
of 1.5 g/cm3.

Table 1. Experimental receiving station parameters.

Site Source–receiver Array Array location Array heading

number range (m) depth (m) angle θ̄ (◦) angle φ (◦)

S1 4266.2 63.5 81.5 31.5
S2 4402.1 63.8 81.1 31.7
S3 4540.5 64.8 80.7 31.5
S4 4677.2 64.6 80.3 31.8
S5 4815.9 64.5 80.0 31.7
S6 4952.9 64.1 79.6 31.6
S7 5088.9 64.7 79.3 31.3
S8 5227.0 64.7 79.0 31.6
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Fig. 4. Sound speed profiles. (a) In situ measured profiles from CTD
data; (b) extended profile to 700 m using WOA climatological data for
sound field simulation.

The time-domain received signals recorded by the large-
aperture horizontal array at the eight experimental sites are
shown in Fig. 5. Each subplot presents the waveforms from
five representative array elements (elements 1, 20, 40, 60, and
84) over a 2.5 s observation window. The received signals
exhibit distinct temporal characteristics across different sites,
with variations in arrival time and signal amplitude.

To quantitatively evaluate the prediction fidelity of differ-
ent propagation models, we conducted two sets of comparative
simulations under the identical environmental conditions of
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the field experiment: one fully incorporating 3D propagation
effects and the other neglecting them. The three-dimensional
finite element (3D FE) model fully resolves all 3D propagation
effects, including cross-slope mode coupling and the horizon-
tal divergence of acoustic energy. The sound pressure field is
obtained by solving the Helmholtz equation with appropriate
sea surface and seabed boundary conditions, with the mesh

size set to one-fifth of the acoustic wavelength at the operat-
ing frequency to ensure numerical accuracy. By contrast, the
N×2D PE model was adopted to handle the range-dependent
bathymetry and low-frequency (60 Hz) propagation character-
istics. This model assumes azimuthal symmetry and neglects
horizontal mode coupling between different propagation di-
rections.
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Fig. 5. Received signal waveforms recorded by the large-aperture horizontal array at eight experimental sites. (a)–(h) correspond to Sites S1–S8,
respectively. Each subplot displays the waveforms from five representative array elements (elements 1, 20, 40, 60, and 84).

The complex pressure of the i-th element of the non-
uniform horizontal array is pi (i = 1,2,3, . . . ,N, and N is the
number of array elements). The coordinate vector of the i-th
array element is 𝑟i = (xi,yi), and xi and yi are the horizontal
and vertical coordinates of the array elements on the horizontal
plane, respectively.

In the field data processing and numerical simulations,
the acoustic energy within the 55–65 Hz band was averaged to
represent the effective level at the center frequency of 60 Hz.
To facilitate comparison of large-scale propagation trends over
long ranges while minimizing source-level errors, normalized
transmission loss (NTL) was employed. The NTL is calcu-
lated by

NTL(𝑟) =−20

× log10

(
∑

ωH
ωL
|p(𝑟,ω)|2

/
max𝑟

(
∑

ωH
ωL
|p(𝑟,ω)|2

))
, (2)

where ωL and ωH denote the lower and upper limits of the an-
gular frequency, respectively. ω denotes an angular-frequency
sample. The horizontal correlation coefficient ρin between the

i-th and n-th elements is defined as

ρ (∆rin) =
〈pi p∗n〉√〈

|pi|2
〉√〈

|pn|2
〉 , (3)

where the symbol 〈·〉 denotes the statistical average, and ∗ in-
dicates the conjugate operation. ∆𝑟in indicates the range be-
tween the i-th and n-th elements.

Figure 6 compares the NTL across eight localized re-
gions within the 4–5 km propagation range. The 3D FE model
faithfully reproduces the global trend and fluctuations of the
measured NTL at all eight observation stations. The repro-
duced features include trough locations, relative amplitudes,
and phase-aligned oscillatory behavior. By contrast, the model
neglecting the 3D propagation characteristics, which omits the
coupling between vertical topographic variation and horizon-
tal acoustic propagation, yields excessively smoothed NTL
and exhibits consistent trend-level bias. Thus, it fails to repre-
sent the physically rich, energy-distributed dynamics observed
in field measurements.

As illustrated in Fig. 7, the array gain versus the num-
ber of array elements is computed from the measured sound-
pressure data at all eight experimental sites using the conven-
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tional beamforming (CBF) algorithm. Across all sites, array
gain increases with the number of elements. However, it is
significantly lower than the ideal array gain of 10lg(N), where
N is the array number. In continental slope environments,
the multipath propagation effects induced by range-dependent
bathymetry cause the received signals to no longer satisfy the
plane wave assumption. This condition results in degraded
spatial coherence and subsequent array gain reduction.

Array gain presents the capability of an array to enhance
the signal relative to ambient noise. The spatial coherence
characteristics of ambient noise therefore play a critical role

in governing array performance, and the validity of underly-

ing noise field assumptions fundamentally determines the ac-

curacy of subsequent array gain analyses. To accurately char-

acterize the ambient noise properties in the experimental area,

pure ambient noise data were acquired during periods of target

signal silence, calm sea surface conditions, and the absence of

nearby vessel activity. For the narrowband operating band of

55–65 Hz examined in this study, the normalized spatial co-

herence coefficients between all element pairs were computed

and are presented in Fig. 8.
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As shown in Fig. 8, the normalized spatial coherence co-
efficient of the ambient noise decays rapidly to near zero over
a relatively short inter-element spacing range. Crucially, this
coefficient remains at a low level with small oscillations across

the full aperture of the 84-element horizontal array employed
in the experiment.
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Fig. 8. Normalized spatial coherence coefficient of ambient noise at the
experimental site during the experiment as a function of the inter-element
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This experimental observation agrees well with the the-
oretical spatial coherence characteristics of an isotropic ho-
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mogeneous noise field. This agreement supports the validity
of the isotropic noise assumption for the specific continen-
tal slope environment and the 55–65 Hz narrowband consid-
ered in this study. Consequently, this assumption is adopted
throughout all subsequent theoretical derivations and array
gain performance analyses.

3. Basical theory and relative parameters
The continental slope, which is a transitional zone con-

necting the deep sea with shallow waters, provides a strategic
location for a horizontal array to enable target detection and
bearing estimation. However, the complex 3D acoustic propa-
gation effects induced by the changing terrain in this area com-
plicate array gain modeling.

3.1. Wedge-shaped slope model

The Helmholtz equation for acoustic pressure p(x,y,z)
due to a point source is

∇
2 p(x,y,z)+ k2 (z) p(x,y,z) = 0, (4)

where ∇2 = ∂ 2

∂x2 +
∂ 2

∂y2 +
∂ 2

∂ z2 indicates the Laplacian operator,
and k (z) = 2π f/c(z) is the wavenumber that only varies with
depth z, and f is the frequency. c(z) is the sound speed in
water.

Based on the continuity conditions of sound pressure and
particle velocity at the seafloor boundary, pressure p(x,y,z)
should satisfy the following:

p|z=H− = p|z=H+ ,
1
ρ1

∂

∂ 𝑛̂
p|z=H− =

1
ρ2

∂

∂ n̂
p|z=H+ , (5)

where ρ1 and ρ2 indicate the densities of the water and bottom
layer, respectively.

For a horizontally homogeneous environment with a flat
seafloor, the 3D Helmholtz equation can be decomposed into
multiple independent vertical 2D (x–z plane) Helmholtz equa-
tions through the method of separation of variables. In this
case, the transverse (y-direction) acoustic pressure gradient
term ∂ 2 p/∂y2 = 0. This serves as the theoretical foundation of
the conventional N×2D approximation. For the wedge-shaped
slope environment in this study, the seabed depth H(y) varies
with the horizontal coordinate y, and the boundary conditions
change with the propagation distance. The acoustic pressure
gradient term ∂ 2 p/∂y2 cannot be eliminated, which leads to
acoustic energy coupling along the horizontal direction.

3.2. CBF array gain based on the exponential–cosine spa-
tial correlation model

Assuming that a farfield narrowband signal is impinging
on the horizontal array, the complex sound pressure received
by the ith element can be expressed as

pi = Ai exp
(
−jk𝑢(θ0)

T𝑟i
)
, (6)

where Ai is the amplitude of the i-th element, and j denotes
the imaginary unit. 𝑢(θ0) = (cosθ0,sinθ0) denotes the unit
wavevector pointing in the direction of signal incidence, and
θ0 denotes the direction of arrival of the incident signal. T
denotes the transpose operation.

CBF is adopted as the array processing method in this
study, as it requires no prior information and exhibits excep-
tional robustness. This choice ensures that the observed varia-
tions in array gain fully reveal the effects of 3D acoustic prop-
agation. The array steering vector of CBF is

w(θ) =
[

e jk𝑢(θ)T𝑟1 , e jk𝑢(θ)T𝑟2 , · · · , e jk𝑢(θ)T𝑟N
]T

, (7)

where θ denotes the array steering angle. The beamformer
output pout (θ), which is defined as the weighted sum of the
acoustic pressure signals received, is expressed as

pout(θ) =
N

∑
i=1

wi(θ)pi, (8)

where N is the total number of array elements. The average
output power of the beamformer is

Pout =
〈
|pout|2

〉
=

〈∣∣∣∣∣ N

∑
i=1

wi pi

∣∣∣∣∣
2〉

=
N

∑
i=1

N

∑
n=1

wiw∗n 〈pi p∗n〉 . (9)

Let Ei =
〈
|pi|2

〉
denote the statistical average of the acoustic

energy received by the i-th array element. Array gain (AG),
which is an important parameter for evaluating array perfor-
mance, is defined as the signal-to-noise ratio improvement of
an array compared with a single hydrophone. Building on
the measured ambient noise spatial coherence results, we em-
ploy the isotropic ambient noise assumption in the array gain
derivation. The array gain of CBF[10] is written as

AG = 10lg
(

Sarray

Narray

/
Savg

Navg

)
= 10lg

(
∑

N
i=1 ∑

N
n=1 ρ (∆rin)

√
EiEn

Etot

)
, (10)

where Etot = ∑
N
i=1 Ei. Sarray and Narray are the beamformer out-

put powers of the signal and noise, respectively. Savg and Navg

are the array average powers of the signal and noise, respec-
tively. ∆rin denotes the distance between the i-th and n-th ele-
ments.

The conventional single-exponential model characterizes
a monotonic decrease in spatial coherence with increasing ele-
ment separation. It can provide a reasonable approximation of
the overall trend when spatial coherence generally decreases
with increasing element separation. However, in the wedge-
shaped slope environment considered in this study, modal and
multipath interference may introduce spatial oscillations su-
perimposed on the overall coherence decay. Similar oscilla-
tory decay characteristics have also been reported in Ref. [10].
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Accordingly, the exponential–cosine spatial coherence model
is adopted, and the normalized spatial coherence coefficient[4]

can be expressed as

ρ(∆rin) = Aexp(−γ∆rin)cos(κ∆rin)+(1−A) , (11)

where ρ(∆rin) is the dimensionless normalized spatial co-
herence coefficient. The parameter A ∈ (0,1] is the dimen-
sionless coherent amplitude coefficient and controls the rela-
tive contribution of the oscillatory component. The parame-
ter γ > 0, expressed in m−1, is the spatial coherence attenu-
ation coefficient. The parameter κ > 0, expressed in rad/m,
is the spatial oscillation angular frequency and corresponds
to a spatial oscillation period of 2π/κ . When A = 1 and
κ = 0, Eq. (11) reduces to the single-exponential form. There-
fore, the exponential–cosine model retains the conventional
exponential-decay behavior while providing additional flexi-
bility to represent spatial coherence oscillations.

Spatial coherence oscillations mainly arise from inter-
ference among waveguide modes and multipath arrivals with
different horizontal wavenumber projections onto the array
axis. The phase differences among these components vary
with inter-element separation, producing alternating construc-
tive and destructive interference and thus an oscillatory spa-
tial coherence pattern. Accordingly, κ represents the effective
dominant spatial angular frequency of the modal and multipath
interference pattern, with a corresponding spatial period of
2π/κ . It is related to differences among the projected horizon-
tal wavenumbers of the contributing components. It is also af-
fected by their amplitudes and arrival directions, as well as by
coupling among the contributing modes. Because the received
field contains multiple interacting components, κ should be
interpreted as an effective parameter characterizing the dom-
inant projected-wavenumber structure rather than as the hori-
zontal wavenumber of a single mode. Changes in water depth
may modify the local modal structure, while 3D propagation
and mode coupling may alter the arrival directions and rela-
tive modal energies of the contributing components. These
changes may lead to variations in the fitted κ .

After substituting Eq. (11) into Eq. (10), the equation of
array gain is written as

AG = 10 lg(Ginc +Gcoh) , (12)

where Ginc and Gcoh denote the incoherent and coherent com-
ponents of the linear array gain, respectively. The incoherent
component Ginc is expressed as

Ginc =
1−A
Etot

(
N

∑
i=1

√
Ei

)2

, (13)

and the coherent component Gcoh is given by

Gcoh =
A

Etot

N

∑
i=1

N

∑
n=1

exp(−γ∆rin)cos(κ∆rin)
√

EiEn, (14)

where Ginc corresponds to the non-oscillatory component as-
sociated with the constant term (1−A) in the spatial coher-
ence model. It is jointly determined by the weighting factor
(1−A) and the element energy distribution. The component
Gcoh represents the distance-dependent coherent contribution
and is jointly governed by the coherent amplitude coefficient
A, the spatial coherence attenuation coefficient γ , the spatial
oscillation angular frequency κ , the inter-element separations
∆rin, and the element energy distribution. It should be empha-
sized that Ginc and Gcoh are additive only in the linear domain,
whereas the array gain in decibels is obtained after their linear
summation according to Eq. (12).

The coherent amplitude coefficient A is the linear weight
of the coherent term and determines the relative contributions
of the coherent and incoherent components. The coefficient
A only scales the overall amplitude of the spatial coherence
curve without changing its oscillation structure or attenuation
characteristics. The coherence attenuation coefficient γ con-
trols the decay rate of the coherent envelope via the exponen-
tial term. It only changes the coherent amplitude without re-
versing the sign of coherent contributions. Its effect is strongly
distance-dependent and is exponentially amplified in large-
aperture arrays. The spatial oscillation angular frequency κ

governs the spatial oscillation pattern of coherence via the co-
sine term. As κ increases, the oscillation period shortens, and
the total coherent amplitude drops sharply.

To quantify variations in the element-energy distribution,
two dimensionless coefficients are defined. The sound-field
deviation coefficient ξ characterizes the relative difference be-
tween the element-energy distributions predicted by the 3D FE
model and obtained from the experimental measurements. It
is defined as

ξ =
∑i
∣∣E3D

i −Ereal
i

∣∣
∑i
∣∣Ereal

i

∣∣ ×100%, (15)

where E3D
i and Ereal

i denote the element energies at the i-th ar-
ray element predicted by the 3D FE model and obtained from
the experimental measurements, respectively. A smaller value
of ξ indicates closer agreement between the modeled and mea-
sured distributions.

The energy uniformity coefficient η quantifies the unifor-
mity of the element-energy distribution along the horizontal
array. It is defined as

η =

(
∑

N
i=1
√

Ei
)2

N ∑
N
i=1 Ei

, (16)

where Ei, i and N have the same meanings as defined pre-
viously. A value closer to unity indicates a more uniform
element-energy distribution, whereas a smaller value indicates
greater energy nonuniformity and a more pronounced energy
offset along the array.
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4. Simulation analysis
As derived in Section 3, array gain is jointly determined

by the spatial coherence of the signal field and the amplitude
distribution across array elements. For large-aperture horizon-
tal arrays in continental slope environments, 3D acoustic prop-
agation effects significantly influence both of these key factors
and thus must be fully considered. This section quantitatively
analyzes array gain degradation in slope environments, which
helps systematically investigate the impacts of 3D propagation
characteristics on signal spatial coherence and element energy
distribution.

4.1. Fitting of spatial correlation parameters

To systematically assess the individual contributions in
continental-slope environments, the spatial correlation func-
tions derived from measured and simulated acoustic fields
were fitted to the exponential–cosine coherence model. Based
on the fitted parameters, the controlled-variable method was
employed for the analysis.

To quantify the impact of 3D propagation characteristics
on array gain, the measured data from Site S1 are selected for
analysis. The coherence-model parameters obtained from the
numerical models are compared with those fitted from the field
measurements. The influence of 3D propagation characteris-
tics on array gain is then analyzed. Based on the established
exponential–cosine spatial coherence model, we perform non-
linear least squares fitting on the spatial coherence coefficients
from measured data, the model with the effect of horizontal
sound propagation, and the model without it, respectively. The
core fitted parameters of the model are summarized in Table 2.
To quantify the agreement between the fitted coherence model
and the measured data, the sum of squared errors (SSE) is de-
fined as

SSE

=
N

∑
i=1
|ρreal(∆ri)−ρfit(∆ri;A,γ,κ)|2/

N

∑
i=1
|ρreal(∆ri)|2. (17)

Table 2 summarizes the fitting results of the exponential–
cosine spatial coherence model at Site S1. The 3D fi-
nite element model exhibits significantly better agreement
with the experimental measurements than the N×2D model.
The N×2D approximation neglects the horizontal bending of
sound rays induced by continental slope bathymetry, which
leads to significant discrepancies between the fitted param-
eters and field measurements. This approximation erro-
neously overestimates the spatial wavenumber difference be-
tween multipath arrivals, which results in an overpredicted
spatial oscillation angular frequency κ . In addition, neglect-
ing the effect of horizontal acoustic energy spreading leads to
a significant underestimation of the spatial coherence attenua-
tion coefficient γ . The 3D FE model explicitly incorporates 3D

propagation effects. Consequently, the model correctly cap-
tures the multipath geometric relationship and the horizontal
energy spreading mechanism. This feature results in more ac-
curate values of γ and κ , as evidenced by the SSE of 0.0150
for the 3D FE model shown in Table 2.

Table 2. Fitting results of the spatial coherence model at Site S1.

Fitting Coherent Spatial Spatial Spatial SSE
data amplitude coherence oscillation oscillation

coefficient attenuation angular period
A coefficient frequency T

γ
(
m−1) κ (rad/m) (m)

Experiment 0.9175 0.0200 0.1689 37.2006 –
3D 0.9200 0.0100 0.2000 31.4159 0.0150

N× 2D 0.9730 0.0055 0.2200 28.5599 0.0343

Given that the 3D FE model provides more faithful rep-
resentations of the acoustic energy distribution and the spatial
coherence characteristics of the noise field, adopting the 3D
FE model for the subsequent array gain simulation studies is
highly appropriate.

To further visualize and compare the performance of dif-
ferent models in reproducing the spatial coherence structure
of the sound field, the fitting curves of the spatial coherence
model are presented in Fig. 9. The dominant oscillation pe-
riods, calculated by 2π/κ from the fitted κ values, are also
marked in Fig. 9.
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Fig. 9. Normalized spatial coherence function fitting curves based on the
exponential–cosine model at Site S1. The blue and red solid lines repre-
sent the fitting results of the measured array data and the 3D FE model
sound field, respectively. The two vertical dashed lines indicate the cor-
responding spatial oscillation periods of the coherence function for each
case.

As shown in Fig. 9, the curve derived from the parameters
fitted to the experimental data exhibits the longest spatial os-
cillation period (37.2 m) and the steepest attenuation with in-
creasing inter-element spacing, with approximately four com-
plete coherence oscillation cycles occurring across the 142.2 m
array aperture. By comparison, the curve generated from the
3D FE model fitting parameters shows a slightly shorter spatial
oscillation period (31.4 m) and a marginally slower attenuation
rate, resulting in about four and a half cycles over the same ar-
ray aperture. Despite these minor quantitative differences, the
3D FE model curve exhibits excellent overall agreement with
the experimental fitting results. As a result, the characteris-
tic damped oscillatory decay behavior of the spatial coherence
observed in the field is accurately reproduced.
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Fig. 10. Variations in the experimentally fitted spatial coherence parameters with source–receiver range across the eight measurement sites.
(a) Coherent amplitude coefficient A. (b) Spatial coherence attenuation coefficient γ . (c) Spatial oscillation angular frequency κ . Each marker
represents the fitting result obtained independently at one measurement site.

To characterize the variations in the spatial coherence pa-
rameters over the entire study area, the exponential–cosine
model was independently fitted to the experimental data from
Sites S1–S8. Figure 10 presents the fitted parameters as func-
tions of source–receiver range. Over the range of 4.266–
5.227 km, the coherent amplitude coefficient A varies from
0.9080 to 0.9200, with a mean value of 0.9137. The spa-
tial coherence attenuation coefficient γ ranges from 0.0096 to
0.0200 m−1, with a mean value of 0.0137 m−1, whereas the
spatial oscillation angular frequency κ ranges from 0.1642 to
0.1717 rad/m, with a mean value of 0.1679 rad/m.

As shown in Fig. 10(a), A exhibits relatively small, non-
monotonic variations across the eight sites. Fig. 10(b) shows
an overall decrease in γ from Site S1 to S5, despite a slight
local increase at Site S3, followed by a steady increase from
S5 to S8. Similarly, κ decreases from Site S1 to S3 and then
shows an overall increasing trend toward Site S8, with a slight
fluctuation at Site S7, as shown in Fig. 10(c). None of the
three parameters exhibits a strictly monotonic dependence on
source–receiver range. Their site-to-site variations may reflect
the combined effects of propagation range, local bathymetry,
multipath structure, and receiving-array position.

Despite these site-to-site variations, the three fitted pa-
rameters remain within bounded ranges throughout the study
area. The following controlled-variable analysis examines
whether their respective effects on array gain remain consis-
tent across the eight sites.

4.2. Effects of spatial coherence parameters on array gain

The fitting results in Table 2 show that neglecting 3D
propagation characteristics causes systematic deviations in
all three core parameters of the spatial coherence model in
wedge-shaped water environments, namely the coherent am-
plitude coefficient A, the spatial coherence attenuation co-
efficient γ , and the spatial oscillation angular frequency κ .
To elucidate the underlying physical mechanism for how the
spatial coherence structure governs the array gain of large-

aperture horizontal arrays, this study employs a single-factor
controlled-variable approach. Based on experimental mea-
surements from a representative site, the controlled-variable
analysis isolates and quantifies the individual impact of each
core parameter (A, γ , and κ) on the shape of the spatial coher-
ence function and the resulting array gain.

All simulations in this section employ the same array con-
figuration as the experiment: an aperture of 142.2 m compris-
ing 84 hydrophones. To isolate the effect of spatial coher-
ence on array gain, all computations use the experimentally
measured element energy Ei. Firstly, the parameters γ and κ

are fixed at the fitted values of the measured spatial coherence
data, which eliminates any confounding influence from mod-
eling uncertainties in these parameters. Under this controlled
condition, the coherent amplitude coefficients A derived from
the measured data and the 3D FE model are separately substi-
tuted into the spatial coherence function. Moreover, the corre-
sponding array gains are calculated. The results are shown in
Fig. 11.
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Fig. 11. Influence of the coherent amplitude coefficient A on the spatial
coherence function and array gain. (a) Normalized spatial coherence co-
efficient as a function of the inter-element separation, which is calculated
by substituting A values fitted independently from the measured data and
the 3D FE model, with γ and κ fixed at the fitted values of the measured
spatial coherence data. (b) Variations in total array gain, coherent term,
and incoherent term with A. The blue and red dots mark the total array
gain values corresponding to the two A values presented in panel (a).

As shown in Fig. 11(a), with γ and κ fixed, the spatial
coherence curves exhibit distinct differences in envelope am-
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plitude when using the coherent amplitude coefficient A pre-
dicted by different models, and this difference is positively
correlated with the magnitude of A. The two curves have con-
sistent zero-crossing positions and overall attenuation slopes,
differing only in their oscillation envelope amplitudes.

Figure 11(b) further establishes the relationship between
the coherent amplitude coefficient A and the array gain. De-
composition analysis shows that for large-aperture horizontal
arrays, the contribution of the coherent component to the to-
tal array gain becomes negligible when the array aperture is
much larger than the spatial coherence length. Consequently,
array performance is governed nearly exclusively by the inco-
herent component. The 3D FE model correctly reproduces the
horizontal diffusion of acoustic energy induced by continen-
tal slope topography. The horizontal acoustic energy diffusion
degrades spatial coherence and results in a reduced coherent
amplitude coefficient A. As shown in Fig. 11(b), the A values
fitted from the experimental data and the 3D FE model yield
array gain results that are consistent with field measurements.
This agreement supports the conclusion that the reduction in
A increases the weight of the incoherent term. This simula-
tion result further validates that array gain is dominated by the
incoherent component for large-aperture arrays in slope envi-
ronments. Notably, the total array gain decreases nonlinearly
with increasing A, and the rate of decrease becomes more pro-
nounced at higher A values, as clearly illustrated by the black
curve in Fig. 11(b).

To further investigate the influence of the spatial coher-
ence attenuation coefficient γ on array gain, we fix the coher-
ent amplitude coefficient A and the spatial oscillation angular
frequency κ to the fitted values from the measured spatial co-
herence data. This procedure fully eliminates the confounding
effects of the two parameters on the results. With A and κ

fixed, we substitute the γ values fitted from the measured data
and predicted by the 3D FE model into the spatial coherence
function. We also calculate the discrepancies in the spatial co-
herence function and array gain caused solely by the variation
in γ . The controlled-variable analysis quantifies the role of γ

in mediating the effect of 3D propagation characteristics on
array gain, and the results are presented in Fig. 12.

As shown in Fig. 12(a), with A and κ held constant, the
zero-crossing positions of the two spatial coherence curves
are perfectly consistent, and the only differences lie in the
attenuation rates of the coherence envelopes. Specifically, a
larger value of γ leads to faster decay of the sound field co-
herence with inter-element spacing — and correspondingly, a
more rapid decline in the oscillation envelope. Quantitative
fitting results confirm that 3D propagation effects strongly in-
fluence the spatial coherence attenuation coefficient γ . The 3D
FE model accurately reproduces the attenuation characteristics
observed in the experimental measurements.

Figure 12(b) reveals that the spatial coherence attenua-
tion coefficient γ has a fundamentally different impact on ar-
ray gain compared with the coherence amplitude coefficient
A. Decomposition analysis further demonstrates that the in-
coherent component of array gain remains virtually invariant
with γ , and any change in total array gain arises exclusively
from variations in the coherent component. For large-aperture
horizontal arrays dominated by the incoherent component, ar-
ray gain exhibits extremely low sensitivity to γ . As shown in
Fig. 12(b), the total array gain values corresponding to the γ

values fitted from the experimental data and the 3D FE model
are nearly identical. The total variation remains below 0.4 dB
over the entire investigated parameter range.
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Fig. 12. Influence of the spatial coherence attenuation coefficient γ on
the spatial coherence function and array gain under controlled conditions.
(a) Normalized spatial coherence coefficient as a function of the inter-
element separation, which is calculated by substituting γ values fitted in-
dependently from the measured data and the 3D FE model, with A and
κ fixed at the fitted values of the measured spatial coherence data. (b)
Variations in total array gain, coherent term, and incoherent term with γ .
The blue and red dots mark the total array gain values corresponding to
the two γ values presented in panel (a).

Building on the analysis of the coherent amplitude coeffi-
cient A and the spatial coherence attenuation coefficient γ , we
next examine the influence of the spatial oscillation angular
frequency κ using the same controlled-variable approach. The
parameters A and γ are fixed at the values fitted from the mea-
sured spatial coherence data. This approach isolates the influ-
ence of κ and eliminates the confounding effects of the two
parameters on the results. Next, the κ values fitted from the
experimental data and the 3D FE model are separately substi-
tuted into the spatial coherence function. The resulting differ-
ences in array gain are then calculated to isolate the influence
of κ . This analysis quantifies the contribution of the κ param-
eter to the array gain variation, and the results are presented in
Fig. 13.

As shown in Fig. 13(a), with A and γ fixed at the values
fitted from the experimental data, the two spatial coherence
curves exhibit distinct differences primarily in their oscilla-
tion periods and nodal positions. A smaller κ value results in
a longer oscillation period of the spatial coherence curve and a
greater separation between adjacent peaks and troughs. Con-
versely, a larger value of κ leads to a shorter oscillation period
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and a greater number of oscillations within the array aperture.
As observed in Fig. 13(a), the 3D FE model yields a slightly
larger κ value than that fitted from the experimental data. The
larger κ value results in a marginally shorter oscillation period,
consistent with the corresponding spatial coherence curve.
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Fig. 13. Influence of the spatial oscillation angular frequency κ on the spa-
tial coherence function and array gain under controlled conditions. (a) Nor-
malized spatial coherence functions versus inter-element separation, calcu-
lated using κ values fitted from the measured data and the 3D FE model,
respectively, with A and γ fixed at the values fitted from the measured spa-
tial coherence data. (b) Variations in total array gain, coherent term, and
incoherent term with κ . The blue and red dots mark the total array gain
values corresponding to the two κ values presented in panel (a).

Figure 13(b) further illustrates the influence of the spa-
tial oscillation angular frequency κ on array gain. The in-
coherent term remains nearly unchanged with κ . The slight
decrease in the total array gain is mainly caused by the coher-
ent term. Within the κ range investigated in this study (0.15–
0.23 rad/m), the total array gain varied by less than 0.56 dB.
The total array gain values corresponding to the κ values fit-
ted from the experimental data and the 3D FE model are nearly
identical. The array-gain variation of less than 0.56 dB demon-
strates that the total array gain is relatively insensitive to mod-
erate variations in κ . Therefore, changes in the spatial coher-
ence oscillation pattern have only a limited influence on the
overall array gain of large-aperture horizontal arrays. By com-
parison, the dominant spatial coherence parameter affecting
array gain is the coherent amplitude coefficient A.

Controlled-variable simulations presented in Figs. 11–13
quantitatively isolate the individual pathways through which
3D acoustic propagation affects array gain. Array gain de-
creases by 3.57 dB solely due to the change in the coherent
amplitude coefficient A. This reduction accounts for over 85%
of the total array gain degradation. By contrast, the effects of
γ and κ are relatively weak.

The above controlled-variable analyses reveal that A has a
substantially stronger influence on array gain than γ and κ . To
further clarify the mechanism underlying the dominance of the
incoherent component in the array gain of the large-aperture
horizontal array, the coherent and incoherent components in
Eqs. (13) and (14) are calculated as functions of array aper-
ture, as shown in Fig. 14(a). Since these two components are

additive only in the linear domain, their percentage contribu-
tions to the total linear array gain are defined as

Cinc =
Ginc

Ginc +Gcoh
×100%,

Ccoh =
Gcoh

Ginc +Gcoh
×100%, (18)

where Cinc and Ccoh denote the percentage contributions of the
incoherent and coherent components, respectively, and satisfy
Cinc +Ccoh = 100%. The variations in Cinc and Ccoh with array
aperture are presented in Fig. 14(b).
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Fig. 14. Variation in the coherent and incoherent components with array
aperture at Site S1 in the wedge-shaped slope environment. The array
aperture denotes the distance from the first array element to the last in-
cluded array element. (a) Coherent and incoherent components of array
gain presented on a linear scale. (b) Percentage contributions of the co-
herent and incoherent components to the total linear array gain.

As shown in Fig. 14(a), the coherent component initially
increases with array aperture, reaches a maximum at approxi-
mately 15–20 m, and then decreases overall, whereas the inco-
herent component increases continuously. Figure 14(b) shows
that the contribution of the incoherent component increases
with array aperture, whereas that of the coherent component
decreases. At the full aperture of 142.2 m, the two compo-
nents account for approximately 84% and 16% of the total lin-
ear array gain, respectively, confirming the dominance of the
incoherent component at large apertures.

According to Eqs. (13) and (14), the coherent and in-
coherent components exhibit different dependencies on ar-
ray aperture. For a small aperture, most element pairs are
closely spaced. Consequently, the exponential attenuation fac-
tor exp(−γ∆rin) remains close to unity, while the cosine terms
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cos(κ∆rin) for most closely spaced element pairs have con-
sistent signs. Therefore, the coherent component Gcoh ini-
tially increases as the number of strongly correlated element
pairs increases. As the array aperture increases, the number
of widely separated element pairs gradually increases. For
these element pairs, the exponential term exp(−γ∆rin) reduces
the magnitude of their coherent contributions, while the term
cos(κ∆rin) changes sign with element separation, causing pos-
itive and negative contributions to partially cancel. Conse-
quently, the coherent component reaches a maximum and
then decreases overall. In contrast, Ginc contains neither the
distance-dependent attenuation nor the oscillatory factor, and

its same-sign contributions accumulate without spatial cancel-
lation. Therefore, the incoherent component Ginc continues to
increase with array aperture and eventually becomes the dom-
inant contribution to the total array gain.

To examine the generalizability of the conclusions from
the previous single-site analysis, eight sites at different dis-
tances in the wedge-shaped environment were further ana-
lyzed. The same controlled-variable method was adopted to
quantify the independent effects of three core spatial coher-
ence parameters on the array gain of large-aperture horizontal
arrays across different measurement sites. The results are pre-
sented in Fig. 15.
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Fig. 15. Comparison of the independent effects of the three spatial coherence parameters on array gain at different sites in the wedge-shaped
environment. (a) Variation of array gain with the coherent amplitude coefficient A. (b) Variation of array gain with the spatial coherence
attenuation coefficient γ . (c) Variation of array gain with the spatial oscillation angular frequency κ . The same controlled-variable method is
applied to all eight sites: when evaluating the effect of a single parameter, the other two parameters are fixed at their respective fitted values
obtained from the measured data at the corresponding site.

Figure 15(a) clearly demonstrates that the dominant in-
fluence of the coherent amplitude coefficient A on array gain
is highly generalizable across the eight sites. The array gain
curves for the eight sites nearly overlap and all exhibit a con-
sistent monotonic decrease with increasing A. Within the typ-
ical operating range of the wedge-shaped slope environment
investigated in this study, the array gain at all sites varies by
more than 12 dB as the parameter A increases from 0.8 to 1.0.
The array-gain variation induced by A is substantially greater
than the combined effects of the other two parameters, γ and
κ . Figures 15(b) and 15(c) further demonstrate that the spatial
coherence attenuation coefficient γ and the spatial oscillation
angular frequency κ have consistently weak effects on array
gain across all eight sites. The small array-gain variations
indicate that the influences of γ and κ are relatively insensi-
tive to site-to-site environmental differences. Specifically, as
shown in Fig. 15(b), when γ varies within the range of 0.005–
0.025 m−1, the resulting change in array gain remains below
0.8 dB for every site. Similarly, as shown in Fig. 15(c), over
the investigated range of κ (0.15–0.23 rad/m), the array gain
variation is uniformly less than 0.6 dB across all sites. This
small variation confirms that κ exerts the weakest influence

among the three spatial coherence parameters. The consistent
parameter-sensitivity trends across the eight sites support the
applicability of the proposed relationship between 3D prop-
agation and array gain within the investigated wedge-shaped
slope region. Despite variations in propagation distance and
receiving depth, the coherent amplitude coefficient A remains
the dominant factor, whereas the effects of γ and κ remain
relatively weak.

4.3. Effects of element energy on array gain

The effects of the three core spatial coherence parameters
(A, γ , and κ) on array gain have been systematically quanti-
fied, and the consistency of their influence trends across mul-
tiple sites has been confirmed. The independent contribution
of element energy Ei to array gain was then isolated. For each
site, the controlled-variable method was employed by fixing
the spatial coherence parameters A, γ , and κ at the values fit-
ted from the corresponding measured data. Fixing these pa-
rameters eliminates their influence on the analysis of element
energy.

The element energy Ei was then varied, and the effects of
the Ei values obtained from the measured data and the 3D FE
model on array gain were compared. The comparison results
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are shown in Fig. 16.
Figure 16(a) presents the sound-field deviation coeffi-

cients ξ calculated using the 3D FE model across the eight
measurement sites. The sound-field deviation coefficients
range from 0.128 to 0.261 across the eight sites, indicating
relatively weak spatial nonuniformity within the investigated
wedge-shaped slope region. Figure 16(b) compares the en-
ergy uniformity coefficients η obtained from the experimental
measurements and the 3D FE model. The 3D FE model accu-
rately reproduces the site-to-site variations observed in the ex-
perimental data. The experimental and model-derived curves
exhibit similar trends across all eight sites.
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Fig. 16. Comparison of element-energy characteristics between the ex-
perimental measurements and the 3D FE model at eight measurement
sites in the wedge-shaped slope region. (a) Sound-field deviation coeffi-
cient ξ calculated using the 3D FE model. (b) Energy uniformity coef-
ficient η obtained from the experimental measurements and the 3D FE
model.

The physical reason for these subtle energy variations is
that, even when the array aperture is much smaller than the
propagation distance, the horizontal spreading of acoustic en-
ergy induced by continental slope bathymetry still introduces
measurable differences among adjacent array elements. By
explicitly accounting for 3D propagation effects, the 3D FE
model resolves the fine-scale variations in the element-energy
distribution.

To isolate and quantify the influence of element signal-
energy distribution on array gain performance, a controlled-
variable method was employed. For each of the eight mea-
surement sites, the spatial coherence parameters A, γ , and κ

were fixed at their site-specific values obtained from the ex-
perimental measurements. The element signal energies Ei ob-
tained from the experimental measurements and the 3D FE
model were then used separately to calculate the array gain.
The resulting array-gain variations are shown in Fig. 17.

1 2 3 4 5 6 7 8

Site number

0

0.2

0.4

0.6

0.8

1

D
e

v
ia

ti
o

n
 o

f 
a

rr
a

y
 g

a
in

 (
d

B
)

Fig. 17. Array-gain deviations induced solely by element-energy predic-
tion errors at eight measurement sites in the wedge-shaped slope region.
The model array gain is calculated using Eq. (12). The deviations are
calculated as the absolute differences between array gains obtained using
the measured element energy and the 3D model-derived element energy.
In this controlled-variable analysis, all spatial coherence parameters (A,
γ , and κ) are fixed at their experimentally measured values to isolate the
independent contribution of element-energy errors.

Across all sites, the array gain deviations caused by us-
ing the measured and 3D model-derived element energies re-
main below 0.16 dB. This result demonstrates that, for the
wedge-shaped shallow-water environment and large-aperture
horizontal array configurations investigated in this study, vari-
ations in the element signal energy distribution have a negli-
gible impact on array gain performance. The element-energy
distribution predicted by the 3D FE model exhibits only minor
deviations from the experimental measurements. Neverthe-
less, the measured and model-derived element energies yield
nearly identical array gain results when the same spatial co-
herence parameters are used. The close agreement between
the two array gain results indicates that spatial coherence char-
acteristics, rather than the element signal energy distribution,
are the dominant factor determining array gain performance in
continental slope environments.

Based on the coherence-parameter analysis in Subsec-
tion 4.2 and the element-energy analysis presented above, the
findings regarding the influence of 3D propagation on array
gain can be summarized as follows. In the wedge-shaped slope
environment, bathymetry-induced 3D propagation modifies
the spatial coherence and element-energy distribution of the
received field along the horizontal array. Among the fitted co-
herence parameters, variations in A have the strongest effect on
array gain under the investigated conditions. This is because A
determines the relative contributions of the damped oscillatory
and nonoscillatory coherence components. By comparison,
γ controls the distance-dependent attenuation of the coherent
contributions, whereas κ governs their spatial oscillations and
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associated cancellation effects. Consequently, their net effects
on array gain are less pronounced under the investigated con-
ditions. Meanwhile, variations in the element-energy distribu-
tion affect the contributions of different element pairs to the
beamformer output, thereby influencing the array gain. To-
gether, changes in spatial coherence and element-energy dis-
tribution represent two important pathways through which 3D
propagation influences array gain.

4.4. Measured array gain verification

The spatial coherence model developed in this study pro-
vides a physical interpretation that links complex underwater
propagation effects to spatial coherence characteristics and ul-
timately to array gain performance. This interpretation reveals
that 3D propagation effects reduce the coherence amplitude
coefficient A, which is the dominant factor determining array
gain performance in continental slope environments. To quan-
titatively evaluate the prediction error of the 3D FE model for
array gain, the normalized mean squared error (NMSE) for
each measurement site is defined as

NMSE =
‖AGreal−AG3D‖2

2

‖AGreal‖2
2

. (19)
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Fig. 18. (a) Comparison of array gains calculated from the experimental
data and the 3D FE model for different source–receiver ranges and num-
bers of array elements. The source–receiver range denotes the distance
between the acoustic source and the receiving array. The red curve repre-
sents the experimental data, and the blue curve represents the array gain
calculated from the 3D FE model; (b) NMSE between the measured and
3D FE model-predicted array gains.

Figure 18(a) compares the array gain results calculated
using the 3D FE model with the experimental measurements

across different receiving ranges and numbers of array ele-
ments. The results from the 3D FE model agree well with
the experimental data. Thus, the variation trends of array gain
with propagation range and array aperture are accurately re-
produced.

Figure 18(b) further demonstrates the consistency be-
tween the theoretical calculations and field measurements
across all investigated receiving ranges. Calculations that ac-
count for 3D acoustic propagation characteristics yield NMSE
values below 0.08 at all sites, indicating excellent and stable
agreement with the experimental observations. These results
further confirm the consistency between the theoretical analy-
sis presented in this paper and the experimental data.

5. Conclusion

This study investigates the influence of 3D acoustic prop-
agation characteristics on array gain performance in wedge-
shaped slope environments. The derivation of an array gain
calculation formula based on the exponential–cosine spatial
coherence model provides a clear physical interpretation of the
effects of 3D propagation on spatial coherence and array gain.

In range-dependent slope environments, 3D propagation
characteristics affect large-aperture array gain primarily by
redistributing energy between coherent and incoherent field
components. Using a rigorous controlled-variable method,
we quantitatively isolated the independent contributions of the
three core spatial coherence parameters (the coherent ampli-
tude coefficient A, the spatial coherence attenuation coefficient
γ and the spatial oscillation angular frequency κ) and the ar-
ray element energy Ei to the total array gain. Furthermore,
the underlying physical relationship between 3D propagation
characteristics and the array gain of large-aperture arrays was
established. Specifically, incomplete accounting for 3D propa-
gation effects leads to an overestimation of the coherence am-
plitude coefficient A, which in turn results in an underestima-
tion of array gain.

Based on sound propagation data collected at eight sites
in the slope region of the South China Sea in 2025, the ar-
ray gains calculated using the 3D FE model agree closely
with those derived from the experimental measurements, with
NMSE values below 0.08 at all measurement sites. This cross-
site agreement provides experimental support for the model-
predicted array-gain behavior described above and supports
the reliability of the 3D FE model within the investigated study
area. The agreement is also consistent with the proposed phys-
ical interpretation linking 3D sound propagation, spatial co-
herence, and array gain. This work provides valuable insights
into the design and performance evaluation of sonar arrays in
continental slope environments.
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