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Abstract—In acoustic underwater communication and
sonar applications, obstacles inside and outside the line-
of-sight (LOS) affect signal propagation. Both reflection and
diffraction occur in underwater communication and measure-
ment systems due to these obstacles. To the best of our knowl-
edge, the influence of diffraction and reflection is neither
described nor modeled for finite pulses yet. We propose and
develop a multipath propagation model for spectral diffraction
components and phase information of the received signal
based on knife-edge diffraction together with reflections,
transmission effects, and backscatter. This paper designs
a short range underwater ultrasonic experimental system
composed of an ultrasonic transceiver with wideband pulses
and advanced spectral signhal processing. We evaluate our
proposed model with measurements made in a water tank
with an obstacle moved between the transmitter and receiver.
When the model includes all major propagation components

and effects, it achieves an accuracy for localization of 97%

of the results in the range of twice the obstacle diameter in our test setup.

Index Terms— Multipath, processing of acoustic wave sensor data, propagation model, spectral diffraction model,

ultrasonic sensors, underwater, wideband pulse.

|. INTRODUCTION

ULTIPATH propagation, including scattering, reflec-

tion, and diffraction from objects, and backscattering
from sediment layers have been investigated in ultrasonic
wave propagation [1]-[3]. All these effects are essential for
underwater communication as well as measurement systems.
Doppler effects, which often occur in the surface reflection
in underwater communications [1], [2], [4], are not yet con-
sidered in this work because these effects have no influence
in short propagation distances in open water with static
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transducer positions. Ultrasonic acoustics is part of a funded
research project at the Center of Excellence CoSA at the
Technische Hochschule Liibeck, where we develop a sensor
system for sediment exploration.

For the design of an acoustic sensor, a suitable simulation
model is missing. Finite element simulations such as COM-
SOL are too complex and CPU intensive. Additionally, they
do not help to interpret and processing the measurements.
Therefore, we propose a propagation model for supporting the
design of underwater ultrasonic systems and the interpretation
of measurement data. Our model calculates obstacle geome-
tries’ effects on a pulse-echo ultrasonic system’s received
signal for a specific frequency band.

State-of-the-art pulse-echo object localization systems with
time-of-flight measurements of reflections and backscatter dis-
card spectral and phase information of the received signal [5],
[6]. We will show in this paper that spectral and phase informa-
tion help in the future to systematically design communication
systems and other applications such as underwater sediment
exploration.

In acoustic underwater communication, multipath propaga-
tion is a challenge, as waves propagate with different velocities
and frequencies depending on the attenuation along each

For more information, see https://creativecommons.org/licenses/by/4.0/
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path [1], [7], [8]. Multipath propagation leads to constructive
and destructive interferences, which are distributed over the
frequency band used and influence the acoustic communica-
tion channel [1], [4], [9]. Caused by the low propagation speed
of the waves (*1500m/s), the impact of the Doppler-shift
is higher compared to free-space radio frequency propaga-
tion and challenges underwater communication. For the fixed
transducer setup in this work and measurements in open
water without bottom and surface reflections, modeling of the
Doppler effect was omitted.

Our proposed model enables us to determine the ultrasonic
propagation and evaluate different obstacles such as cables on
the received signal. Inspired by the device-free localization
model in [10], we present an extended analytical model for
underwater ultrasonic wave propagation. The original radio
propagation model provides a multipath fading channel’s com-
plex value based on knife-edge diffraction of obstacles.

This paper transfers the knife-edge diffraction model devel-
oped for radio frequency-based localization to underwater
ultrasonic applications. Also, we extend the model with reflec-
tors [11], transmission through the obstacle in between the
line-of-sight (LOS), wideband pulses, and time finite signals
with phase accurate superposition.

Our proposed model calculates the spectral behavior on
the received signal of a pulse-echo ultrasonic system in the
presence of an obstacle in the XY plane for a static situation.
The definition of multipath components in our model to build
complex propagation channels is shown in Section II. The
combination of diffraction and reflection explains measure-
ment results from other papers [12]-[14]. To the best of our
knowledge, such a combination has not been presented before,
and our results show the importance of diffraction effects in
multipath propagation channels.

Our model combines knife-edge diffraction and reflections
to simulate the ultrasonic underwater multipath propaga-
tion and the effect of different obstacles in the proxim-
ity of the transmission. Furthermore, we summarize related
work regarding ultrasonic sensing and diffraction effects in
non-underwater applications as medical and geophysical imag-
ing and underwater detection and localization applications.

The application of ultrasonic transceivers is common in
medical applications. Image reconstruction algorithms exploit
ultrasonic diffraction to show the object of interest surrounded
by an array of ultrasonic transducers. The Born or Rytov
approximations, which are valid for weakly scattering objects,
are used to linearize the reconstruction equations [15]-[17].
Placing receiver arrays behind the object is not applicable
for underwater applications, such as localizing buried objects
within the sediment or surrounding an underwater communica-
tion multipath channel. In underwater applications, strong dif-
fraction effects on objects have been observed. Simultaneously,
strong backscatter effects from sediments and Doppler-shifts
can be assumed, which precludes using the Born or Rytov
approximation to linearize the system equations [1]-[4].

Devaney transferred the medical imaging to geophysical
imaging methods, considering a modified arrangement of
transmitters and receivers in a borehole, and contributed the
geophysical diffraction tomography with the limitation to

weakly inhomogeneous formations [18]. However, transducer
arrangements within the borehole do not apply to underwater
applications because the sensors are moved at a distance from
the seafloor without touching it. In non-destructive testing,
ultrasonic time-of-flight diffraction is an established method
to detect and visualize cracks inside materials [19], [20]. This
method requires that the transmitter and receiver rotate around
or are behind the object, which is also not applicable for
underwater applications. However, the work demonstrates the
importance of diffraction effects for ultrasonic propagation.

In the following, we will provide information about related
work regarding underwater applications of ultrasonic systems
and diffraction effects. Localization of buried objects with
time-of-flight ultrasonic systems, such as subbottom profilers,
is based on the target object’s backscatter. Beamforming,
i.e., variations of beam angles or transducer arrays, are
employed to increase resolution and minimize these sys-
tems’ signal-to-noise ratio [21]-[23]. Disturbances caused
by backscatter or reverberation of the surrounding environ-
ment (e.g., sediment ripples) limit such systems’ perfor-
mance [14], [21], [23]. For visualization, the systems calculate
the received signal’s envelope, which discards spectral and
phase information.

Capus et al. present a spectral approach for underwater
object detection and characterization. Their method is based
on Lamb wave propagation around a cylindrical object [13],
[14]. The cable curvature, tank wall returns, sediment surface,
and ambient noise explain this method’s limitations to cable
tracking applications [13].

To the best of our knowledge, diffraction effects are listed as
sources of disturbances in other underwater applications [14],
[21], [23], but are not yet investigated and modeled yet.
We develop a multipath propagation model for spectral diffrac-
tion components and phase information and evaluate it with
measurements with a transmitter and receiver and an obstacle.
Our model and the performed measurements show the strength
of the diffraction effects in a short-range setup in free water
without bottom, surface, and tank wall reflections.

The contributions of the paper are: we develop a multipath
propagation model that accounts for spectral diffraction com-
ponents and phase information of the received signal, together
with reflections, transmission effects, and backscatter. Further-
more, we propose adapting the parameters of our analytical
model to apply to our measurement setup. We evaluate our
proposed model with short range measurements made in a
saltwater tank with an obstacle moved outside the transmitter
and receiver’s LOS.

The rest of the paper is structured as follows: We develop
the propagation model in Section II. Section III describes the
measurement setup and the model parameters adapted to the
real scenario. Section IV presents the results and discussion.
Finally, in Section V, we conclude the paper and provide an
outlook for future work.

II. ULTRASONIC MULTIPATH PULSE-ECHO MODEL
In this section, we derive an ultrasonic propagation model
for a static transmitter and receiver setup. Our model includes
three types of propagation paths diffraction, transmission
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red signals: reflected signals.

through an obstacle, and reflections for multipath propagation.
According to the multipath propagation scenario, the multipath
components are instantiated in any number in our model.
For detailed information about the models’ implementation,
we refer to the repository.! The propagation of an ultrasonic
wave in the presence of an obstacle is divided into two cases
when the object appears (a) inside and (b) outside the line-of-
sight (LOS). We consider the physical effects of diffraction,
transmission through the obstacle, and reflection in our model
(see Fig. 1). Knife-edge diffraction occurs at the edges of the
obstacle, both inside and outside the LOS, and is described
in Section II-A. We model the signal that crosses through the
obstacle as LOS transmission component in Section II-B, for
the obstacle in between the LOS. Reflections caused by the
obstacle and other static reflectors are shown in Fig. 1 and
included in the model in Section II-C. The total received signal
is the superposition in the time-domain of the diffraction,
LOS transmission, and reflection components. We present the
signal components’ cutting and the phase’s correction to model
signals of pulse-echo systems with finite behavior in the time
domain. This leads to an accurate superposition of the phase
in Section II-D.

Fig. 2 illustrates the model in a block diagram. The black-
colored blocks in the left line in Fig. 2 model the diffraction
effects as shown in the top line in Fig. 1. The blue blocks
in the middle in Fig. 2 model the transmission through the
obstacle shown in the middle in Fig. 1 and the red blocks at
the right in Fig. 2 model the reflected signal components as
shown in Fig. 1.

A. Diffraction Model
In this section, we derive the diffraction model for ultrasonic
pulse-echo systems. The diffraction model describes how an

1 https://git.mylab.th-luebeck.de/fabian.john/us_multipath_model.git

Signals of the multipath ultrasonic pulse echo model; black signals: knife-edge diffraction; blue signals: transmitted through the obstacle;
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Fig. 2. Block diagram of the ultrasonic pulse-echo model in the time-
domain; black blocks: diffraction components; blue blocks: transmission
through the obstacle in LOS; red blocks: reflection components.

obstacle alters the signal transmitted by 7Tx and measured
by Rx. The knife-edge model has been initially derived for
a radio frequency-based system [11] in 2017. The knife-edge
model describes the influence on the magnitude and phase
of an obstacle, such as a person, on the transmitted radio
waves. For further information on the diffraction model for
a device-free localization system, we refer to [10].

Fig. 3 shows the topology and the parameters. The model
requires the position of the transmitter 7'x, and receiver Rx,
and the diameter b, and position x of the cylindrical obstacle.
Depending on those positions within the XY plane, we cal-
culate the distance d;os from the direct line between the
transmitter 7x and the receiver Rx towards the position of
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adapted from [25]. The original model was introduced in [11].

the obstacle x. d; is the vector projection from 7Tx to x, and
d> is the vector projection from x towards Rx. Equation (1)
calculates the Fresnel-Kirchoff parameter based on those

values [24].
[2-(d1 +d2)
=d _ 1
4 LOS Idid> (1)

where 1 is the wavelength of the transmitted signal. The
wavelength 1 is calculated as 1 = c¢/f, where c is the speed
of the wave within the medium and f is the frequency.

The knife-edge diffraction model determines the effect of
an obstacle on the propagation. An assumption is that the
propagating wave cannot pass the obstacle. The propagation
continues due to emerging Huygens’ sources at the edges of
the obstacle (see Fig. 3).

The complex Fresnel integral F(v) is defined as the ratio
between the electric field £ measured at the receiver and the
free-space electric field Eg [24]. For our underwater ultrasonic
system, we adapt the complex Fresnel integral F(v) as the
ratio between the pressure intensity P measured at the receiver
and the free-space pressure intensity Pp.

P 1 j 1 1
Fo) = 5= [(5 - C<v>) =y (5 - S(v))} @

C(v) is the Fresnel cosine and the S(v) the Fres-
nel sine, respectively. Both values are dependent on the
Fresnel-Kirchhoff parameter v that we calculate with (1) based
on the geometry of the setup.

Fig. 3 shows that the obstacle has a cylindrical shape.
Therefore, we calculate the Fresnel integral Fg,..(—0front)
that describes the pressure intensity from the front of the
obstacle towards —oo and the Fresnel integral Fy, . (0back)
that calculates the pressure intensity from the back of the
obstacle towards 00. vpack is calculated with (1) and dyos pack =
dios + b /2, vfront With dios o = dros — b/2, respectively.

The components F. . (0front) and Fy, . (0back) of the prop-
agation model characterize the diffraction effects, caused by an
obstacle, to a signal for a given frequency. In [10], the complex
Fresnel integrals were calculated for the center frequency of
an ultra-wideband pulse to model the total attenuation of the
signal for a device-free localization application. We describe
the enhancement and application of the free-space diffraction
model for underwater (pulse-echo) multipath propagation in
the rest of this section. For our underwater propagation model,
we derive a wideband pulse from these Fg . (vfront) and
Fpack(0back) components, taking the finite behavior of the

pulse in time-domain into account. Therefore, we transfer the
complex components back into the time-based representation.
We also calculate the signal components for all included
frequencies of the wideband pulse, so that the attenuation
can be evaluated spectrally if needed. For the following steps,
it is important to keep in mind that the components F(v) =
F(dios, f) characterize the attenuation of a received signal
with an obstacle at d) s related to a received signal without
obstacle, at a dedicated frequency f.

Considering real pulse-echo systems, we estimate a pulse
in a given frequency range f = [ fiow; fhighl- In the time-
domain, the attenuation F (¢, dios) of this frequency range is
the superposition of the component in this range:

Jhigh

F(t,dios) = / |E(f, dios)| - sin (27rft + arctan

Fiow
Im(F(f, dios))
LTSI g
X(RG(E(f,dLos)))) 5o

The components Ffont(t, dios) and  Fpack(f, dios) are
calculated with (2) and (3). Further processing of these compo-
nents, as pulse-forming and the phase accurate superposition
with other multipath components, account for the time finite
properties of the pulse and different arrival times for each
path. As shown in Fig. 2, pulse-forming and phase accurate
superposition is performed for all multipath components and
is described in Section II-D.

B. LOS Transmission Model

To model the obstacle’s transmission characteristics,
we divide the model into two cases: (a) the obstacle is inside
and (b) the obstacle is outside of the LOS. For the obstacle
inside the LOS, the received pressure intensity depends on
the obstacle section that the LOS crosses. The crossed section
dobstacle(dLos) of a circular shaped obstacle in the position d s
is calculated with

dobstacle(dios) = 2 - COS(%”)~ 4)

For the obstacle located at d; s = 0, we define the transmis-
sion factor Fios(t,0) = Fo,10s- Then the transmission factor
for the obstacle inside the LOS depends on dgpstacte (dLos) and
Fo,L0s in (5).

For the obstacle outside the LOS, the signal paths that are
obstructed by the object will not reach the receiver (refer
Fig. 1, right part in LOS transmission). We calculate the
transmission factor for all obstacle positions with

dLOS

b/2
0, |dios| > 3

Corresponding to the diffraction model, the transmission

factor Fios(dLos) is the received signal relative to the measured

pressure intensity without the obstacle. To account for all

the frequencies within the bandwidth of the wideband pulse,

Fo,10s '005(71' ), ldios| <

S| S

Fios (dLOS) = (5)
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we calculate the signal in the time-domain with
Shigh
Fros(t, dios) = / Fros(dios) - sinQz f1) df. (6)
fiow
Modeling the pulse-echo system’s finite behavior in the

time-domain is described in Section II-D. In the next section,
we describe the modeling of reflected signal components.

C. Reflection Model

Objects, seafloor, and surface reflect ultrasonic waves in
underwater applications. Each reflection path adds a multi-
path signal component with a path-dependent attenuation and
propagation delay at the receiver [1], [2], [4]. In this section,
we present an extended reflection model based on N reflectors.
We define a reflector i as an acoustic reflecting object in
a static or moving position to the transmitter-receiver pair.
A typical static reflector is the mechanical mounting of the
transducers, and a typical moving reflector is an obstacle in
the proximity of the transmission channel.

Modeling a received pulse from a reflector i follows the
approach described in Section II-A. We assume a wideband
pulse with a given frequency range f = [ fiow; fhigh] that is
described by the path depended attenuation R; and phase angle
¢re = 7 [rad]. We calculate the reflected pulse component in
the time-domain with

Shigh
Fren,i(t) = / R; - sinr ft + m) df. 7
.flOW

The path-dependent propagation delay for each multipath
component is considered with a phase accurate superposition.
In the following section, we superimpose the effects of dif-

fraction, LOS transmission, reflection, and the finite behavior
of the ultrasonic pulse-echo system in the time domain.

D. Pulse Forming and Phase Accurate Superposition

The signal components Ffront, Fbacks Fros, and Freq,; of
the previous sections, have an infinite behavior in the time-
domain. To adapt these components to a pulse-echo system’s
finite behavior in the time domain, we cut the signal compo-
nents to the desired pulse length. We apply a window function
with smoothing behavior to avoid artificial high frequencies
caused by cutting in the time domain. The Hanning window
function Wy, (#) provides a smoothing behavior [26] and is
used in our model to cut the infinite signal components (8).
We apply the length Tpyse of the desired pulse-echo system
as the Hanning window function’s length.

FIL(t) = win(t) - F (1) (8)

In the following, we account for different propagation paths
dpath With individual lengths to achieve an accurate phase
of the signal components. The delay zpam, when the signal
component arrives at the receiver, depends on the length of
the propagation path dpan and the velocity of the ultrasonic
wave ¢ in
dpatn

©)

Tpath =

2 @ Obstacle

1) ]

1 <

7 ® .

é‘ Rx Tx
£ | )
£ E- - £ g
N B8
- ‘E

2 = E =

Z

a

=

é Rx Tx

(a) Front view.

(b) Schematic top and front view.

Fig. 4. Measurement setup.

Finally, we calculate the attenuation Fio(f, dios) by
the superposition of the time finite signal components
Fa(t. dios). Fosy (¢, dios). Fios(t, dios). and Fi (1), with
respect to the individual time-shift 7p,n of each multipath
component. The modeling of complex multipath propagation
is achieved in the model by an arbitrary configurable number
of refection components with path individual attenuation and
delay. We superpose the signals with accurate phase in (10).

Fiotal(t, dios)

= Ffr{)Lm(t — Tfront» dLos) + Fbj;%k(t — Tpack, dLos)
N
+ Fog(t — tios. dios) + D Fa i (t — Treni) - (10)
i
The output of our ultrasonic multipath pulse-echo model is
the attenuation Fiota in the time-domain, which is related to
the idle measurement without an obstacle.

I1l. MEASUREMENTS

Our proposed model calculates the propagation of ultrasonic
waves in the presence of an obstacle. To evaluate our propa-
gation model and demonstrate the diffraction effects, caused
by the obstacle, we perform measurements in a saltwater tank
with a size of 60cm x 80cm x 50cm (length, width, and water
height). The dimensions and positioning of the transducers
with a distance of 12cm were chosen, that the number of
multipath components is reduced. Therefore the evaluation of
the model is simplified, but the measurements represent only
a short communication range for underwater communication
application and object localization in free water.

Fig. 4 shows the measurement setup, as well as the
schematic top and front view.

The transducer system is located in the middle of the tank.
The signal acquisition stopped at 300us, before reflections
from the tank walls, water-air top layer, and water-sediment
bottom layer arrived (fastest arrival from water-air top layer
with a path length of ~ 50cm at t = 340us). Therefore,
we do not consider these reflections during the adaption of
the propagation model’s parameters in Section III-D.
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Fig. 5. Transmitted Gaussian-modulated sinusoidal pulse fy =
120 kHZ, b3dB = 30kHz.

We chose the setup to investigate the different effects on
the ultrasonic propagation due to an obstacle. In the future,
we will apply this model to cables that are buried within the
sediment. This requires the inclusion of other effects, such as
refraction, that are out of this paper’s scope.

A. Implementation

The transmitter-receiver system is mounted in a fixed
position in the tank at the mounting of an automated
XY-positioning system. As an obstacle, we employ a cylindri-
cal copper bar with b = 0.6cm diameter that is mounted to the
automated XY-positioning system. The copper bar is moved
perpendicular to the LOS between transmitter and receiver.

During the measurement, the obstacle is incrementally
moved to positions in the interval dios = [0; 12]cm with a
step size of Adios = 0.025c¢m. This procedure enables us to
evaluate small fluctuations of the magnitude and phase of the
received signal.

At each position, the obstacle is stopped and a
Gaussian-modulated sinusoidal pulse with center frequency
fo = 120kHz and bandwidth b,, = 30kHz is sent by the
transmitter. Besides, the receiver is triggered to start a mea-
surement (see Fig. 5). After completion of one measurement,
the obstacle is moved to the next position. We performed
the acquisition of the idle measurement without an obstacle
mounted on the positioning system.

B. Equipment

The equipment for performance measurements to eval-
vate our model is listed in Table . We employed
TC4013 hydrophone transducers from Teledyne Marine to
generate and measure ultrasonic waves in the underwater
measurement setup. These transducers have a frequency range
from 1H z up to 170k H z with omnidirectional sensitivities for
generating and acquiring signals [27].

TABLE |
EQUIPMENT USED FOR EVALUATION MEASUREMENT

Type Device Description
Transducer | Teledyne TC4013 Ultrasonic transmitter and receiver
Amplifier | PCB board with OP- | Self designed printed circuit board
Amps for analog signal amplification [12]
Da  Ac- Embedded 2 channel oscill
uisition . mbedded 2 channel oscilloscope
(Slignal RedPitaya 125-14 and 2 channel signal generator
Generator
PC Windows PC with Intel | Control and automation unit
i7
Velocity | CTD60Mc probe (Sea | Measurement of the sound veloc-
measure- |and Sun Technology | ity during measurements (¢ =
ment GmbH) 1503 m/s)
Tank Saltwater filled tank 60 cm x 80 cm X 50 cm (length,
width, and water height)

We calculate the Gaussian-modulated sinusoidal pulse as
a waveform with Matlab on a PC. The calculated waveform
is sent via message queuing telemetry transport (MQTT)
protocol over a TCP/IP connection to the RedPitaya 125-14,
an embedded signal generator. A rising edge on the GPIO
pin of the RedPitaya 125-14 starts the analog signal output
and triggers the analog signal input digitization. We apply a
hydrophone amplifier PCB [12], with an amplification factor
of 10 to connect the transducers to the analog input and output
of the RedPitaya. For signal acquisition, the amplified analog
signal is digitized with a sample rate of 15.6M S/s and 14Bit
resolution by the RedPitaya. The two analog channels are
read out via an FPGA, and 16384 values are buffered after
triggering. The buffer values are transferred via MQTT to the
PC as a binary payload (65 kByte packet per channel). Finally,
the received waveforms are stored and processed in Matlab on
a PC. The positioning system is also controlled by the Matlab
script from the PC over MQTT.

C. Signal Processing

We performed an idle measurement pg(¢) without obstacle
in the tank to use it as a reference signal for measurements
with the obstacle p(z, dios) at the different positions. We filter
the raw signal’s DC offset and cut the received pulse for
both the idle measurement and the measurement with an
obstacle. Then, we calculate the single sided discrete fast
Fourier transformation for the signals as po(f) and p(f, dios).

Finally, we measure the relative pressure intensity for different

p(f,dLos))
po(f) J°

spectra with Fieas (f, dios) = 20 - logyg (
D. Adaption of the Model Parameters

In Section II, we presented our multipath pulse-echo model.
We derived the components from calculating the attenuation
for a single transmitter and receiver system in the presence of
an obstacle. Table II presents the parameter settings for adapt-
ing our model to the measurement setup within a saltwater
tank.

The values for the parameters b, di, da, dios, fiow, Jfhighs
drefi,1, and Tpuse depend to the measurement setup of the
pulse-echo system in Fig. 4. We measured the velocity of
ultrasonic waves ¢, which is dependent on the salinity and
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TABLE Il
CHOSEN PARAMETERS TO ADAPT THE MODEL AND MEASUREMENTS
Parameter| Value Description
b 0.6 cm Obstacle diameter
di = d2 6.2 cm LOS distance to transducers
dros [0;0.025;...;12] cm | Perpendicular obstacle distance
Siow 90 kHz Lower frequency bound
Fhigh 150 kHz Upper frequency bound
c 1503 m/s Velocity of sound
Fo,Los 1 Transmission factor
drefi,1 25 cm Path length of first reflection
R1 0.15 Factor of first reflection
| Tpulse 92.71 us Length of transmitted pulse

Obstacle position dyos (cm)

105 110 115 120 125 130 135
Frequency f (kHz)

(a) Model.

Obstacle position dyos (cm)

105 110 115 120 125 130 135
Frequency f (kHz)

(b) Measurement.

Fig. 6. Spectral results (red and blue lines: exemplary selected signals
in Fig. 8).

temperature of the water-filled tank with the CTD60Mc probe
from Sea and Sun Technology GmbH. We adapted the parame-
ters Fp,os and Ry empirically during the model’s evaluation.

IV. EVALUATION

In Section II, we derived the ultrasonic multipath model
for pulse-echo systems and presented in Section III-D the
model’s adaption to the measurement setup that we use for
evaluation. Finally, we process the measured signals to a
spectral representation. The model output Fiou(f, dios) in
Section II is in the time-domain. To achieve comparable
results, we transform Fio (2, dios) to the frequency domain
using a single-sided discrete fast Fourier transformation. Fig. 6
shows the calculated results Fiop)(f, dios) from the model
in (a) and the measured results in (b) as a ratio in dB.
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Fig. 7. Spectral characteristics for the modeled components.

For both the model and measurement results, we observe
alternating matching color patterns in the horizontal
(frequency) and vertical range (obstacle position dj os). We also
observe a clockwise rotation of the vertical alternating charac-
teristic with increasing distance between obstacle d| o5 and the
transmitter, receiver pair. The spectrum’s shape is caused by
constructive and destructive interference of the superposition
of the diffraction, LOS transmission, and reflection compo-
nents that we investigated in our model. Fig. 7 shows the
characteristic of the spectrum for each component. Diffraction
as shown in in Fig. 7(a) results in to the vertical alternating
characteristic in Fig. 6, which is rotating clockwise. With
an increasing distance of the obstacle djos, the alternating
minima and maxima of the spectrum change in the amplitude
and frequency in Fig. 7(a). The characteristic of the LOS
transmission is shown in Fig. 7(b). LOS transmission results
in a nearly constant factor depending on the obstacle position.
Finally, reflection contributes with an alternating characteristic
in the spectrum that is almost independent of the obstacle
position dy os (shown in Fig. 7(c)).

The superposition of the three contributing signal com-
ponents (diffraction, LOS transmission, and reflection), each
shown in Fig. 7, result in qualitatively varying spectra at
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Fig. 8. Modeled and measured signals for different obstacle posi-
tions d| os-

distinct obstacle positions. We observed qualitatively compa-
rable varying spectra in the measurement and the model and
depicted spectra for both at three exemplarily chosen positions
in Fig. 8.

In the following, we compare the results of our model with
the measurements. For each d, g, we calculate the difference
between the model (dashed blue line) and our measurement
(red dotted line) over the frequency range, exemplarily shown
in Fig. 8. Inspired by [28], we chose the absolute differences
between the two vectors, which is a common metric of spectral
fingerprints. The absolute difference ey, g (dmodel) between a
measured spectrum and each calculated spectrum is calculated
with:

€d1 os (dmodel) = /|Ftotal(f> dimodel) — Fmeas (f» dLOS)| df (11)

Fig. 9 shows the results for ey o(dmodel) for the three
selected obstacle positions dios = [2.5; 5; 10]cm. We calcu-
late the position dcaiculated (dLos) from measurements with our
model with (12).

dealculated (dros) = arg min €d1 os (dmodel)- (12)

dmodel

The calculated obstacle position dcgiculated 1S at the absolute
minimum of ey, o (dmoder). With eg; o (dmodel), We apply the
nearest neighbor algorithm to select the position that mini-
mizes the difference between the result of the model and the
measurements.

In Fig. 9 we marked the position, calculated with the nearest
neighbor algorithm dcaicylated With blue. The measurement
position, that was given as ground truth by the automated
positioning system during the measurement, is marked in red.
For the three positions shown in Fig. 9, the calculated and
measured position match with a small deviation for the first
and second exemplarily chosen positions dios = [2.5, S]cm.
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Fig. 9.  Mean absolute error for 3 exemplary measured obstacle

positions, each compared to all modeled positions.
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Fig. 10. Calculated positions based on the proposed model.

For the third position at dios = 10cm, the calculated position
deviate with 0.725cm, because the function ey, o (dmodel) has
an local minimum at the measurement position, and the global
minimum located left.

Fig. 10 shows the calculated positions dcajculated(dios) for
all measurements. The solid red line depicts the reference
given by the position setting during the measurement, and
the red dashed lines indicate the size of the obstacle diam-
eter b in the plot. At positions with an increased deviation
between the calculated position dcaiculated and the expected
position, the expected position is only a local minimum in the
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function ey, g (dmodel), as described for the position dios =

10cm before. This explains the erratic deviations in Fig. 10.
Finally, we calculate the absolute error between the expected

position and the model’s calculated position as Ad with (13).

Ad(dLOS) = |dLOS - dcalculated(dLOS)| (13)

65% of the calculated positions match the position setting
from measurement in the range of the obstacle diameter
(|Ad(dios)| < 0.3cm). The majority of the values outside
those limits are at a distance of 0.7cm — 1.2cm from the
position setting (see Fig. 10). 97% of the calculated values
are less than +1.2cm apart from the expected position, which
is twice the size of the obstacle diameter b.

In this section, we evaluated our model by measurements.
We applied the nearest neighbor algorithm that results with
97% of the values in a range of twice the size of the obstacle
diameter of 1.2cm. 90% of the calculated results are in the
range of 0.975¢m, 80% in the range of 0.750cm, and 50% in
the range of 0.075cm.

In summary, our model is close to the measurements and
performs well.

V. CONCLUSION AND FUTURE WORK

In this work, we developed an underwater multipath ultra-
sonic model that calculates the spectral signal and physi-
cal effects of diffraction, transmission, and reflection for a
transmitter/receiver pair, and an obstacle for wideband pulses.
Diffraction, transmission, and reflection result in constructive
and destructive interference of the signal depending on the
frequency, which results in a specific shape of the spectrum
for each object position. The simulation model predicts the
measurement results for the spectrum in both shape and values.
We evaluated our model with the nearest neighbor algorithm,
with 97% of the calculated positions within the range of
twice the obstacle diameter. Our model predicts the spectrum
of a received signal for an ultrasonic transmitter-receiver
system in the presence of obstacles. The model is evaluated
for both short-range communication and free water localiza-
tion systems. The number of multipath propagation compo-
nents (reflectors) is adaptable to the environmental conditions,
and the model is prepared for applications with complex
multipath propagation scenarios. Doppler effects are not yet
part of the proposed model.

In the future, we will improve the model parameters, inves-
tigate different metrics, and introduce prior knowledge and
appropriate filters to increase the precision of the model for
applications such as object localization or wireless underwater
communication. We propose our model for buried object
localization applications, e.g., cable tracking or detection of
unexploded ordnances. Since our model also takes diffraction
into account and processes spectral and phase information,
we will expect significant improvements for these applica-
tions compared to state-of-the-art systems. Therefore, we will
extend the model with refraction layers and adapt the model
parameters. Furthermore, the model will be applied for object
localization applications based on neural networks. Applying
the data generated by our model to train neural networks will
reduce time and costs.
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