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including scattering, reflection, diffraction, and doppler effects,
is a challenging task in acoustic underwater applications, such
as communication and object localization [1], [2], [3], [4].
Acoustic pulse-echo systems, such as subbottom profilers, are
used to detect objects in sediment [5], [6]. However, pulseecho systems require a minimum distance of at least one pulse
length between different reflectors to detect them with the time
of flight (TOF) measurements. Therefore, wideband pulses are
used in such systems because they are very short in the time
domain. The TOF is evaluated by the envelope of the received
signal [7], [8], [9], [10].
As ultrasonic waves propagate with different attenuation,
velocities, and frequencies on each multipath [1], [11], [12], this
work presents spectral signal processing for pulse-echo systems
for improved detection and localization of objects buried in
sediment. Based on our ultrasonic underwater propagation
model, we present the extension of the model with a sediment
layer [13]. Our model considers reflections and diffraction
components and calculates the received signal for known
geometries and arrangements. The original model is based on
the multipath propagation model, with knife-edge diffraction
calculated via Fresnel integrals, for device-free localization with
electromagnetic ultrawideband pulses [14], [15]. For detection
and localization, we perform a fingerprinting procedure based
on the nearest neighbor algorithm [16]. To the best of our
knowledge, diffraction effects are not yet utilized in a spectral
approach to improve localization of objects although they
were identified as a source of disturbances in underwater
communication and localization tasks [17], [7], [18], [5].
The components for automated measurement and signal
processing are set up as a distributed system. The distributed
measurement system and our automated precision 3D positioning system were presented at the Oceans Conference 2021 San Diego, Porto [19], [20].
The contributions of the paper are:
• We present our extended spectral underwater ultrasonic
propagation model.
• We show the model-based detection and localization of
a known buried object geometry by applying the nearest
neighbor algorithm.
• We evaluate our advanced spectral object detection approaches with measurements performed in a laboratory
aquarium with an object buried in varying depths.

Abstract—Acoustic object detection in underwater applications,
such as the detection of unexploded ordnances (UXO), is challenging, especially at shallow burial depths or in the presence
of other reflections. Therefore, acoustic detection is performed
with very short temporal and spectrally very broadband pulses.
The received signal strength is measured and displayed over
time (time of flight). However, this method cannot detect closely
spaced reflections because the pulses overlap in the time domain.
In this work, we present spectral signal processing that allows
the detection and localization of known object geometries in the
presence of interfering reflections. We extend our underwater
ultrasound propagation model in this work to include a sediment
layer. We apply spectral fingerprinting to detect a known object
geometry and localize it in a second step. We evaluate the
performance with measurements in a laboratory experiment with
an object with varying burial depths and on sediment.
Index Terms—acoustic, object detection, spectral, unexploded
ordnances (UXO), underwater, ultrasonic, wideband pulse

I. I NTRODUCTION
Acoustic systems have a wide range of applications in the
underwater sector, e.g., for localization, object detection, or
communication. Ultrasonic transducers and signal processing
hardware are available for these systems in many variants and
allow optimal and cost-efficient development.
Acoustic detection of unexploded ordnance (UXO) buried
in sediment is an unsolved problem, especially at shallow
burial depths. The multipath propagation of ultrasonic waves,
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The paper is structured as follows. First, we describe our
underwater ultrasonic propagation model and the extension
with a sediment layer for fingerprint-based object detection
and localization. We then describe our spectral model-based
method for visualizing and highlighting a searched object.
We subsequently describe the setup used for the evaluation
measurements and explain how the experiments were conducted.
Finally, we present the results of the measurements performed
for evaluation and summarize the results.

to the distance to the sediment and that the LOS component
does not overlap in time with the multipath components of the
buried object and the water-sediment transition. We accounted
for this accordingly in our modeling and measurements in the
laboratory.
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We apply and extend our model to calculate the spectral
received signal of a transmitted ultrasonic pulse in the presence
of an object [13]. We have already validated this model for
multipath propagation in free water. In the following, we present
the geometry of the model used and the extensions necessary
to model the objects buried in the sediment.
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Figure 2. Geometry of the adapted spectral ultrasonic multipath propagation
model for buried objects.
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Figure 2 shows the adapted spectral ultrasonic multipath
propagation model for buried objects. To ensure that the LOS
propagation component does not interfere with the others, the
condition
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Figure 1. Geometry of the spectral ultrasonic multipath propagation model
[13] (©2021 IEEE).

d1 + d2 < 2 · r3 − Tpulse · c

(1)

must be satisfied, where the propagation velocity c, the pulse
In the original model, an object with a circular cross-section
duration
Tpulse and the distance to the sediment ds must be
was placed perpendicular to the line-of-sight (LOS) connection
known.
With
the condition in Equation 1, the geometry can
between an ultrasonic transmitter and receiver (see Figure 1).
be
transformed
according to the Figure 2. Propagation along
The omnidirectional ultrasonic wave emitted by the transmitter
the
LOS
via
d
and d2 arrives independently in time from
1
is transmitted at the receiver in a direct path (LOS connection).
the
multipath
components
of the sediment-water transition
In addition, the emitted wave is diffracted at the object, and in
via
2
·
r
and
diffraction
from
the object via r1 and r2 . In
3
the receiver, this signal is also received. Since the propagation
contrast,
the
multipath
components
of the sediment-water
path of the diffraction component around the object is larger
transition
and
diffraction
at
the
object
are assumed to overlap
than the direct line-of-sight connection, the received signals
in
time.
Geometrically,
we
model
the
propagation paths by
of the two path components arrive phase-shifted. By applying
mirroring
the
transmitter
at
the
water-sediment
edge as a virtual
broadband ultrasonic pulses, we have already shown with our
source
(dashed)
and
place
a
virtual
object
(dashed)
so that the
spectral multipath propagation model that object position in
propagation
path
corresponds
to
the
original
r
+
r
. From the
1
2
open water is precisely determined with fingerprinting [13].
given
quantities
d
,
d
,
d
,
d
,
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r
,
r2 , r3 , α,
1
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s
LOS
1
The spectrum of pulses overlapping in the time domain is
d
,
d
and
d
are
determined
using
Equation
2
8 via the
LOS
1
2
applied for position determination with the presented method.
Pythogorean
theorem,
the
sine
theorem
and
cosine
theorem.
Our model is not applicable for non-overlapping pulses in
q
the time domain, whereas time-of-flight methods are already
r1 = d21 + d2LOS
(2)
applied successfully for this application. In this paper, we
q
present the application of our method in addition to time-ofr2 = d22 + d2LOS
(3)
flight representations to highlight overlapping pulses of an
r
object and the sediment-water transition.
(d1 + d2 )2
As mentioned above, a temporal overlap of the received
r3 =
+ d2s
(4)
4
multipath components is necessary to form the spectral patterns.
In real exploration scenarios, we assume that the distance
r2 + (2 · r3 )2 − r22
α = arccos 1
(5)
between ultrasound transmitter and receiver is small compared
2 · r1 · (2 · r3 )
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dLOS = r1 · sin α
q
2
d1 = r12 − dLOS
q
2
d2 = r22 − dLOS

bz = 2 cm. Figure 4(b) shows an exemplary window (yellow
colored) for the depicted envelope. This window is moved in
dy = 0.1 cm and dz = 0.4 cm through a region of interest
(ROI) of the measurement and the spectrum (two-dimensional)
is calculated for each window.

(6)
(7)
(8)

With the parameters dLOS , d1 and d2 we calculate the
received spectrum for the sediment-water component and
diffraction at the object with our model. To account for the
180 phase shift that occurs at the reflection on the watersediment transition, we introduced a factor of −1 to the model’s
Fresnel components. The modeled spectral received signal for
for a buried object with d1 + d2 = 14 cm, ds = 17 cm and
dLOS = 20 cm, for the transmitter and receiver moved across
the buried object (from left to right in Figure 2, indicated by
the arrows) is shown in Figure 3.
(a) Measured envelope.

(b) Measured envelope with window.

Figure 4. Time domain representaion of the measurement of buried object.

The calculated spectrum for the window shown in Figure 4(b)
is shown in Figure 5. For each spectrum of the windows
of the measurement, the similarity ∆ to the corresponding
modeled spectrum is determined by the integral of the punctual
multiplication between the spectra according to Equation 9.
By calculating with Equation 9 the qualitative similarity of the
spectra, which cannot be evaluated visually, is calculated.
Z Z
∆ywin ,zwin =

YModel (f, y) · YMeasurement (f, y) df dy

(9)

Figure 3. Modeled spectrum of a buried object, by moving the sensors across
in y direction.

The spectrum model provides results for a range of dLOS that
highlight the object position in the time-of-flight representation
in the measured data, as described in Section III.
III. S PECTRAL M ODEL BASED H IGHLIGHTING
With the model presented in Section II, we calculate the
spectrum for a received ultrasonic pulse where the propagation
component of the water-sediment transition and the diffraction
component at a buried object overlap. Assuming that the
distance ds of our measurement system to the water-sediment
transition is known, we calculate the spectra (as exemplified in
Figure 3 for a dLOS ) for a range of dLOS . From this, we obtain
a spectral fingerprint for each of the object’s varying burial
depths. These calculated fingerprints are compared with the
data measured in the laboratory experiment via the calculation
of the correlation with a shift of zero [21]. In Figure 4(a) the
envelope of the received signal for measurement with the buried
object is shown. In the region of reflection at the water-sediment
transition at z = 20 cm, we calculate the measured spectra
below for two-dimensional windows of size by = 2 cm and

Figure 5. Measured spectrum of a buried object for an exemplary window.

In the following step, the calculated similarity is multiplied
by the value of the envelope in the time domain in the respective
window center with Equation 10.
yHighlited (y, z) = yMeasurement (y, z) · (B · ∆y,z )A
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Here, the factors A and B are chosen accordingly to adjust
the intensity of the highlighting. In our evaluation in Section IV
the factor A = 2 was chosen, and B was calculated according to
the maximum of ∆ that amplification by the factor of maximum
9 occurs in the highlighting. In Figure 8, the envelope is shown
in the top row and the envelope post-processed with spectral
highlighting is shown in the bottom row.

factor of 10 using a RedPitaya 125-14 [9]. Raw measured
values were transferred from RedPitaya to a PC via the MQTT
protocol, spectrally processed further and the result stored.
V. R ESULTS

Figure 8 shows the envelope (upper row), as well as the
envelope
with highlighting for the ROI in the area of the waterIV. E VALUATION S ETUP
sediment transition at z ≈ 18 − 26 cm are shown (lower row)
Table I lists the measurement parameters.
for each of the six burial positions of the object. In each case, a
To evaluate our model-based fingerprinting for object detec- substantial magnitude is observed from the left edge obliquely
tion and localization, we perform measurements with a hollow to the lower right, which can be assigned to the reflection from
cylindrical object at different burial depths and place it on the one of the sidewalls of the aquarium. This occurs because
sediment (Figure 6 position 1).
the start position was chosen very close to the wall for the
Measurements were performed in a laboratory aquarium most extended possible travel in the aquarium. We also observe
with a size of 60 cm × 80 cm × 60 cm. The transducers are a typical crescent whose peak appears at a horizontal travel
moved around the aquarium in an automated manner using a distance of y ≈ 20 cm. This crescent is caused by the buried
precision 3D positioning system [19]. A RedPitaya generates object or the object placed on the sediment. In the plots in
and acquires the analog signals. It drives the transducers, which the second row, the measured data were spectrally recalculated
can be controlled automatically via the message queue telemetry using the highlighting described in Section III. This attenuates
transport (MQTT) protocol [20]. The measurement setup with parts of the reflection by the aquarium wall and the waterthe two transducers (shown in Position 5) attached to the sediment transition and emphasizes signal components in the
automatic 3D positioning system and the buried cylinder are burial depth. The spectral characteristics caused by the buried
shown in Figure 6 for six different burial depths. The buried object are identified by the post-processing at the vertical
object was equipped with a vertical rod on each side, on which window in the burial depth and there the signal is highlighted.
corresponding markings show the burial depth (see Figure 7). Whereas the signals outside the burial depth are decreased and
During the measurements, the burial depth of the object was the buried object is detectable.
manually changed step by step. Position changes of buried
The vertical burial position of the object is given by the light
objects cannot be automated in our laboratory, so the variation horizontal range in the lower row for each burial position. This
of burial depths between measurements is not uniform (see lighted range is moving down slightly from the left position 1
Figure 8).
to the right position 6 by ≈ 4 cm, corresponding to the burial
In each position, the transducers were moved in steps of depths.
0.1 cm horizontally (y-direction) across the object and a single
For the object in burial position 1, the crescent is strongly
pulse was transmitted and received in each step. The vertical highlighted by the spectral post-processing, and the object
position (in z direction) was static for all the measurements.
can thus be detected and localized. In positions 2 to 6, the
The measurements were performed with TC4013 hydrophone highlighting of the relevant area is shown, but not as strongly
transducers from Teledyne Marine in the given frequency range as before.
[22]. The transducers were driven and digitized via a selfFinally, the measurements were performed without an object
designed PCB ultrasonic audio power amplifier with a gain
in the aquarium. In the first measurement, the edge, which
was created when the object was removed, was not changed
(see Figure 9 a). Afterward, the sediment was smoothed, and a
TABLE I
second measurement was performed (see Figure 9 b).
M ESEAUREMENT PARAMETERS FOR THE EVALUATION .
In the upper Figure 9 the beginnings of the crescent, caused
Parameter Value
Description
by the edge in the sediment, are observed. In the smoothed
b
2.7 cm
Obstacle diameter
d1 + d2
14 cm
LOS distance to transducers
sediment in Figure 9 b these have disappeared. With spectral
ds
17 cm
Perpendicular distance sensors to
post-processing, the beginnings of the crescent in Figure 9 a are
sediment
not further highlighted because the spectral patterns of the edge
dLOS
17 − 22 cm
Perpendicular obstacle distance
y
0 − 36 cm
Moving distance across the obdiffer from those of the object. Compared to the post-processed
ject
images signals inside the ROI are not amplified strongly and
fpulse
90 kHz
Lower frequency bound
the regions outside the ROI appear less attenuated, compared
fhigh
150 kHz
Upper frequency bound
c
1503 m/s
Velocity of sound
to the spectrally post-processed images in Figure 8. This
Tpulse
110 µs
Length of transmitted pulse
shows that the spectral post-processing highlights the expected
L × W 80 cm × 60 cm × Lab. tank Length × Width ×
object. Crescents from different sources are not highlighted
×H
60 cm
Height
A
2
Highlighting factor dynamic
and surrounding parts of the ROI are not strongly attenuated,
B
3/max(∆)
Highlighting factor gain
compared to the presence of an expected object.
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Pos. 1

Pos. 2

Pos. 3

Pos. 4

Pos. 5

Pos. 6

Figure 6. Measurement setup with object in 6 positions.

detected spectrally. Furthermore, it has to be investigated how
different objects can be spectrally distinguished from each other.
Whether an additive superposition of our model consisting of
cylinders is possible for more complex object geometries also
remains to be evaluated in practice. For this purpose, it is
also planned to use algorithms based on machine learning for
pattern detection. Our model-based approach is suitable for the
mass generation of required training data for AI algorithms.
With our spectral highlighting, we presented an additional
method that assists in identifying objects buried in the sediment.
The method is integrable into existing display and evaluation
procedures independently of the transducers used, provided
that the raw time-series data are available.

Figure 7. Test object that was buried.

VI. C ONCLUSION AND F UTURE W ORK
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