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Broadband enhancement and
suppression of backscattering from
objects in shallow-sea waveguides
through the prescription of incident
wavefronts

M| Check for updates

Tengjiao He'**0< & Wei Guo®*

This paper presents a methodology for enhancing and suppressing backscattering from submerged
objects in shallow-water waveguides. A hybrid numerical model is developed that integrates a two-
step finite element method (FEM) and a normal mode (NM) algorithm. The FEM scheme computes the
near-field scattered field generated by an elastic structure under non-plane-wave incident conditions
in a shallow-water environment. A modal filter technique is then applied to construct the modal-
domain reflection and transmission matrices of the scattering region using the near-field data derived
from the FEM. Scattering enhancement and suppression are achieved by maximizing the Rayleigh
quotient of these matrices, with the prescribed incident wavefront determined via singular-value
decomposition. The scattered field is subsequently reconstructed using the prescribed wavefront and
the NM algorithm. Validation of the hybrid model is performed through comparison with a direct FEM
simulation for an elastic spherical shell. Further simulations are conducted for realistic scenarios
involving multiple spherical scatterers and a benchmark submarine model. The results demonstrate
that the proposed method enables broadband control of backscattering in shallow-water waveguides.

Active sonar systems are widely employed in underwater acoustic ima-
ging, localization, and detection. They rely on the analysis of a target’s
scattered field to infer its geometric and material properties'. The per-
formance of these systems is critically dependent on the scattering
strength, and this fact has driven significant research interest in scattering
control methodologies’. Conventionally, the scattering strength can be
amplified by prescribing a directional beam and optimizing the incident
wave’s direction. However, in shallow-water environments, typical
operational domains for active sonar, the incident field deviates from
plane-wave behavior due to boundary interactions and sound speed
inhomogeneities’, which complicate scattered field control. A critical
research challenge involves controlling backscatter in such environments
to optimize active sonar performance.

Directional beams facilitate the precise control of scattered fields by
prescribing the incident wavefronts’. When a directional beam is introduced

into a shallow-water waveguide, the sound propagation exhibits distinct
beam patterns over short ranges and modal interference over longer
ranges®’. Consequently, manipulating the incident wavefronts within a
waveguide is a significant challenge, particularly when attempting to
enhance either backward or forward scattering from objects within the
waveguide. Nevertheless, maximal flux transmission in inhomogeneous
acoustic waveguides can be achieved through singular value decomposition
(SVD) of the transmission matrix'*"". By applying SVD to the transmission
matrix, the right singular vector associated with the maximum singular
value, corresponding to the peak energy transmission ratio'>"®, can be
identified as the optimal incident wavefront to achieve unity flux trans-
mittance through the waveguide. This phenomenon was first observed in
mesoscopic electron transport studies' and was later investigated for
enhancing optic transmission'*™"’, where open channels (characterized by
complete transmission) and closed channels (exhibiting total reflection)
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form the fundamental basis for field solutions within lossless scattering
media’®.

The objectives of this study are twofold. First, we introduce the concept
of backscattering manipulation in inhomogeneous waveguides to the field of
underwater acoustics. By identifying the incident wavefront through SVD of
the reflection and transmission matrices associated with the scattering
region where a target is positioned, the scattered field can be systematically
manipulated. Second, we develop a hybrid numerical model that integrates a
two-step finite element method (FEM) to compute the near-field distribu-
tion within the scattering region and a normal mode (NM) algorithm® to
predict far-field scattering patterns using the near-field data. Our hybrid
model addresses a gap in existing research, as no prior numerical model has
been reported for constructing reflection and transmission matrices in
shallow-water waveguides containing arbitrary scatterers, to the best of the
authors’ knowledge. Furthermore, the proposed model enables the analysis
of scattering problems involving non-plane-wave incident fields, a critical
feature for shallow-water applications where incident wavefronts exhibit
significant interference effects’.

Our hybrid model allows for the manipulation of backward scattering
from objects in shallow-water waveguides. As shown in Fig. 1, our custom
two-step FEM scheme computes scattered fields for arbitrary scatterers in
shallow-water environments with non-plane-wave excitations. Specifically,
the extraction of near-field data from the finite element (FE) model allows
the formulation of reflection and transmission matrices in the modal
domain (R and T). These matrices are analyzed via SVD to identify the
incident wavefront resulting in maximal reflection or transmission in the
waveguide. The prescribed wavefront corresponds to the right singular
vector associated with the largest singular value and is applied to predict far-
field scattering using a NM algorithm. Unlike existing studies on Fano
scattering in inhomogeneous waveguides'”', which rely on resonance
between the incident wavefront and the local structure?, our method offers
the advantage of prescribing wavefronts at arbitrary frequencies. In contrast,
Fano scattering achieves maximal reflection or transmission only at reso-
nance frequencies, limiting its practicality for active sonar performance
enhancement.

This paper is organised as follows: we provide in silico proof-of-prin-
ciple, exploration of the proposed method for manipulating backscattering
from objects in shallow-sea waveguides through the prescription of incident
wavefronts. We start with a numerical validation of the proposed two-step
FEM through the analysis of spherical scatterers in a Pekeris waveguide.
Next the backscattering manipulation of a single spherical shell is demon-
strated, after which the scenario of double spherical shells and a more
complex but practical case involving a benchmark submarine model are
presented. We then discuss the underlying mechanism of incident wave-
front prescription. A comprehensive parametric study is also performed to
investigate the influences of the scale and the material of the scatterer and the
influence of the environment on the scattering manipulation. Finally, we
provide practical guidelines for implementing the proposed method and
conclude by outlining the theoretical framework and algorithms. These
methodologies include the principles of reflection and transmission opti-
mization in inhomogeneous waveguides, the development of a two-step
FEM formulation, the construction of reflection/transmission matrices, and
the implementation of a NM algorithm for scattered-field computation.

Results

Model validation

In this study, a hybrid numerical model, illustrated in Fig 1a, is employed to
construct R and T by means of modal filtering (see Methods). The near-field
region is modeled using a two-step FEM, where the incident field dis-
tribution is obtained using a NM algorithm®. As shown in Fig 1b, the FE
model consists of two steps (see Methods). First, the NM algorithm is used to
compute the incident field distribution, specifically, v;,. (normal velocity)
and p;,,. (pressure), on the object’s surface I';_,. By prescribing — v;,c on I's
_ the geometric scattering from the object can be predicted, yielding the
surface pressure load distribution p,. In the second step, p; and pi, are

jointly applied as surface pressure loads on I's_,, exciting the elastic object to
vibrate and radiate acoustic waves into the surrounding fluid. Accordingly,
only the pressure acoustics module is used in the first step, while the second
step requires a coupled acoustic-solid interaction module. The FEM solver
produces the near-field scattering from the object, which is then integrated
with the NM algorithm to predict far-field scattering. As illustrated in Fig 1a,
a slice parallel to the incident wavefront is first identified. The scattered field
is then extracted along a vertical line extending from the sea surface to the
truncation depth defined by the perfectly matched layer (PML), in both the
backscattered and forward-scattered directions. This field is subsequently
used to construct R and T and to compute the far-field scattering using the
NM algorithm (see Methods).

Before performing the backscattering manipulation using the pro-
posed model, we validate it through comparison with a benchmark solution.
This validation study serves two primary objectives. First, we establish a
coupled acoustic-structural FE model to verify the accuracy of the proposed
FEM framework for predicting elastic scattered fields under arbitrary
waveguide excitations. This benchmark employs identical geometric and
material parameters as the proposed two-step FEM scheme, and a single
mode excitation is prescribed for both cases as the incident field. In the
benchmark solution, cylindrical wave radiation boundary conditions with
depth-dependent amplitudes determined by the NM shape functions ¢,,(z)
are implemented at the outer boundary. Such an incident field is formed
using an equivalent sound speed of w/k,,,, (where w represents the angular
frequency, and k,,, denote the eigenvalue), with a virtual source position r;
chosen to ensure alignment between modal excitation and the scatterer’s
horizontal position. The incident waves come from the — y direction along
the y-axis. The scatterer is placed at (0 m, 1000 m, 35 m), giving r; = 1000 m.
The benchmark and proposed model radii are set to 100 m and 50 m,
respectively. The shallow-water waveguide parameters are provided in
Table 1. Figure 2a, b illustrate the FE model and the associated meshing
scheme for a spherical scatterer. Further detail about the FEM imple-
mentations can be found in Methods.

First, the effectiveness of the proposed model in computing the near-
field scattering is validated. Figure 2d compares results at 100 Hz for Mode 1
excitation. Analysis of the x = 0 plane reveals strong near-field agreement (|y|
<50 m), which is further supported by the normalized pressure extracted on
a 30 m-radius circle surrounding the scatterer [Fig. 2c].

Second, the validation study demonstrates the efficacy of the far-
field scattering prediction. Far-field predictions between 50 m and 100 m
are computed using the modal filtering based on near-field data derived
from the two-step FEM. As shown in Fig 2d, consistent far-field agree-
ment (|y| > 50 m) confirms the prediction accuracy. Minor discrepancies
below the water—seabed interfaces (y = £50 m) likely arise from truncated
leaky wave components in modal representations, though the water-
column results remain unaffected by these evanescent modes. This
divergence does not impact the validity of the model for underwater
applications.

Manipulation of backward scattering from a steel spherical shell
The enhancement and suppression of backscattering from elastic objects in
shallow water starts with optimizing the Rayleigh quotient of R and T (see
Methods). We construct R and T using the modal filter technique based on
the data extracted from the proposed two-step FEM (see Methods). Using
this method, we investigate the enhancement and suppression of back-
scattering from the steel spherical shell in shallow-water environments (see
FEM implementation in Methods for the detailed parameters of the scat-
terer). The shell is located at coordinates (0 m, 500 m, 35 m), where y =0 m
corresponds to the horizontal position of the source. Simulations are con-
ducted at 215 Hz, incorporating 32 modes in the computation (including 16
propagating and 16 leaky modes).

To evaluate the effectiveness of the proposed method for back-
scattering control, we begin by analyzing backscatter enhancement from the
shell in the Pekeris waveguide. To elucidate how backscatter enhancement
arises, we first explain the minimal diffraction by comparing both the
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Fig. 1 | Theoretical model that integrates a two-step FEM and a NM algorithm.  coupled FEM/NM method, where the near-field pressures distributed over a vertical
a A schematic of the FE model implemented in the proposed two-step FEM scheme  line, generated by the two-step FEM solver, are extracted to construct Rand T. b A
for solving the scattering from an arbitrary elastic structure in a two-layered, fluid  flow chart for the proposed two-step FEM scheme.

waveguide. Also shown is the process of computing the scattered field using the
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incident and scattered field pressures. Next, the total field exhibiting the
enhanced backscattering from the shell can be obtained by superposing the
incident and scattered fields. Figure 3a illustrates the prescribed incident
field (the real part of the pressure) for backscattering enhancement, showing

Table 1 | Parameters of the Pekeris waveguide used in the
simulations in Figs. 3-9

Parameter Values
Water depth 70m
Water sound speed 1500 m/s
Water density 1000 kg/m®
Sediment thickness 30m
Seabed sound speed 2200 m/s
Seabed sound attenuation 0.2dB/A
Seabed density 2000 kg/m®
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Fig. 2 | Validation of the proposed two-step FEM scheme. a A schematic of the FE
model implemented in the proposed two-step FEM scheme, and (b) the detailed
meshing scheme for the spherical shell considered in the simulation. ¢ The nor-
malized scattered pressures solved using the proposed model and a coupled acoustic-
structural FE model compared along the circle around the elastic spherical shell with

a pronounced focal region directly ahead of the shell. Notably, forward
scattering from the shell cancels out the incident field at ranges beyond
500 m, where the scattered and incident fields are 180° out of phase. This
phenomenon is demonstrated in the magnified plots of Fig. 3a, which dis-
play local pressure variations within the 950-1000 m range. The results
confirm significant backscattering enhancement, as observed in the third
row of Fig. 3a, where the forward field exhibits negligible diffraction.

In practical scenarios, scatterers are randomly positioned at varying
horizontal distances. To evaluate the robustness of backscattering control,
the shell is relocated to 100 m (short range) and 1000 m (long range) from
the source. The sound pressure level contours shown in Fig. 3b demonstrate
that the prescribed wavefronts consistently converge near the scatterer,
forming a focal spot on the shell. The results for varying scatterer positions
confirms the method’s efficacy in backscattering control for any scatterer
position.

To further demonstrate that the prescribed wavefronts serve as the
optimal incident field for maximizing reflection within the waveguide, Fig.
3c compares the total fields generated by mode 1 excitation and a point
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aradius of 30 m at 100 Hz. d A scattered field comparison between the two models in
the x = 0 m plane at 100 Hz. The scattered field is excited by an individual mode
(Mode 1). In the proposed model, the field within y = + 50 m is computed by the
proposed two-step FEM scheme, and the field outside this region is solely solved by
normal modes (NMs).
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Fig. 3 | The enhancement of backscattering from a steel spherical shell in the
Pekeris waveguide. a The prescribed incident field for enhancing backscattering
from the steel spherical shell in the waveguide (the real part of the pressure), the
scattered field due to the prescribed incident field (the real part of the pressure), and
the total field when the scatterer is placed at a distance of 500 m (sound pressure
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level). The magnified plots in (a) display the local region from r =950 m to r =
1000 m, and the results are given at 215 Hz. b The corresponding total fields when
the scatterer is placed at distances of 100 m and 1000 m, respectively. ¢ The total
fields resulting from the excitation of Mode 1 and a point source at 215 Hz.

source. Neither excitation achieves maximal reflection, as evidenced by
significant diffraction behind the shell and the formation of a shadow zone
when the prescribed wavefront is applied. For quantitative analysis, the
reflection-to-incidence ratio G, (defined in Eq. (14) in Methods) is utilized.
In this study, G, is evaluated across the FEM/NM coupling interface in the
backscattering direction. The G, values for the mode 1 and point source
excitations are 36.3% and 21.8%, respectively. In contrast, G, rises to 48.2%
under prescribed wavefront excitation, demonstrating that the proposed
method effectively enhances the reflected energy.

Next, we assess the effectiveness of our proposed method in back-
scattering control by demonstrating suppression of the backscattered
field. Figure 4a depicts the prescribed incident fields for backscattering
suppression when the shell is placed at three different distances (100 m,
500 m, and 1000 m). Unlike the backscattering enhancement configura-
tion, a distinct shadow zone forms precisely at the scatterer location,
characterized by minimal interaction between the incident waves and the
shell. This shadow zone is formed by a quasi-Gaussian beam upon
transmission past the shell. Analysis of the scattered field in this figure
reveals that the peak energy density of this beam, observed at its narrowest
cross-section, primarily interacts with the sea surface horizontally while
making minimal contact with the shell. This interaction results in
markedly weaker scattering compared to the case of backscattering
enhancement, enabling maximal sound transmission through the wave-
guide. Again, the method’s efficacy in backscattering control is confirmed

by various scatterer positions, indicating its potential in solving practical
engineering problems.

The scenario of multiple scatterers

In realistic settings, the medium often contains multiple scatterers, which
complicates the prescription of incident wavefronts for backscattering
control. To demonstrate the effectiveness of our method for multiple scat-
terers, we extend the simulations to realistic scenarios involving dual
spherical shells. An incident frequency of 215 Hz is applied.

Dual steel spherical shells are simulated under geometric, material and
environmental parameters identical to those in the single-sphere case. The
larger shell (radius 15 m) is positioned at coordinates (0 m, 490 m, 20 m),
while the smaller shell (radius 10 m) is placed at (0 m, 515 m, 55 m). The
two-step FEM scheme is applied within the computational domain with a
radius of 30 m.

We evaluate our method’s performance for backscattering control in
multi-scatterer configurations by demonstrating both enhancement and
suppression of the backscattered field from dual spherical shells. Figure 5
presents the corresponding results for the two-shell configuration. Under
enhancement conditions, the prescribed wavefront focuses energy onto the
larger shell while avoiding the smaller one. The focusing behavior results in
minimal sound transmission through the waveguide and a pronounced
shadow zone beyond 600 m. Conversely, the prescribed wavefronts for
suppressing backscattering propagate through the path between the
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Fig. 4 | The suppression of backscattering from a steel spherical shell in the
Pekeris waveguide. a The total fields induced by the prescribed incident fields for
suppressing backscattering from the steel spherical shell at 215 Hz, with the scatterer
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Fig. 5 | The backscattering manipulation of double spherical shells in the Pekeris waveguide. Enhancement (a) and suppression (b) of the backscattering from two steel

spherical shells at 215 Hz.

scatterers, forming a converging Gaussian-like beam. This incident field
minimizes interaction with the shells, enabling near-total transmission
through the waveguide. These results validate the method’s adaptability to
complex scenarios involving multiple scatterers.

The scenario of a geometrically complex scatterer

We then analyze a geometrically complex scatterer: a Benchmark-I sub-
marine model (length: 60 m) with the meshing scheme shown in Fig. 6a. A
rigid boundary condition is applied to the submarine surface, and the
environmental parameters match those in the single-sphere case. The
submarine is positioned at coordinates (0 m, 500 m, 35m). An incident
frequency of 215 Hz is applied. The radius of the computational domain for
the two-step FEM is 50 m.

Again, we demonstrate both enhancement and suppression of the
backscattered field from the submarine model to highlight the versatility of
our method for more complex scatterers. Figure 6b shows the backscattering
enhancement and suppression for an incident wavefront aligned parallel to
the submarine’s bow. Despite the subwavelength scattering cross-section, a
discernible focusing pattern forms at the bow under enhancement condi-
tions. Conversely, suppression-directed wavefronts achieve near-total
transmission through the waveguide by minimizing interaction with the
scatterer. Figure 6¢ presents analogous results for a wavefront aligned per-
pendicular to the submarine’s bow. In this case, the enlarged scattering
cross-section intensifies the backscattering enhancement compared to Fig.
6b. These findings demonstrate the method’s adaptability to realistic sce-
narios involving geometrically complex scatterers.
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for different scatterer positions; (b) the modal shape functions of the dominant

mode group (modes 3-7); (c-e) the phase distribution of the dominant mode group
for scatterer positions at 100 m, 500 m, and 1000 m.

Mechanism of incident field optimization

We now elucidate the mechanism underlying incident field optimization by
analyzing backscattering suppression from the single steel spherical shell
based on the result presented in Fig. 4a.

Typically, the prescribed incident wavefront depends on the scatterer
position. Figure 4a reveals distinct prescribed incident wavefronts for dif-
ferent scatterer positions, despite similar beam patterns near the scatterer. A
more direct illustration of the dependence of the prescribed incident
wavefront on scatterer position is provided in Fig. 4b, which shows the
incident wavefront profiles as a function of depth for three scatterer posi-
tions. Note that the incident wavefronts for 500 m and 1000 m share
similarities in amplitude and phase. More interestingly, the modal ampli-
tudes of these incident wavefronts are almost the same, as shown in Fig. 7a.
The dominant mode group (modes 3-7) retains consistent amplitude
weighting regardless of scatterer position. However, the modal phases vary
spatially, enabling a Gaussian-like beam to bypass the scatterer. To illustrate
this further, Fig. 7c—e shows the phase distribution obtained through
coherent summation of the grouped modes for three different scatterer
positions. Notably, the phases of the modes interfere constructively above
the shell but destructively at depths below 50m. This constructive

interference originates from the resonance of the first peaks in the mode
shapes, as shown in Fig. 7b. The consistent interference pattern observed
near the scatterer indicates that the system eigenfunctions remain
unchanged under identical ocean environmental conditions. Translating
the scattering region horizontally, while preserving its geometry and
material composition, does not alter the dominant mode group responsible
for reconstructing prescribed wavefronts and their corresponding modal
amplitudes. However, the relative phases of these modes shift with the
scattering region’s horizontal position, resulting in a consistent wave pattern
reconstruction deflecting around the scatterer.

Functioning as a modal filter, the scatterer serves as a secondary source
that selectively excites specific propagating modes. This phenomenon eluci-
dates the mechanism of mode coupling resulting from the non-uniform
waveguide. Figure 8 presents a magnified view of the prescribed incident field
(for scattering suppression) near the scatterer positioned at 500 m from the
source, revealing a focused energy density profile that circumvents the
spherical obstacle. This spatial alignment corresponds to the modal excitation
characteristics of the incident field, determined by the grazing angles of modal
plane waves. Prior research demonstrates that coupling of the source direc-
tionality with the waveguide field causes the former to function as a weighting
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Fig. 8 | Wave pattern of the prescribed incident wavefronts near the scatterer. A
magnified view of the optimal incident field bypassing the single spherical shell at
500 m, with modal excitation (source directionality) annotated as a function of
modal plane-wave grazing angles.

Table 2 | Modal eigenvalues and grazing angles

Mode order 3 4 5 6 7
0.8913 0.8839 0.8743 0.8624 0.8481
8.25 11.04 13.87 16.73 19.65

Eigenvalue

Grazing angle (°)

factor for modal excitation®. Here, we quantify the modal excitation (i.e., the
incident field’s directionality) through its dependence on the grazing angles of
modal plane waves, which is shown as a solid white line in Fig. 8.

Moreover, Table 2 summarizes the eigenvalues and grazing angles for
modes 3-7, which correlate with the principal lobes in Fig. 8. The agreement
between the incident-field patterns and modal excitation contours confirms
that the prescribed incident wavefronts arise from the constructive modal
interference localized at the scatterer’s position.

Broadband backscattering manipulation
To demonstrate the broadband backscattering manipulation achieved via
the proposed method, we simulate backscattering suppression and
enhancement using a single steel spherical shell across a dimensionless
frequency range ka (where a represents the scatterer’s characteristic geo-
metric dimension) from 4 to 25. Identical parameters to those in the single-
sphere case are employed, including the scatterer and environmental con-
figurations. The scatterer is positioned at coordinates (0 m, 500 m, 35 m).
We assess the broadband performance of the proposed method by
computing G, over a range of frequencies. Figure 9 illustrates G, as a function
of ka for suppression and enhancement scenarios. When the backscattering
enhancement is implemented, G, remains stable at approximately 50% across
frequencies. In contrast, G, generally increases under suppression conditions
as the frequency decreases, marginally surpassing 1% at ka = 4. This may be
caused by the beam broadening in the Gaussian-like path, which is intended
to avoid the wave-scatterer interaction, becoming more pronounced with
increasing wavelength. Conversely, the focusing for backscattering
enhancement is less sensitive to wavelength variations within the dimen-
sionless frequency range simulated. Despite this, Fig. 9 conclusively
demonstrates that broadband backscattering manipulation can be achieved
in ocean waveguides using the proposed methodology.

Influence of scatterer and environmental parameters
Finally, we examine the effects of parameters, including the scatterer’s
material and radius and seabed properties, on backscattering manipulation

G_in %

—@®—-Enhancement

— Suppression

T T T T T T T T

5 10 15 20 25
ka

Fig. 9 | Broadband performance of the backscattering manipulation methodol-
ogy. G, as a function of the dimensionless frequency ka for backscattering
enhancement (green dotted line) and suppression (red solid line) in the single-
sphere case.

Table 3 | G, for different scatter materials

Material Enhancement Suppression
Steel 482 % 0.0022%
Aluminum 47.9 % 0.0028%
Titanium 478 % 0.0026%

Table 4 | G, for different scatterer radii

Radius Enhancement Suppression
15m 33.1 % 2.78e-05%
10m 209 % 6.29e-06%
5m 43 % 2.15e-07%

for a spherical shell within the waveguide configuration detailed in Table 1.
G, quantifies the scattering enhancement or suppression across the FEM/
NM coupling interface. Greater values of G, are associated with stronger
backscattering enhancement but weaker backscattering suppression, and
vice versa. The scatterer is placed at (0 m, 500 m, 35 m). An incident fre-
quency of 215 Hz is applied.

First, Table 3 compares G, values for different scatterer materials under
fixed geometric parameters (spherical shell with a radius of 20 m and a wall
thickness of 0.1 m). The results indicate that backscattering enhancement
yields a G, at least four orders of magnitude greater than those for sup-
pression, validating the method’s effectiveness for controlling back-
scattering from objects in shallow water. Notably, G, is insensitive to
material properties, likely due to the source frequency operating below the
shell’s resonance frequency.

Next, Table 4 compares G, values for different scatterer radii (ranging
from 15 m to 5 m) under fixed material properties (steel spherical shell with
a wall thickness of 0.1 m). The results indicate that larger geometric scales of
scatterers are associated with significant backscattering enhancement but
weak suppression. Notably, G, plummets to only 4.34% when the radius
decreases to 5 m, a scale comparable to the incident wavelength (approxi-
mately 7 m). At this threshold, diffraction effects dominate over scattering,
overshadowing the backscattering and significantly reducing G, despite the
implemented enhancement.

Finally, Table 5 compares G, values for the same default scatterer (steel
spherical shell with a radius of 20 m and a wall thickness of 0.1 m) located in
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Table 5 | G, for the same waveguide with different
seabed types

Seabed Enhancement Suppression
Sand 48% 0.0025%
Basalt 48.1% 0.001%

waveguides with distinct seabed properties. Here, two additional seabeds are
considered to evaluate how seabed hardness (linked to acoustic impedance)
influences backscattering control: sand and basalt with sound speeds of
1700 m/s and 3500 m/s and densities of 1500 kg/m’ and 2700 kg/m’,
respectively. Notably, stronger reflection is associated with a harder seafloor.
The results demonstrate that seabed properties exert a negligible impact on
G,, with the values remaining consistent across configurations. This con-
firms the robustness of the proposed method in diverse ocean environ-
ments, supporting its applicability to practical underwater target detection
scenarios.

Discussion

This study presents a theoretical analysis of backscattering manipulation for
objects in shallow-water waveguides, potentially offering insights into a new
paradigm for underwater acoustic detection and communication. The
results indicate that broadband scattering manipulation in shallow-water
waveguides can be achieved using the proposed method, with the reflection-
to-incidence ratio increasing to nearly 50% under enhancement conditions
or reducing to 2% when the suppression is implemented. The proposed
mechanism hinges on reconstructing prescribed incident patterns near the
scattering region through interference between specific modes. Under
constant environmental conditions, the system’s eigenfunctions remain the
same; horizontal translation of the scatterer preserves the dominant mode
group and modal amplitudes but induces phase shifts of these modes that
reconfigure the same incident wave pattern near the scattering region.
Parametric analyses reveal that the scatterer radius critically influences
backscattering: larger radii amplify the backscattering strength, while
smaller radii promote sound transmission through the waveguide. This
work establishes a foundation for advanced active sonar strategies in shallow
water, enabling the selective amplification of the backward or forward
scattered field via prescribed wavefronts.

A critical question is how this approach can be applied in practice. To
address this, more general underwater environments, featuring sound speed
profiles (SSPs) and range-dependent topographies, must be considered. For
water columns with depth-dependent SSPs, the proposed method can be
extended directly, although a detailed analysis is beyond the scope of this
study. The optimal incident wavefront remains valid for enhancing or
suppressing the object’s backscattering. However, when range-dependent
SSPs are involved, the optimal incident wavefront derived from the SVD of
R may not maximize backscattering from the object, but rather from the
environment, because the environment, being typically much larger in scale
than the object, may dominate the backscattered signal. Similarly, in the
presence of range-dependent topographies, the dominant right singular
vector of R may correspond to strong scattering from the seabed rather than
the object. Nonetheless, an optimal incident wavefront for maximizing the
object’s backscattering still exists. It may be obtained by analyzing the first
few largest singular values of R. This remains an open problem and is the
subject of our future research.

There are two potential ways of implementing the proposed method in
practical applications. The first approach involves numerically evaluating all
possible scenarios by varying the object’s position within a fixed underwater
environment (with known parameters). This requires substantial computa-
tional resources, as it necessitates repeated calculations of the matrices R or T
for each possible scenario. After that, a set of candidate incident wavefronts
can be tested to determine the one that yields the maximum backscattering or
transmission. Another way involves blind estimation of R or T through in situ
measurements. Although more challenging, the measurement approach

offers practical advantages. Obtaining R or T would require multiple mea-
surements using blind estimation techniques™ or inverse filtering™*, which
remains an open research problem and will be a focus of our future work. In
either way, acoustic emission relies on a phased array that spans the water
column from the surface to the seabed. Such a requirement represents a major
limitation of the proposed method. However, this limitation, the need for
large apertures, may be mitigated in the future through array optimization or
the use of state-of-the-art metamaterials exhibiting negative acoustic prop-
erties. For instance, underwater leaky wave antennas could serve as a pro-
mising alternative”. These antennas are capable of producing acoustic
radiation over a wide angular range (from —90° to 90°) and can be fabricated
at significantly lower cost compared to conventional phased arrays by opti-
mizing each individual element. Future efforts will focus on experimental
reconstruction of modal-domain matrices using in situ measurements to
detect scatterers at unknown locations.

Methods

Underwater sound propagation and the Sturm-Liouville
eigenproblem

The wave propagation in the acoustic domain Q, is governed by the
Helmbholtz equation’

1 w?
VI=-Vp | +—»p= 1
<p P) pczp 0 @

where p is the density, and ¢ is the sound speed. Consider a two-layer fluid
waveguide. The boundary conditions for the waveguide system are defined
as

p(z)|z:0 = 07
p(z)|z=h7 = p(z)|z=h+7 (2)
1 9p@@) — 1 9@

pz) 9z |Z=h7 ~ plz) oz

|z=}fr 5

ensuring a pressure-release condition at the sea surface (z = 0) and
continuity of the pressure and normal particle velocity across the water-
seabed interface (z = h). To properly mimic a semi-infinite seabed, we
introduce a PML extending from z = D to H with a thickness of d = H — D.
The pressure field is expressed via modal decomposition

P, =) a,9,), 3)

where ¢ represents the NM, the subscript n indicates the mode order, and a
is the modal coefficient. The modes span the space onto which the pressure p
is projected. Modal orthogonality is satisfied

R |
/0 @gbn(z)(pm(z)dz =6, (4)

Theoretically, the integral in the above equation should be evaluated
from z =0 to z= co. However, the mode shape ¢,,(z) decays with depth below
the water—seabed interface; higher modes exhibit shallower depths at which
the amplitude of ¢,,(z) vanishes. Therefore, modal orthogonality remains
valid for a finite depth D, defined as the depth where the lowest mode’s
amplitude approaches zero. In this study, we propose redefining modal
orthogonality within a finite domain [0, D] by carefully choosing the
maximal depth z = D through a convergence test.

The ¢,,(z) can be obtained by solving the Sturm-Liouville problem®

— k%, )

subject to the boundary condition described by Eq. (2), but with ¢,(z)
replacing p(z). Here, k, is the eigenvalue.
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Such an eigen problem can be effectively solved using several estab-
lished NM algorithms, including ORCA™, rimLG”, CAMBALA®, Cheby-
shev spectral methods™, and the widely used KRAKEN software™. These
approaches typically employ either finite-difference or spectral discretiza-
tion techniques to solve the eigen equation described in Eq. (5), yielding both
the eigenvalues and corresponding mode shape functions. A more detailed
discussion of these models can be found in’'.

In this study, the eigen problem is solved using a modal projection
method™**, which is also known as the Fourier-Galerkin spectral method.
A key advantage of this approach is its treatment of the continuous spectrum
via high-order evanescent modes. Such a method with an appropriate
treament of the continuous spectrum is critical for near-field analyses to
which such modes contribute significantly. This key aspect enables the
incorporation of the NM with the FEM, the computational domain of the
latter is typically of the scale of several acoustic wavelength. The method’s
implementation details are omitted here for brevity (see® for further
discussion).

Maximizing reflection and transmission in non-uniform
waveguides

The governing equations above describe underwater sound propagation
with range independency, indicating an absence of acoustic energy reflec-
tion within the system. Such waveguides are commonly referred to as
uniform waveguides. Introducing a scatterer into this uniform environment
induces backscattering phenomena. The region containing the scatterer
then becomes non-uniform, leading to increased reflection and reduced
transmission of sound waves.

In this study, the quantity used to characterize reflection and trans-
mission in the waveguide is the squared pressure amplitude, I = p*, which
represents the acoustic potential energy’. Although this quantity is not the
acoustic intensity, which represents the energy flux through a unit area per
unit time, the subsequent derivation can be readily extended to acoustic
intensity as well. We define the input I;, to a waveguide as

D
1
Iin_ N inz Zdz_ frf in’ (6)
/0 o) 1P (2)] Pi AP

where p;,, denotes the pressure distribution from z = 0 to z = D at the
waveguide entrance, and A represents the diagonal density matrix with
elements 1/p(2). Note that although the integral in Eq. (6) theoretically
requires sufficiently dense sampling of the water column to ensure modal
orthogonality, it is not actually evaluated in practice when implementing
reflection and transmission maximization. Instead, it is presented here to
facilitate the subsequent derivation which further illustrates how reflection
and transmission can be controlled through operations on R and T.
The corresponding output I, is expressed as

D
1
I()ut - /0 Piz) |Pout(z)|2dz = Pi{utApout’ (7)

where p,, represents the pressure distribution at the waveguide terminus.
Through the modal decomposition defined in Eq. (3), the input and
output pressures become

(OF}

mn? 8
®Ta,, ®

Pin =
Pouw =
where T is the transmission matrix mapping incident modal coefficients a;,,

to output modal coefficients a,,;, and matrix ® contains the NMs.
The transmission-to-incidence ratio is given by:

G, ::3%E£ - Eﬁ%gf%!&ng. ©)
in PinAPin

Substituting Eq. (8) into Eq. (9) yields

all T ADTa,,
a, @ Ada,
Applying modal orthogonality (defined in a finite space from z=0to z
= D where the lowest mode’s amplitude goes to zero) simplifies this to

HH
G — a, T Ta,
t H
ainain

(11)

Maximizing acoustic transmission through the waveguide then cor-
responds to optimizing G,, formulated as a Rayleigh quotient maximization

argmax G, = arg max o(THT) = max(af), (12)
ay, a,

where o; are the singular values of T from its singular value decomposition:

T=U,S,VH, (13)
with S, containing singular values ¢, in descending order, and U,, V, being
unitary matrices of left and right singular vectors, respectively.

The optimal solution corresponds to the principal singular value 07,
with its associated right singular vector V,; (first column of V,) providing
the optimal modal coefficients for maximal sound transmission through the
waveguide. This analysis demonstrates that strategic optimization of the
incident wavefront prescription, guided by the principal singular vector of T,
suppresses backscattering in the waveguide.

To maximize acoustic reflection in waveguides, we define a reflection
matrix R that maps incident modal coefficients a;, to backscattering modal
coefficients a,. Following Eq. (12), the reflection optimization problem is
formulated as

argmax G, = argmax o(R"R) = max(af)7
a, Q,

in in

(14)

where G, represents the reflection-to-incidence ratio, analogous to Eq. (11)
with R replacing T. Here, 0, denotes the singular values of R, and the optimal
solution corresponds to the principal right singular vector V,; associated
with o, .

This formulation demonstrates backscattering control through inci-
dent wavefront prescription. We implement this theory by integrating the
FEM with the NM method to compute R and T for shallow-sea waveguides
containing arbitrary scatterers.

Two-step FEM scheme

When a scatterer is positioned in a shallow-water waveguide, the incident
field inducing scattering typically exhibits non-planar wave characteristics,
complicating scattered field modeling. To overcome this challenge, we
propose a two-step FEM scheme whose computational results enable modal
filtering for constructing R and T.

As shown in Fig. 1a, the acoustic scattering problem involves an elastic
structure submerged in a waveguide, modeled using FEs. The structural
domain Q) and the acoustic domain Q) are coupled at the interface I';_,. The
total scattered field p is decomposed into two components: geometric
scattering p, which is equivalent to the scattering from the same structure
but with a rigid surface, and elastic scattering p,, which can be considered the
radiation excited by the incident pressure p;,. and the geometric scattered
pressure p,. In this study, a two-step FEM scheme is proposed to solve pyo:

* Step 1: Solve p, using a pressure acoustics model (rigid boundary
assumption).

 Step 2: Compute p, via a coupled acoustic-solid interaction model,
where the elastic response is driven by pj,. and p,.
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This proposed two-step FEM scheme enables the calculation of scattered
fields generated by non-plane wave excitations, which is critical for coupling
FEM simulations with underwater acoustic propagation models. Figure 1b
schematically illustrates the workflow of this two-step FEM framework.

First, an FE model for acoustic wave propagation is developed. The
computational domain consists of a cylindrical region truncated by a PML,
as illustrated in Fig. 1(a). The cylinder is partitioned at z = h, with the upper
layer representing the water column and the lower layer corresponding to
the seabed layer. The PML is applied to the outer cylindrical and bottom
boundaries to mitigate spurious reflections. The wave propagation in the
acoustic domain Q,, is governed by the Helmholtz equation [Eq. (1)] subject
to the boundary condition given by Eq. (2).

Applying FE discretization to the acoustic wave equation yields the
linear system

[Ka + iju - szu]P = fm (15)
where p denotes the nodal acoustic pressures, and K,,, D,,, and M, represent
the stiffness, damping, and mass matrices for acoustics, respectively, as
derived in®. The source term f,, corresponds to external acoustic excitation.

The normal velocity boundary condition on the rigid surface satisfies

Vg = ~Vincs

(16)

where i, and v, are the normal velocity components induced by the
incident and geometry-scattered fields, respectively. In this work, vi,c is
computed using a NM model®. By prescribing an inward normal velocity —
Vinc ON the interface I';_,, the FE solution provides the surface pressure load
Pg + Pinc O1 I

Next, the pressure load pg + pinc serves as input to the second FE
model, which couples pressure acoustics with solid mechanics modules to
compute the elastic scattering p,. In this coupled framework, the structural
domain ) and acoustic domain (), are governed by the solid mechanics
and pressure acoustics modules, respectively. The computational domain
retains the geometry and boundary conditions (sea surface, water-seabed
interface) defined in the initial acoustic FE model. The structural dynamics
are described by’

A+ wV(V ) + pb + pw?t = 0, (17)

where 1 is the displacement vector, and A, y are Lam coefficients. Dis-
cretization yields the FE system

[K, +jwD, — w*M,]Ju = f, (18)

where K, D,, and M are the stiffness, damping, and mass matrices for the
solid mechanics, respectively, u is the nodal displacement vector, and f; is the
structural force.

Acoustic-structure coupling at I, ,, is enforced via™

fs = _va
v = jwFTu,

fa =P + pg + Pinc:

(19)

where F is the coefficient matrix and v is the normal velocity. The velocity-
to-pressure transfer matrix is defined as
P, = jpwGv. (20)

Substituting Eqs. (15) and (18) into Eq. (19) produces the coupled
system

which in matrix form becomes

(R A R I
0 K, e 0 D, ¢ pGFT M, P

Solving Eq. (22) with pg + pinc applied as a pressure load on I'_ yields
p.- The total scattered field is the superposition of p, and p,.

(22)

P+ Pinc |

Modal filter technique for the constructionof Rand T

After the two-step FEM scheme is established, the near-field scattered data [p,
and p,] is extracted and used to construct R and T. We begin by first iden-
tifying the slice parallel to the incident wavefront, with its central axis identical
to that of the FE model, as shown in Fig. 1a. Next, modal decomposition is
applied to the near-field pressure distributed over a vertical line extending
from z = 0to z = D in either the backscattered or forward-scattered directions

V1 ) /
a, = / —¢,(2)p.(2) + pg(z)]/HO (k, ,r")dz, (23)

0 P(2)

where a,, are modal coefficients, with the subscript » indicating the coeffi-
cient of the nth normal mode. Here, ' indicates the horizontal range where
the acoustic pressure is extracted for modal filtering. Each column of R or T
requires sequential implementations of the two-step FEM with individual
NMs as incident fields. The reflection matrix is defined as

1 2 m n
a, ay . a; . a;
1 2 m n
a, a, . a, . a,
R=1 . | (29
1 2 m N
ay ay .- ay .- ay

where the superscript m indicates excitation by the mth NM, and N is the
total mode number. Reading column by column, this expression implies
that the mth column of R is computed by inputting the mth NM as the
incident field — vj,,, into the FE model to extract p!' and p;” in the
backscattered direction. Then, the nth modal coefficient a]’ excited by the
mth mode can be calculated using Eq. (23). Full assembly of R requires
repetitive computation across all modes. The transmission matrix T
follows an analogous procedure but utilizes forward-scattered pressures.

The computation of the incident field — v, ,, and the implementation
of the modal filter technique for matrices R and T necessitate a NM model.
We employ a modal projection method incorporated with PML to compute
¢, and k,,, which subsequently enable incident field derivation through the
modal summation in Eq. (3).

A critical advantage of this approach lies in its accommodation of
evanescent modes, which enables scattered field computation in the
near-field region. This capability proves essential for integrating FEM
and the NM algorithm, given the spatial constraints imposed by volu-
metric discretization of the computational domain. A more detailed
discussion on determining mode number N for constructing R and T
can be found in the Supplementary information.

The incident field — vy, ., corresponding to the mth mode is expressed
as

“Vineym = <nxvincx7m + nyvincy,m + nzvincz,m) (25)

where (n,, ny, 1) denotes the surface normal vector, and the velocity
components are defined by

Vie.m = = Xk 8, (DH D (k, 1)

2
K, + jwD, — @’MJu+ Fp =0 Vintyn = = ke @Y (K ur) (26)
S s S bl
21 d 2
{pszFTu +[K, + joD, — @*M,]p = p, + Pinc: @y Vine,m = 9D (K, 1)
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withr = /x? + y? representing the horizontal range coordinate. — iy, i
used as the input to the two-step FEM scheme, enabling the construction of
the mth column of R and T.

Scattered field computation
After the construction of R and T, their SVD yields the incident fields
maximizing and minimizing backscattering

Pinc = (I)Vr/t,lH(Z)v (27)
where the diagonal matrix H"*?) is defined as
HOD 01, m) = H k). (28)

The above incident field is then input into the two-step FEM scheme to
compute the scattered field. The scattered fields outside the FE domain are
computed by first performing the modal filtering [Eq. (23)] using the near-
field data distributed over a vertical line extending from z=0to z = Din
either the backscattered or forward-scattered directions. The modal filtering
gives the modal coefficient a, for backward or forward scattering, which
can be used to calculate the far-field scattered fields based on the modal
summation defined by Eq. (3)

_ | ®a,H®
B ®a,H?

(backward)

(forward) (29)

FEM implementation

The FE model is implemented using the commercial COMSOL Multi-
physics software. A spherical scatterer with a radius of 20m and a wall
thickness of 0.1 m is considered initially. The shell is discretized using tri-
angular meshes with a maximum element size of 1/60 the acoustic wave-
length to resolve vibrational dynamics. Coarser meshes (1/6 the acoustic
wavelength) are applied to the water and seabed domains. The computa-
tional domain is bounded by PMLs configured with a 10-layer mapping
mesh. This meshing strategy ensures numerical convergence, as validated in
prior studies™. The shell material is modeled as structural steel (a Young’s
modulus of 2.09 x 10"’ Pa, a Poisson’s ratio of 0.269, and a density of
7890 kg/m’), enclosing a vacuum interior. The structural response and
scattered pressure fields are solved using the solid mechanics and pressure
acoustics physics interfaces, respectively, with acoustic-solid coupling
implemented at the shell-water interface”.

Data availability
All data and codes for reproducing the results presented in this paper are
available upon reasonable request.
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