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Abstract

A Multibeam Echo Sounder (MBES) is commonly used for rapid seafloor mapping. We herein present a time-domain integrated system
simulation technique for MBES development. The Modeling and Simulation (M&S) modules consist of four parts: sensor array signal trans-
mission, propagation and backscattering modeling in the ocean environment, beamforming of the received signals, and image processing. Also,
the simulation employs a ray-theory-based algorithm to correct the reconstructed bathymetry, which has errors due to the refraction caused by
the vertical sound velocity profile. The developed M&S technique enables design parameter verification and system parameter optimization for
MBES. The framework of this technique can also be potentially used to characterize the seabed properties. Finally, typical seafloor images are
presented and discussed.
Copyright © 2017 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

A Multibeam Echo Sounder (MBES) is a device used in
seafloor mapping along with a Single Beam Echo Sounder
(SBES). The application of these devices fostered a new
generation of hydrographic survey techniques, which first
appeared in the 1960s (de Moustier, 1986; Farr, 1980; L-3
Communications SeaBeam Instruments, 2000; Burdic, 1984).
SBES has advantages such as their ease of manufacturing and
low cost; however, they require considerable time to process a
wide range of bathymetry jobs and have limited accuracy.
Therefore, to overcome these limitations, MBES has been
researched intensively. Similar to a SBES, a MBES emits
sound waves in a fan shape beneath a ship's hull. The amount
of time taken by the sound waves to bounce off the seafloor

and return to the receiver is used to determine the water depth.
However, in contrast with a SBES, a MBES can measure a
wider range of water depths and can acquire high-resolution
images simultaneously through the beamforming process. In
recent years, substantial research has focused on obtaining
high-precision bathymetry data using high frequencies, clas-
sification and monitoring of sediments using high-resolution
backscatter data (Yu et al., 2015).

In this paper, we performed numerical modeling and sim-
ulations in the time domain. The main principles of MBES are
also presented herein; these can be used in numerical analysis
and evaluation during MBES design and development. The
contribution of this paper is to model and simulate the inte-
grated sensor array and physical system of ocean environment
for image construction of MBES.

The remainder of this paper is organized as follows. In
Section 2, the sonar equation and the basic principles of
MBES are explained. In Section 3, the fundamentals of the
modeling simulation structure to be used for numerical anal-
ysis are discussed. In Section 4, the simulation results of
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transmitted signals and seabed shapes are compared, and im-
ages created using the received signals are shown. Finally, the
conclusions are presented in Section 5.

2. Background theory

2.1. Sonar equation

The sonar equation is used to study the detection capability
and performance of an echo sounder; it represents the diffu-
sion and absorption of the sound waves and the reflecting
ability of the target object by using a variety of sonar pa-
rameters. The MBES sonar equation (Farr, 1980; L-3
Communications SeaBeam Instruments, 2000) is based on
the Echo Excess (EE) and can be expressed as

EE¼ SL� 2TLþ Ss þF�NL ð1Þ
where SL is the source level, TL is the one-way transmission
loss, NL is the noise level, Ss is the backscattering strength,
and F is the scattering area, which can be obtained by inte-
grating the beam pattern:

F¼ 10 log

Z

U

bðq;fÞb0ðq;fÞRpRrdU ð2Þ

where b(q,f) and b0(q,f) are the beam widths of each receiver
and projector, q is the horizontal angle, f is the elevation
angle, Rp and Rr are the slant ranges from the projector and
receiver to the point on the seafloor. Ss is assumed to follow
Lambert's law. It is defined as

Ss ¼ 10 log
�
sv0 sin

2 b
� ð3Þ

where sv0 is the backscattering coefficient and b is the grazing
angle to the reflection or scattering surface.

2.2. Principles of MBES

2.2.1. Beamforming
A beam pattern represents the variation in the intensity of a

beam as a function of direction and distance. Beamforming is
a technique used to send signals in or receive signals from a
specific direction. It is also called spatial filtering and is
conducted using a sensor array or through signal processing.

Beamforming using a sensor array involves summing the
phases of the sensors by considering the constructive and
destructive interference of signals at a specific angle. The
array directivity is caused by interference in accordance with
the array geometry, and the array response varies depending on
the signal direction due to the beam pattern in the array.

When the one-dimensional line array of omnidirectional
sensors is as shown in Fig. 1, assuming that the receiver's
position is in the far field, the received signal s(t þ t) at an
arbitrary point x is given by

sðtþ tÞ ¼ sðtþ xsinq=cÞ ð4Þ

The output of the line array can be obtained by integrating
its response to the signal along its length (Burdic, 1984). Thus,
if g(x)dx is the array response to a unit signal at x, the total
output resulting from a plane wave at angle q is

SoutðtÞ¼
ZL=2

�L=2

gðxÞsðtþ x sin q=cÞdx

¼
ZL=2

�L=2

gðxÞ
2
4

Z∞

�∞

sðf Þexp
�
i2pfx sin q

c
þ i2pft

�
df

3
5dx

¼
Z∞

�∞

sðf Þ

2
64

ZL=2

�L=2

gðxÞexp
�
i2pfx sin q

c

�
dx

3
75expði2pftÞdf

ð5Þ
where c is velocity of sound and g(x) is an aperture function or
a tapering function. In general, the aperture function is a
product of the weighting (shading) function and the rectan-
gular function with respect to the line array.

The inner integral in Eq. (5) has the form of the Fourier
transform of the aperture function g(x) from the x-domain to a
domain represented by the variable u ¼ (sinq)/l, where l ¼ c/
f, and the integral is called a beam pattern. If g(x) is constant
over length L, the beam pattern is given by

BðqÞ ¼
ZL=2

�L=2

gðxÞexpði2pxuÞdx

¼ 1

L

Z∞

�∞

rect
�x
L

�
expði2pxuÞdx

¼ sincðuLÞ

ð6Þ

Fig. 1. Plane wave incident on line array.
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As shown in Fig. 2, an actual manufactured array is a
discrete array that stores array elements. The beam pattern of a
discrete array can be determined using a method involving
summing the products of the phase differences and the delay
functions of all of the elements, based on the principle
mentioned above (Van Veen and Buckley, 1988; Ioannides and
Balanis, 2005):

Bðq;fÞ ¼
XM
m¼1

XN
n¼1

XL

l¼1

wmnle
i½ðm�1Þjxþðn�1Þjyþðl�1Þjz�

jx ¼ Kdx cos q cos f
jy ¼ Kdy sin q cos f
jz ¼ Kdz sin q

ð7Þ

where wmnl is the aperture function, K is the wave number of
the detected signal frequency, and d is the interval between
elements.

2.2.2. Beam steering
The main lobe contains the bulk of the energy in the beam

pattern of a line array. The direction of the peak energy pro-
jection (the center of the main lobe) is called the Maximum
Response Axis (MRA). In Section 2.2.1, we considered
beamforming about the MRA perpendicular to the array.

Beam steering is a method of directing a strong signal in an
arbitrary direction. In general, the beam direction can be
altered by physically changing the orientation of the aperture
or by electronically changing the direction of the MRA by
delaying the data or shifting the phase of the signal from each
element in an array. The aperture function modification
required for steering can be observed by using a Fourier

transform. For a linear array, beam pattern steering by amount
u0 can be expressed as

gðxÞexpði2pxu0Þ↔Bðq� q0Þ ð8Þ
where u0 ¼ (sinq0)/l and q0 is the steering angle. Fig. 3 shows
the beam pattern change resulting from steering (Burdic,
1984).

2.2.3. Mills cross
A receiver array arranged horizontally relative to the pro-

jector array receives signals reflected from all locations in a
similar direction to the strip in the seabed. It is very difficult to
determine accurately the location on the seabed from which a

Fig. 2. Geometry of a uniform rectangular array of M elements along the x-

axis with spacing dx, N elements along the y-axis with spacing dy, L elements

along the z-axis with spacing dz.

Fig. 3. Beampattern steered by angle q.

Fig. 4. Illustrating each ensonified strip and ensonified area at the “Mills

cross”.

227D. Jung et al. / International Journal of Naval Architecture and Ocean Engineering 10 (2018) 225e234



reflection originates in the above scenario. However, if the
projector and receiver arrays are placed perpendicular to each
other, the strip of the ocean floor ensonified by the projectors
will intersect the strip of the ocean floor observed by the
receiver. In this case, reflection occurs in the entire ensonified
region because of the projector array; however, the receiver
array can acquire reflected sounds (signals) from the ensoni-
fied area where the strips are crossed due to the beams of the
projector and receiver arrays. A perpendicular arrangement of
the projector and receiver arrays is called a Mills cross (L-3
Communications SeaBeam Instruments, 2000) and is shown
in Fig. 4.

2.3. Lambert's law

A seabed is a rough surface whose shape resembles the
general shape of a Lambertian surface; therefore, most signals
received at the MBES receiver are backscattering signals
resulting from diffuse reflections. In diffuse reflections, the
effects of scattering loss are important, and such scattering

characteristics can be determined using Lambert's law. Lam-
bert's law is also known as Lambert's cosine law, in which the
diffuse reflected intensity is proportional to the angle between
the incident or reflected wave and the normal line of the sur-
face from which the diffuse reflections originate, as shown in
Fig. 5. Although the diffuse reflected intensity is proportional
to the aforementioned angle, the apparent size of the observed
region is also reduced by a corresponding amount; therefore,
the diffuse reflected wave intensity is the same in any direc-
tion. However, the actual diffuse reflected intensity is reduced
in proportion to the angle with the normal line. Through this
law, changes in sound wave intensity with respect to that of the
backward-reflected sound wave can be determined.

The diffuse reflection intensity Is in the direction f when a
sound wave of intensity Ii is incident on small area dA at
grazing angle b is shown in Fig. 6. This intensity Is is given by

Is ¼ mIi sin b sin f ð9Þ

and in the backward direction, for which f ¼ p� b,

Is ¼ mIi sin
2 b¼ mIi sin

2 f ð10Þ

where m is a proportionality constant. Although the scattering
from many materials follows Lambert's law closely, it never
does so exactly. Nevertheless, this law is, as we have seen, a
good description of the backscattering of sound by very rough
seafloors (Urick, 1983).

Fig. 5. Diffuse reflection intensity at different angles of incidence according to

Lambert's law.

Fig. 6. Incident beams and diffuse reflections from scattering surface.

Fig. 7. Three seabed types used in simulation; (a) Flat seabed with constant depth of 60 m, (b) Seabed with curved depth of 55e85 m, (c) Undulating seabed.

Fig. 8. Projector and receiver arrays arranged in Mills cross.
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3. Simulation and numerical model designs

3.1. Seabed model

The seabed in the numerical simulation model developed in
this study consisted of a grid. The seabed was configured with

lengths of 200 m in both the along-track and across-track di-
rections, and the grid gaps were 1 m wide. Three seabed types
were used in this simulation: a flat seabed with a constant
depth of 60 m, a seabed with a curved depth of 55e85 m, and
an undulating seabed, as shown in Fig. 7.

3.2. Projector and receiver arrays

The projector and receiver arrays in the simulation were
positioned at 0 m depth along a Mills cross. Each projector
and receiver was a plane array consisting of two discrete
uniform line arrays of 256 omnidirectional sensors arranged
with half wavelength spacing. The spacing between the two
line arrays was 1/3 wavelength in the case of the projector, and
half wavelength in the case of the receiver; the wavelength
corresponds to a signal with a center frequency of 455 kHz
used in the simulation. The projector and receiver arrays were
arranged to form a Mills cross, as shown in Fig. 8.

3.3. Signal

In the model presented in this paper, various types of
signals can be used; however, in this study, we employed a

Fig. 9. Time domain signal used in simulation.

Fig. 10. Frequency domain signal used in simulation.

Fig. 11. Illustration of constant gradient assumption in layers.

Fig. 12. Flow chart for numerical simulation.
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Linear Frequency-Modulated (LFM) signal in the simulation.
Frequency-modulated signals have the same amplitudes as
the existing signals but have modulated frequencies, which
can reduce the effects of surrounding noise or interfering
waves and extend across a certain frequency bandwidth
rather than all being equal. The LFM signal used in this
study was generated by a linear chip whose frequency was
changed linearly over time. The center frequency of the

signals used in this simulation was 455 kHz, the frequency-
shift range was 405e505 kHz, the signal length was 500
l(x1.09 ms), and a Hamming window was applied, as
shown in Figs. 9 and 10.

3.4. Calculation of imaging position

If the speed of sound is constant, the horizontal position
and depth of the MBES imaging result can be estimated using
c, q, and a two-way echo time t:
�
x¼ ct sin q=2
x¼ ct cos q=2

ð11Þ

where x is the horizontal distance and h is the depth (Yang and
Taxt, 1997).

However, the horizontal distance and depth were calculated
using ray theory in the simulation because the speed of sound
is not constant in a real environment (Dinn et al., 1995;
Tonchia and Bisquay, 1996; Kammerer, 2000; Li et al.,
2014). Calculations based on ray theory were performed by
first setting up the layers for ray tracing and then conducting
the ray tracing layer by layer, as shown in Fig. 11, where a can
be obtained by employing Snell's law (De Plaa et al., 2008).

For a vertically incident beam, the one-way travel time and
horizontal distance for the i-th layer are

Fig. 13. Illustration of the sound speed profile used in the simulation.

Fig. 14. The beam width of projector in the direction of along-track (left) and cross-track (right).

Fig. 15. The beam width of receiver in the direction of along-track (left) and cross-track (right).
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�
ti ¼ lnðciþ1=ciÞ=gi
xi ¼ 0

ð12Þ

and for an oblique incident beam, the one-way travel time and
the horizontal distance for the i-th layer are

�
ti ¼�lnðtanðaiþ1=2þp=4Þ=tanðai=2þp=4ÞÞ=gi
xi ¼ ciðsin ai � sin aiþ1Þ=gi cos ai

ð13Þ

where gi is the sound velocity gradient of each layer and the
depth of the i-th layer is equal to its thickness.

Fig. 16. Illustrations of strips ensonified by projector array (left) and receiver array (right).

Fig. 17. Echo intensity for flat seabed mapped to a two-dimensional image

space with steering angle on one axis and time on the other.

Fig. 18. Synthetic gray-scale water column images generated for flat seabed. (a) Simulation results obtained by using Eq. (11), (b) Result of extending Fig. 18(a),

(c) simulation results acquired after calibrating for refraction by using Eq. (13), (d). Result of extending Fig. 18(c).
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4. Simulation results

The sequence of the simulation as Fig. 12. First, after the
sensor and signal design, the propagation process is performed
through the numerical model to simulate the received signal.
Then, beamforming is performed on the simulated received
signal. Finally, the water column image is obtained through
image processing.

The simulation was performed using the model described
above. The bottom echoes were detected by the correlation
between the received signal after beam steering and the source

signal. When the echo arrived from the beam steering direc-
tion, the phase difference of each receiving sensor was 0.
However, if the direction of beam steering is different from the
direction of the echo, the phase difference becomes random.
The correlation between the received signal with a phase
difference of 0 and the source signal is high, but the correla-
tion between the received signal having a random phase dif-
ference and the source signal is relatively low.

The steering angle of the receiver array can be manipulated
finely, but in this simulation, the steering angle ranged be-
tween �45� and 45� in 1� increments. And the sound speed
profile used in the simulation was modeled as shown in
Fig. 13. In the simulation, the beam width of the projector is
approximately 0.4� and 97� in the along-track and across-track
directions, respectively. The beam width of the receiver is
approximately 60� and 0.4� in the along-track and across-track
directions, respectively. Figs. 14 and 15 show the beam widths
of the projector and receiver. The ensonified strips according
to the beam pattern of the projector array and the receiver
array are shown in Fig. 16. Here, the right figure shows an
ensonified strip on the seabed steered to the direction of 30�

Fig. 19. Echo intensity for curved seabed mapped to a two-dimensional image

space with steering angle on one axis and time on the other.

Fig. 20. Synthetic gray-scale water column images generated for curved seabed. (a) Simulation results obtained by using Eq. (11), (b) Result of extending

Fig. 20(a), (c) simulation results acquired after calibrating for refraction by using Eq. (13), (d). Result of extending Fig. 20(c).

232 D. Jung et al. / International Journal of Naval Architecture and Ocean Engineering 10 (2018) 225e234



and the strip is dependent on the steering angle of receiver
array (Hughes Clarke, 2006).

4.1. Flat seabed with constant depth

The shape and depth of the seabed can be estimated using
the intersection of the beams, as determined by the projector
and receiver arrays. As mentioned above, the simulation re-
sults were obtained by using the signals from the ensonified
area at various array steering angles, as shown in Fig. 17. The
seabed shape and depth were estimated by calculating the
image position using the timeeangle-domain results.

Fig. 18 shows the width along the across-track and depth of
the flat seabed, where the arcs are flat-like line in front of the
curve in Fig. 17 as an artifact caused by the side lobes.
Fig. 18(a) and (c) are the results obtained by using Eq. (11)
and the average speed of sound, and Fig. 18(b) and (d) are
the results acquired after calibrating for refraction by using Eq.
(13). In Fig. 18(c) and (d), the magenta lines indicate the
seabed model assumed in the simulation.

4.2. Curved seabed

The simulation environment for the curved seabed was the
same as that used for the flat seabed except for the seabed
shape. The simulation results acquired by steering the receiver
array to various angles are shown in Fig. 19.

The seabed shape and depth are shown in the water column
images presented in Fig. 20 where the arcs are flat-like line in
front of the curve in Fig. 19 as an artifact caused by the side
lobes. Fig. 20(a) and (c) were obtained by using Eq. (11),
while Fig. 20(b) and (d) were generated after calibrating for
refraction using the calculated image position by Eq. (13). In

Fig. 21. Echo intensity for undulating seabed mapped to a two-dimensional

image space with steering angle on one axis and time on the other.

Fig. 22. Synthetic gray-scale water column images generated for undulating seabed. (a) Simulation results obtained by using Eq. (11), (b) Result of extending

Fig. 22(a), (c) simulation results acquired after calibrating for refraction by using Eq. (13), (d). Result of extending Fig. 22(c).
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Fig. 20(c) and (d), the magenta lines indicate the seabed model
assumed in the simulation.

4.3. Undulating seabed

Most real seabeds have complicated shapes; therefore, we
performed simulations for a seabed shape more complex than
the previous two shapes. The echo intensity and water column
images resulting from the undulating seabed simulation are
shown in Figs. 21 and 22, respectively. Even if the steering
angle changes, the delay of the signal received by the side lobe
changes due to the complexity of the seabed surface, then the
flat-like line of Fig. 21 and the arc shape artifact of Fig. 22 are
weakened. Fig. 22(a) and (c) were generated by using Eq. (11),
whiles Fig. 22(b) and (d) were obtained after calibrating for
refraction using Eq. (13). In Fig. 22(c) and (d), the accuracies
of the undulating seabed simulation results are confirmed by
their correspondences with the magenta lines.

Figs. 23e25 show the error between the actual depth and
estimated depth, shown in Figs. 18, 20 and 22, respectively,
when using Eq. (11) and Eq. (13) for each seabed shape.

5. Conclusions

Beamforming and backscattering data processing methods
and the basic MBES principles were introduced in this report,
and an MBES model and the corresponding simulation results
were presented. In the simulation, considering pulse trans-
mission in the time domain without phase steering in the

transmitter, propagation to the seabed, backscattering from the
seabed, and beamforming in the receiver, receiver signals
similar to real data were simulated, and seafloor images were
constructed through beam steering. Real MBES data have
more complicated sound wave delivery paths, and some
compensation tasks are necessary because of the effects of
surrounding noise, reverberations, changes in beam angle due
to ship movements, and the Doppler effect. Nonetheless, the
simulations employed in this study can be utilized to create
optimum designs prior to MBES design review and hardware
manufacturing, such as by numerically analyzing the MBES at
the frequencies to be employed.
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