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Determining the Angle of Bearing on a Sound Source in
Water Using Signals Spread Spectrum
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Abstract: This paper presents a method and results of simulation and laboratory studies of the use
of direct spread spectrum signals in underwater navigation. The method was evaluated depending on
the parameters of signal acquisition, the effect of interference and the configuration of the receiving

antenna.
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1. Introduction

One of the most important elements when conducting an
underwater mission is to have information about the current
position of the object relative to the adopted reference sys-
tem. This task is usually accomplished by conducting current
navigation, the primary task of which is to determine the
geographic position of the moving object. In the case of sur-
face objects, the matter is significantly simplified due to the
possibility of using satellite navigation. The situation becomes
significantly more complicated in the case of conducting navi-
gation for fully submerged objects, such as underwater vehicles
or divers. The satellite signal does not propagate in the water,
its disappearance occurs at a depth of up to about 0.5 m, so
other solutions must be sought to determine the current posi-
tion of the underwater object [1].

One possibility is to conduct inertial navigation, which invo-
Ives determining the position of an object using the principles
of Newtonian dynamics. The latest inertial navigation sys-
tems use MEMS (microelectromechanical system) technology
and fiber optic gyroscopes. They are made in various accu-
racy classes, making them suitable for a range of underwa-
ter applications, including autonomous underwater vehicles
(AUVs) remotely operated vehicles (ROVs) and other under-
water objects used for hydrographic surveys, for example. INS
navigation is often integrated with other systems like DVL
(Doppler Velocity Log) and USBL (Ultra Short Baseline) to
enable greater positioning accuracy over longer distances. Such
solutions are discussed in a number of publications, including
by Marco Morgoto et al. [2], which deals with an INS navi-
gation system intended for AUVs, as well as in an article by
Randy Hartman et al. [3] where the problems of using an INS
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navigation system intended for diver safety are addressed. On
the other hand, the article [4] by Qingjun Zeng et al. presents
a solution to a set of inertial navigation system intended for
ROVs in which MEMS devices are used, including a gyroscope,
accelerometer, magnetic compass and also a depth sensor and
microprocessor chip. The cited publications show that the
introduction of additional information acquisition elements
into the INS system improves the accuracy of position deter-
mination however, the disadvantages of this type of naviga-
tion are not completely eliminated as indicated by the article
published by Huiming Xing et al [5] and by Xiaoshuang Ma
et al [6]. They discuss the problems of the influence of measu-
rement noise from navigation sensors on the performance of
the Kalman filtering algorithm in the INS navigation system.
This interference results in a degradation of the filtering per-
formance, and thus causes a deterioration in the accuracy of
object position determination. In addition, the inaccuracy of
the position determined by the INS is affected by the disa-
dvantages of the inertial method itself, such as the decrease in
the accuracy of position determination and velocity with the
passage of time, regardless of whether the object is moving or
not. It should also be noted that systems of this type require
time-consuming initial calibration involving setting the direc-
tion and vertical of the object, and it is additionally difficult
to level the inertial system on a moving object. Also, for lati-
tudes above 75°, calibration of the system is difficult, which
significantly affects the accuracy of the determined position
at these latitudes. Due to the disadvantages of the INS sys-
tem, attempts have been made to use hydroacoustic systems
in underwater navigation [7].

Hydroacoustic positioning systems locate an object rela-
tive to a structure of base stations that must be deployed
in a body of water, which is a drawback. In this system, an
artificially generated sound wave is used to determine the
position of an underwater object and to orient it relative to
predetermined reference points or baselines. These systems [8]
are used to track and navigate underwater vehicles or divers
by measuring distance and bearing and then triangulating
the position. These systems are generally divided into three
classes [9, 1] i.e., long baseline (LBL) systems, short baseline
(SBL) systems, and ultra-short baseline (USBL) or otherwise
known as super-short baseline (SSBL) systems. LBL systems
use a network of seafloor baseline transponders that are typi-
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cally deployed in the basin of operations and allow for very
high accuracy sometimes as low as 0.01 m [10]. USBL/SSBL
systems use small integrated transducer systems that are typi-
cally lowered from the hull of a surface vessel. The advantage
of these systems, compared to other hydroacoustic systems,
is that they do not require deployment of the transponder
array on the seabed. The disadvantage, on the other hand, is
that positioning accuracy and reliability are not as good as
with LBL systems. To eliminate the need to build a network
of transponders placed on the seabed in this system, GPS
Intelligent Buoy (GIB) systems were developed in the 1990s.
These systems are inverted LBL devices in which transpon-
ders are replaced by floating buoys that are independently
positioned by GPS (Global Positioning System) [11]. GIB sys-
tems, unlike LBL, SBL or USBL systems, use unidirectional
acoustic signals from the emitter to the buoy making them
less sensitive to reflections from surfaces or walls [10]. GIB
systems are used to track AUVs, torpedoes, divers and can
be used to determine weapon strike coordinates, test them as
well as for training purposes, and to locate searches for black
boxes of crashed aircraft [11, 12]. Several trends in underwa-
ter acoustic positioning have emerged in recent years. One
of them, in order to increase performance, is the introduc-
tion of composite systems such as the combination of LBL
and USBL in the so-called LUSBL (long ultra short baseline)
configuration [13]. These systems are widely used primarily
in the offshore oil and gas sector. In 2023, a fourth class of
3D positioning of underwater objects was demonstrated for
these smart devices, which do not require infrastructure sup-
port such as buoys [14]. Instead, these systems use distributed
localization techniques [15], calculating the pairwise distance
between a network of different devices to determine the shape
of the resulting network topology.

Hydroacoustic navigation systems are characterized by high
accuracy in determining the position of an underwater floating
vehicle, reaching up to several centimeters regardless of the
duration of the mission. However, they also have disadvantages,
among others, they do not provide information on the heading
angle and tilt of the vehicle, as well as radiating acoustic energy
and being sensitive to external interference such as noise of
technical origin of high intensity. In addition, in the case of
heavily hydro-engineered or shallow bodies of water, due to
numerous reflections and multipath propagation, the specified
position is subject to a large error or even impossible to deter-
mine. The problem here is also the possibility of uninterrupted
operation of several such devices in one body of water. Despite
this, underwater navigation systems using acoustic waves are
currently very popular.

Currently, new solutions for underwater navigation systems
are still being sought that would eliminate the disadvantages
of existing solutions. Among others, in underwater navigation
systems there are attempts to use different forms of acoustic
measurement signals such as a sinusoidal acoustic wave, emitted
from a floating underwater object, for which the Doppler devia-
tions of the received signals are determined and, based on them,
the position of the object and its moving speed are determined,
as reflected in the works [16, 17]. Also, an interesting solution
has been used in Tritech’s MicroNav underwater navigation
system, where linearly variable frequency (Chirp type) signals
are used to create the transmitted sound.

Figure 1 shows the spectrogram obtained from measurements
of the operation of this system and the amplitude spectrum
averaged for the duration of a pulse, where a pulse is defined as
a signal generated without interruption that makes it possible
to locate an object. The sequence of ascending and descending
frequencies forms a peculiar code that allows identification of
a single device and simultaneous operation of several devices
with different codes in a single body of water.
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Fig. 1. Spectrogram and amplitude spectrum averaged for the
duration of the signal pulse transmitted as part of Tritech’s MicroNav
underwater navigation system

Rys. 1 Spektrogram i widmo amplitudy usrednione dla czasu trwania
impulsu sygnatu przesytanego w ramach systemu nawigacji podwodnej
MicroNav firmy Tritech

Methods are also being sought to determine the position of
underwater objects by developing, for example, sequential algo-
rithms for synchronizing time and location in an underwater
acoustic channel, as presented in a paper [18]. In the proposed
solution, it is assumed that the nodes are not synchronized in
time, and the speed of sound in the water is unknown. For such
conditions, the localization problem was formulated as a sequ-
ence of two linear estimation problems. The results presented
in the paper show that the developed algorithm compensates
for uncertainties in time synchronization and signal propaga-
tion speed and achieves good localization accuracy using only
two anchor nodes.

It seems that some alternative to the use of chirp signals may
be direct spread spectrum signals. Spectrum spreading techni-
que involves converting a narrowband information signal into
a signal with a spectrum several times wider and reducing its
power below the noise level. This has several advantages, first
and foremost that the methods used for spread spectrum, allow
a single frequency band to be used by many users simultane-
ously, in addition, the signal processed in this way is immune
to disturbance. This type of signal, due to its advantages, is
used in underwater wireless communications providing high
quality signal transmission. The most popular are two scattering
methods, i.e. the FHSS (Frequency Hopping Spread Spectrum)
method, i.e. spreading the spectrum with carrier frequency hop-
ping, and DSSS (Direct Sequence Spread Spectrum), i.e. direct
spreading the spectrum with a pseudo-random sequence. Com-
munication systems using the spread spectrum technique provide
the ability to handle multiple users bases of mutual interfe-
rence, stealthy operation, elimination of errors due to multi-
path signals, and thus improve the quality of communication.
It is reasonable to assume that the application of this technique
in underwater navigation systems will also make it possible to
accurately determine the position of floating underwater objects.

In the literature, the author has not encountered solutions
based on the use of signals with direct spread spectrum in
underwater navigation applications. Therefore, the purpose of
the conducted research was to evaluate the possibility of using
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signals with direct spread spectrum in underwater navigation
and, in particular, determining the angle of bearing on an arti-
ficial sound source. Accordingly, a number of simulation studies
were carried out as well as under laboratory conditions selected
results of which are presented in this article.

2. Method Description

The proposed method assumes that the system consists of two
subsystems: sending and receiving. The system will determine
the bearing angle from the receiving system to the transmission
system. Therefore, on the object at which the bearing angle is
to be determined, there is placed the transmitting subsystem
responsible for sound generation. Such a subsystem should
consist of a piezoceramic element generating an elastic wave
and an electronic system responsible for forming the correct
signal. The signal is formed in accordance with the diagram
shown in the figure.

The carrier signal at a specific frequency is modulated by
the Pseudo Random Binary Sequence PRBS using the Binary
Phase Shift Keying BPSK modulation. The use of pseudo-ran-
dom sequences for spreading the carrier signal, allows multiple
devices to operate in the same band (the spreading sequence of
each device must be different). In addition, spreading spectrum
and knowing spread codes allows generating relatively low power
signals, even below background noises, and the same correct
reception on the user’s side [19].

The receiving subsystem may be located on a sailing object,
permanently attached to the hydrotechnical structure or may
be lowered from the aircraft. This subsystem should consist of
piezoceramic elements - hydrophones responsible for the recep-
tion of the elastic wave, the analog-to-digital converter, the
signal processing block and the data visualization block. The
number of hydrophones determines the possibilities of the sys-
tem. To determine the bearing angle, at least three elements are
required. In addition, individual piezoceramic elements, forming
the receiving antenna, should be placed in relation to each other
in a specific geometrical configuration. The most common is
a triangular arrangement. To determine the bearing angle to the

Fig. 2. Block diagram of the transmitted signal forming
Rys. 2 Schemat blokowy formowania transmitowanego sygnatu

Fig. 4. Block diagram of the received signal processing
Rys. 4 Schemat blokowy przetwarzania odebranego sygnatu
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sound source, it is necessary to specify the time delays in
reaching the individual receiving elements by the transmitted
signal, as it was shown on Fig 3. The following notations are
adopted in the figure: T — transmitter, R_ 1, R_ 2 — receiver 1
and 2, @ — bearing angle, b — distance between receivers,
¢ — sound speed in water, 7 — time delay in reaching receiver 1
and 2 by transmitted signal.

Knowing the delay time 7, it is possible to determine the
bearing angle according to the following formula:

o = arcsin [%] (1)

where: o — bearing angle, 7 — time delay in reaching
sound-sensitive elements by transmitted signal, ¢ — sound speed
in water, b — distance between sound-sensitive elements.

In order to determine the time delays in reaching the indivi-
dual hydrophone by transmitted signal, the received signal is
digitally processed according to the diagram shown in Fig. 4.

In the first phase, the cross correlation of the received signal
imported to the baseband with the spread code according to
which the signal was generated is determined. The obtaining
results is the estimation of impulse response of the hydroacoustic

Fig. 3. Principle of bearing angle estimation
Rys. 3. Zasada szacowania kata namiaru
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channel [19]. This process, for a single sensor, can be described
by equations in the following way:

z (n) = x(n)sin(27f n)
(2)

z (n) = z(n)cos(27 f n)

where: z(n) — received signal, f — carrier frequency, n — discreet
time, Z, & - the sine and cosine component of the received
signal brought to the baseband, respectively.

N-m-1 A
Rnk = ano z,(n+m)k(n)

o (3)
R = zn:U z (n +m)k(n)

w k

where: k(n) — used spread code, m — discreet time delay,
Rz‘k , R, — the result of the cross correlation of the sine and

cosine components of the received signal brought to the base-
band with used spreading code.

Rzk =

RZ(‘ s zRIA .

(4)

where: R, — estimate of the impulse response of the hydro-
acoustic channel.

Using of direct spread spectrum signals, it is possible to preci-
sely determine time when the signal reaches the receivers. This
is due to the possibility of determining the propagation delay
of the signal which has reached sensor by the shortest path. It
can be assumed that the delay resolution is not worse than the
duration of a single chip. Then, on each combination of the obta-
ined estimations of impulse responses, a cross correlation opera-
tion is performed. On this basis, by searching for the maximum
value (means the maximum similarity of the correlated signals),
it is possible to determine the time delay in reaching individual
hydrophones by transmitted signal. Now knowing the geometric
placement of the sensors and using the Eq. (1) the bearing angle
for artificial sound sources can be easily determined.

Expanding the antenna with another sound-sensitive element
and placed in such a way that the antenna has a spatial arran-
gement (e.g. tetrahedron) it is also possible to determine the
angle of elevation. By measuring bearing and elevation angles
from two different positions, it is also possible to determine
the distance to the object. Due to the fact that the calculation
procedure is identical to the presented above, both the angle of
elevation and distance to the object determination will not be
considered in this article.

3. Results of Research

In order to verify the proposed solutions, a series of simu-
lation and laboratory conditions tests were carried out.
During research were used a signal with a carrier frequency
of 15 kHz which was modulated with a linear binary code of
2047 bits long.

3.1. Simulation Results

Simulation tests were carried out in the MATLAB environ-
ment. For different bearing angles, based on the mutual posi-
tion of the transmitter relative to the receivers, and assuming
the speed of sound in water (1499 m/s), the delay time for
the transmitted signal to reach each receiver was determined.
During the simulation of the test, a hydrophone configuration
was adopted as in Fig. 3. This arrangement is the simplest
array for determining bearing angle, which can be replica-
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ted by adding hydrophones and thus increasing the accuracy
of bearing angle determination. The corresponding delayed
signals for each receiver were summed with white Gaussian
noise at a specified Signal-to-Noise Ratio (SNR), given in dB.
The signal level was calculated to determine the noise level
required to achieve the specified SNR. The simulated received
signals were then processed as described in Chapter 2. The
studies examined the impact of signal registration parame-
ters (sampling frequency), hydrophone distances and environ-
mental disturbances (noise) on the accuracy of the obtained
results. In the simulations, it was assumed that the distance
to the object was 12 m and the bearing angle was changed in
the range of £90° with a resolution of 1°. Figure 5 presents
the maximum and average values of the bearing angle deter-
mination errors depending on the sampling frequency for the
hydrophone placed at distance of 0.4 m, the distance between
receiving hydrophones at the sampling frequency of 1.25 MHz
and Signal-to-Noise Ratio at sampling frequency of 1 MHz and

Fig. 5. Error of determining the bearing angle, depending on

a) change in sampling frequency b) distance between receiving
sensors, c) Signal-to-Noise Ratio

Rys. 5. Btad okreslenia kata namiaru w zaleznosci od a) zmiany
czestotliwos$ci prébkowania, b) odlegtosci miedzy czujnikami odbiorczymi,
c) stosunku sygnatu do szumu SNR
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hydrophone placed at distance of 0.4 m. The obtained results
indicate that the increase in the sampling frequency and the
increase in the distance between the receiving sensors leads to
a minimization of the error in determining the bearing angle.

Fig. 6. Hydrophone array used in laboratory tests
Rys. 6. Uktad hydrofonéw wykorzystany w badaniach laboratoryjnych
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As a result of the research, it was also found that the increase
the noise (in the form of white Gaussian noise) measured by the
Signal-to-Noise Ratio to the level of 0 dB does not cause any
negative changes in the obtained results

3.2. Laboratory Condition Results

Laboratory tests were carried out at the pool of the Polish
Army Divers and Scuba Training Center. The dimensions of
the pool are: (length x width x depth) 16 m x 10 m x 10 m.
A research station consisting of:

— Transmission path:

— Underwater loudspeaker LubellLabs LL9162T;

— Power amplifier Pevey TPA300T;

— Vector Signal Generator Rhode&Schwarz SMBV100A.

— Receiving path:

— Three hydrophones Reson T(C4032;

— Analog-digital converter NI USB-6259;

— Mobile computer with NI SignalExpress software.

The underwater loudspeaker in the transmission path has
been lowered to a depth of 2 m. The distance between the loud-
speaker and the receiving antenna was 12 m. The hydrophones
in the receiving path were installed on the frame in a configu-

Fig. 7. The amplitude spectrum
of the received signal averaged
over the pulse duration

Rys. 7. Widmo amplitudowe
odebranego sygnatu usrednione
dla czasu trwania impulsu

Fig. 8. Estimates of impulse
responses determined

for signals received from
individual hydrophones for the
bearing angle of -30°

Rys. 8. Estymowane odpowiedzi
impulsowe dla sygnatéw
odbieranych z poszczegdinych
hydrofonéw dla kata namiaru —30°

Fig. 9. The result of the
cross-correlation between
individual estimates of impulse
responses for the bearing
angle of -30°

Rys. 9. Wynik korelacji krzyzowej
miedzy poszczegdlnymi
estymatami odpowiedzi
impulsowych dla kata

namiaru —30°
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ration of rectangular triangle at distances of 0.5 m from each
other (Fig. 6) and lowered to a depth of 2 m. The receiving
antenna was rotated relative to the underwater loudspeaker in
an angle range of £90° with a resolution of 15°. The sound speed
measured with the CTD/STD probe at the depth of 2 m was
1499.70 m/s. During the tests, receiving signals were sampled
with a frequency of 1 MHz. The resulting bearing angle is an
average of the angles determined for three pairs of hydrophones
namely: hydrophones 1 and 2, hydrophones 2 and 3 as well as
hydrophones 1 and 3. It must be noted, that result obtained
from pair 2 and 3 must be rotated by 90 deg (because of per-
pendicular location according to pair of hydrophones 1 and 2).
Calculation for pair 1 and 3 must be made for distance between
hydrophones equal to 0.707 what follows from Pitagoras the-
orem. More over obtained bearing angle for this pair must be
rotated by 45 deg (difference in position in relation to pair 1
and 2). The obtained results of the bearing angle determination
are shown in Table 1. The results were based to first decimal
places. During the tests, filtering devices worked in the pool and
generates sounds which were the source of additive disturbances.
Fig. 7 shows the amplitude spectrum, averaged for the duration
of the impulse (the duration of the spread code), of the recor-
ded signals. Fig. 8 shows the estimate of impulse responses for
individual hydrophones normalized to value 1 and Fig. 9 shows
the result of cross correlation of individual estimates of impulse
responses normalized to value 1 obtained during laboratory tests
for the bearing angle of —30°.

Analyzing the results of the obtained measurements, it sho-
uld be noted that there is a constant error of about 3.1° in the
measurements. This is most likely due to inaccuracies in the
mutual position of the receiving antenna and the sound source.
However, a high accuracy of determining the bearing angle was
obtained, which resulted from relatively large distances between
the sensors and the high sampling frequency. The average error
(after subtracting a constant error of 3.1° from absolute error)
was 0.3° and standard deviation was 0.15°. The value of bearing

Tab. 1. Obtained results of the bearing angle measurement in tests
carried out in laboratory conditions

Tab. 1. Uzyskane wyniki pomiaru kata namiaru w testach
przeprowadzonych w warunkach laboratoryjnych

o Determined | ¢ iR,

augle [ bearing angle [ determination [°]
-90 -86.3 37
& 72.1 29
~60 -57.1 29
45 —41.5 35
-30 -27.1 2.9
-15 121 29
0 3.5 35
15 17.9 29
30 32.9 2.9
4 478 28
60 62.8 2.8
75 77.9 29
90 93.7 3.7
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angle determination errors and their distribution depending on
the actual bearing angle are congruent with the results obtained
during simulation tests.

4. Summary

Despite the development of technology, underwater naviga-
tion is still a difficult task. The most commonly used method
is based on the use of an elastic wave. However, in difficult
hydrological conditions (multi-directional propagation, nume-
rous reflections) it often does not meet the requirements for
the accuracy of position determination and sometimes it is
not possible to use it. Therefore, they are still sought new
methods in this field. The popularization of digital technology
and digital signal processing opens the way to the application
of many new methods.

In the presented method, it was proposed to calculate the
bearing angle by determining the time delays in reaching the
transmitted signal to the individual sensors of the receiving
antenna. In the conducted tests were used signals with direct
spread spectrum. This technique allows to generate signals with
a relatively short duration, but most importantly to detect them
in spite of low power. Due to the determination of time delays
based on the estimate of impulse responses of the hydroaco-
ustic channel, a high time resolution was obtained. In addition,
it allowed for independence from the unfavorable phenomenon
of multi-directional propagation and the occurrence of nume-
rous reflections. The conducted simulation tests and laboratory
conditions confirmed the correctness of the adopted solutions.

In further research, solutions which allow to determine the
distance to the object using properly formed transmitted signals
will be sought. This should allow to increase the accuracy of
determining the position of an underwater object and will faci-
litate precise underwater navigation.
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Wyznaczanie kata namiaru na zrodto dzwieku w wodzie
Z Wykorzystaniem sygnatu z widmem rozproszonym

Streszczenie: w artykule przedstawiono metode oraz wyniki badarn symulacyjnych i laboratoryjnych
wykorzystania w nawigacji podwodnej sygnatu z widmem rozproszonym bezposrednio. Metoda
zostata oceniona w zaleznosci od parametrow akwizycji sygnatu, wptywu zaktdcen i konfiguracji
anteny odbiorczej.

Stowa kluczowe: nawigacja podwodna, widmo rozproszone, hydroakustyka, korelacja wzajemna
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