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In this paper, a new algorithm for high-precision submarine topography imaging is proposed. The innovative idea comes 

from the most effective and widely used instruments: Multibeam echo sounder (MBES) and side scan sonar (SSS). The 
MBES can acquire bathymetric information with high precision, but its along-track resolution is related to the result of  
the beam angle multiplied by the slant range. The SSS combined with synthetic aperture sonar technology can achieve a 
high-precision along-track imaging resolution, but it cannot acquire bathymetric information directly below it. The proposed 
algorithm uses the beam footprints of the MBES in the along-track direction to perform the aperture synthesis and uses the 
time-domain and beam-domain imaging algorithms to acquire high-precision along-track imaging resolution and 
bathymetric information, to improve the along-track resolution and obtain the bathymetric information with high precision at 
the same time. Finally, an experiment is performed to evaluate the effectiveness of our method. Experimental results 
demonstrate that two targets, 13 cm in size, can be clearly observed from the obtained imaging. Moreover, their bathymetric 
information can be calculated by using the beamforming angle information. 
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Introduction 

Submarine topography imaging takes a very 
important role within marine scientific research, which, 
in turn, occupies a very important position within the 
study of geosciences. At present, the underwater 
acoustic signal is the only information carrier which 
can propagate a long distance in the sea. Therefore, the 
submarine topography imaging technology based on 
underwater acoustic signals is the most important 
method for marine scientific research. 

Recently, underwater acoustic submarine 
topography imaging technology has been divided into 
two types: Long distances where global research is 
done by using marine mapping sonar1,4multibean echo 
sounder (MBES) and side scan sonar(SSS), as shown 
in Figure 1 and short distances where global research 
is done by using the high-frequency imaging sonar 
(lens sonar) 5, as shown in Figure 2. 

With the development of marine scientific 
research, the needs of small-target and weak 
scattering-target submarine topography imaging have 
been significantly promoted. Scientists earnestly need 
the simultaneous output of both high-precision 
imaging and bathymetric information in the 
submarine region. The SSS combined with SAS 

 
 

(a) The imaging results of the MBES 
 

 
 

(b) The imaging results of the SSS 

Fig. 1 — The imaging results of marine mapping sonar technologies. 
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technology can achieve the along-track high-precision 
imaging resolution required, but it cannot acquire the 
bathymetric information directly below the carrier6,8. 
The MBES can acquire the bathymetric information 
with high precision, but its along-track resolution is 
related to the result of the beam angle multiplied  
by the slant range9,11. Given the advantages of marine 
mapping sonar and high-frequency imaging sonar,  
the fusion of these two technologies has become a  
hot research topic. 

To meet this need, a new algorithm for high-
precision submarine topography imaging is proposed. 
This algorithm uses the multibeam echo sounder 
along-track beam footprints to perform the aperture 
synthesis and the time-domain and beam-domain 
imaging algorithm to achieve the high-precisionalong-
track imaging resolution and the high-precision 
bathymetric information. 

The contributions of this paper can be summarized as: 
 The geometric models are provided to describe 

the along-track and bathymetric resolution of 
MBES, SSS, and SAS. 

 The high-precision submarine topography 
imaginggeometric model and mechanism model 
of this paper are proposed. 

 Based on the water-tank experiment results,  
the effectiveness and accuracy of the high-
precision submarine topography imaging 
algorithm is verified. 

 
Submarine Topography Imaging Algorithm 
MBES imaging algorithm 

The key of the MBES imaging algorithm is the 
beamforming algorithm12,13. The MBES imaging 
algorithm uses the beamforming algorithm to form 
several beams in the across-track directions. The 
bathymetric information of the seafloor is estimated 
by the arrival time and angle of the echo. As shown in 
Figure 3, the across-track azimuth of the MBES is the 
across-track beam width 𝛽𝑛. Based on the assumption 
that the time of echo arrival (TOA) is𝑡, the 
bathymetric information𝐻0 can be expressed as: 

 

𝐻଴ =
ଵ

ଶ
𝑐𝑡 cos 𝛽௡ … (1) 

 
The MBES imaging resolution can be divided into 

two parts: Across-track resolution and along-track 
resolution. From14,15 we can see that the MBES 
imaging algorithm can obtain a satisfactory range 

 
 

Fig. 2 — The imaging results of high-frequency image sonar technology. 

 

 
 

Fig. 3 —Geometric model of the MBES imaging algorithm 
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resolution and across-track resolution based on the 
multiple sub-array detection method, and can be 
expressed as: 
 
𝛿௫_ெ஻ாௌ = 𝐻଴[tan(𝛽௡ + 𝛽଴ 2⁄ ) − tan(𝛽௡ + 3𝛽଴ 2⁄ )] 
 … (2) 
 

For the MBES, its along-track resolution is related 
to the beam angle and the slant range. Assuming16 the 
conventional transmitting array’s along-track real 
aperture size is 𝐷 and the wavelength of the transmit 
signal is 𝜆, the transmit beam’s angle of −3𝑑𝐵half-
power point can be written as: 
 

𝛼 =
ఒ

஽
 … (3) 

 
Its along-track resolution can be written as: 

 

𝛿௬_ெ஻ாௌ =
ఈுబ

ୡ୭ୱ ఉ೙
=

ఒுబ

஽ ୡ୭ୱ ఉ೙
 … (4) 

 

From formula (4), the following observations can 
be made: 
 The real aperture size 𝐷 is inversely proportional 

to the along-track resolution 𝛿௬_ெ஻ாௌ. If the real 
aperture size is larger, the along-track resolution 
is better. However, because the real aperture 
physical size cannot be increased without limit, it 
is very difficult to apply this method in practice to 
obtain a high-precision along-track resolution. 

 The along-track resolution 𝛿௬_ெ஻ாௌ is proportional 
to the slant range  ுబ

ୡ୭ୱ ఉ೙
 of the target. If the slant 

range of the target increases, the along-track 
resolution decreases. 

 The transmitting signal’s wavelength 𝜆 is 
proportional to the along-track resolution 𝛿௬_ெ஻ாௌ. 
If the transmitted signal wavelength is shortened, 
the along-track resolution increases. However, 
when the transmit signal’s frequency is greatly 
increased, the transmission distance is affected due 
to the sound absorption of water17. Thus, it is very 
difficult to increase the along-track resolution. 

 
SSS imaging algorithm 

The key of the SSS imaging algorithm is the 
matched filtering algorithm (MFP), which is used to 
enhance the filtering effect and anti-jamming ability, 
and is advantageous for underwater target 
identification. As shown in Figure 4, the along-track 
resolution of traditional SSS is similar to that of 
MBES, which can be described as: 
 

𝛿௬_ௌௌௌ = 𝑅𝛼 … (5) 
 

where 𝑅 is the slant range. The across-track 
resolution of traditional SSS is related to the form of 
transmitting signal and the grazing angle of the sound 
path. According to the matched filtering algorithm, 
when the transmitting signal is an LFM signal, the 
across-track resolution can be expressed as: 
 

𝛿௫_ௌௌௌ =
𝑐

2𝐵

1

cos 𝛾
 … (6) 

 

where 𝑐 stands for the sound velocity, 𝐵 is the 
bandwidth of the transmitting signal and 𝛾 is the 
grazing angle.  

Recently, scientists have applied the synthetic 
aperture technology to improve the performance of 

 
 

Fig. 4 — Geometric model of the SSS imaging algorithm. 
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SSS, which is called Synthetic aperture sonar (SAS). 
The SAS can acquire a virtual large aperture to 
achieve a high-precision along-track resolution 
through coherently combining signals received by a 
real aperture at different locations.The across-track 
and along-track resolution can be expressed as18: 
 
𝛿௫_ௌ஺ௌ =

𝑐

2𝐵
 … (7) 

 
𝛿௬_ௌ஺ௌ =

𝐷

2
 … (8) 

 
The SAScan acquire the bathymetric information 

by using the phase differences received from the 
additional receiving array19,22. The accuracy of these 
bathymetry algorithms, however, cannot reach the 
magnitude of the MBES. The bathymetric information 
directly below the SSS cannot be obtained and 
therefore has a gap problem. 
 
Multibeam synthetic aperture high-precision 
submarine topography imaging algorithm 

To get the simultaneous output of both high-
precision imaging and bathymetric information, this 
paper proposes the multibeam synthetic aperture high-
precision submarine topography imaging algorithm. It 
combines the imaging methods of the MBES and SAS 
technologies. It divides the acoustic data into groups 
according to the different beams to conduct aperture 
synthesis in each beam, and then uses the beam angle 
and slant range to calculate the target’s depth. 

As shown in Figure 5, assuming the along-track 
size of the real aperture is 𝐷, and the coverage width 
of the target area is 𝐿, this algorithm uses the 
combined signals received by the real aperture at 

different locations to synthesize a large virtual 
aperture.Under this condition, the transmit beam’s 
angle of half-power point can be written as: 
 

𝐷_௩௜௥௧௨௔௟ =
𝐻0

cos 𝛽𝑛

𝜆

𝐷
  … (9) 

 

𝛼_௩௜௥௧௨௔௟ =
𝜆

2஽_ೡ೔ೝ೟ೠೌ೗
 … (10) 

 
According to(4), (9) and (10), the along-track 

resolution can be written as: 
 

𝛿௬_ெ஻ௌ஺ௌ =
ுబ

ୡ୭ୱ ఉ೙
𝛼_𝑣𝑖𝑟𝑡𝑢𝑎𝑙 =

𝐷

2
 … (11) 

 
From (11), it can be seen that the along-track 

resolution of the multibeam synthetic aperture high-
precision submarine topography imaging algorithm is 
independent of the wavelength and slant distance and 
is only related to the size of the real aperture. The 
smaller the size of 𝐷, the better the along-track 
resolution. This algorithm uses point-by-point 
imaging modality to get the 3D DEM picture. 

Take a single beam as an example: 𝑝௧ഥ is the phase 
center track of the transmitting array, 𝑝௥തതത is the phase 
center track of the receiving array, 𝑝௪തതതത is the scattering 
point coordinates, 𝑅௧(𝑛, 𝑝௪തതതത)is the distance between the 
transmitting array and scattering point, and 𝑅௥(𝑛, 𝑝௪തതതത) 
is the distance between the receiving array and the 
scattering point. If the baseband signal is 𝑓(𝑡), the two-
dimensional echo signal of the scattering point is 
𝑑௧(𝑡, 𝑛: 𝑝௪തതതത)after carrier wave demodulation: 
 

𝑑௧(𝑡, 𝑛: 𝑝௪തതതത) = 𝜎௪𝑤௧(𝑛)𝑤௥(𝑛)𝑒𝑥𝑝 
 

൬𝑗
ଶగ

ఒ
𝑅(𝑛, 𝑝௪തതതത)൰ 𝑓 ቀ𝑡 −

ோ(௡,௣ೢതതതത)

஼
ቁ … (12) 

 
 

Fig. 5 — Geometric model of the multibeam synthetic aperture high-precision submarine topography imaging algorithm. 
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where 𝑡 is the pulse duration, 𝑛 is the time in the 
along-track direction, 𝜎௪ is the echo scattering area of 
the scattering point, 𝑤௧(𝑛) and 𝑤௥(𝑛) are the beam 
direction functions of the transmitting and receiving 
array, respectively, 𝐶is the sound speed. The slant 
range of the scattering point can be described as: 
 
 𝑅(𝑛, 𝑝௪തതതത) = 𝑅௧(𝑛, 𝑝௪തതതത) + 𝑅௥(𝑛, 𝑝௪തതതത) … (13) 
 

Hypothetically, if the transmitting and receiving 
arrays have good synchronization, then 𝑤௧(𝑛) and 
𝑤௥(𝑛) can be replaced by 𝑤(𝑛); that is, the two-
dimensional echo signal, which is compressed in the 
across-track direction by the matched filter. After 
distance compression, the two-dimensional echo 
signal of a single point is given by 
 

𝑑ஈ = 𝑤(𝑛)𝑒𝑥𝑝 ൬𝑗
ଶగ

ఒ
𝑅(𝑛, 𝑝௪തതതത)൰ 𝜒௥൫𝑟 − 𝑅(𝑛, 𝑝௪തതതത)൯  

 … (14) 
 

where 𝑟 is the distance domain, and 𝜒௥ is the fuzzy 
function in the across-track direction.Additionally, 
after distance compression, the integral for the  
two-dimensional echo signal of a single point within 
the region of measurementsΩ is given by  

𝐷ஈ(𝑟, 𝑛) = ම 𝜎௪𝑑ஈ(𝑟, 𝑛: 𝑝௪തതതത)𝑑𝑝௪തതതത

௣ೢതതതത∈ஐ

 

 … (15) 
 

After approximate discretization within Ω, (15) can 
be rewritten as 
 

𝐷ஈ(𝑟, 𝑛) ≈ ∑ 𝜎௪𝑑ஈ(𝑟, 𝑛: 𝑝௪തതതത)௣ೢതതതത∈ஐ  … (16) 

Therefore, the imaging process consists of 
obtaining the scattering coefficient distribution in the 
imaging space for each scattering point by the 
difference of the echo signals’ forms. 
 
 

Results and Discussion 
The experiment is carried out in an anechoic tank. 

The tank, with dimensionsof 25 m (L) × 15 m (W) ×  
10 m (H), has a six-sided silencing structure. Sound-
absorbing rubber wedges are deployed all around and at 
the bottom of the tank. The sound-absorbing rubber 
wedges on the water are detachable. The rail-guided 
vehicle (RGV) equipment on water, which can be 
controlled via the electronic terminal equipment, can 
move thearray with three degrees of freedom (DOF) 
motion of the array. The RGV has two types of travel 
modes: Uniform motion and stop-start-stop. The 
minimum displacement of the RGV is 1 mm. The 
transmitting transducer, which has no directivity, 
launches an LFM signal1𝑚𝑠in width, 8𝑘𝐻𝑧 in 
bandwidth, and 180𝑘𝐻𝑧 in center frequency. The 
receiving transducer array has 80 channels. After 
amplification, filtering, and A/D sampling, the received 
data are sent to the computer for image processing. 

In the experiment, the RGV works in the stop-start-
stop mode with a displacement of 5𝑚𝑚 at each step. A 
total of 160 steps in the along-rack direction are made to 
collect echo signals. The receiving transducer array 
collects 10 ping reflections and sends them to the 
computer for storage in each sampling position. The 
experimental targets are two hollow stainless-steel balls 
each with a diameter of 13𝑐𝑚 The balls are submerged 
under water by heavy objects and connected with thin 
wire to maintain the distance between targets. The 
experimental layout is shown in Figure 7. 

              
 

(a)                                                                                                                  (b) 
Fig. 6 —(a) RGV; (b) Deployment of transducer array 
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The echo data are analyzed by using the multibeam 
synthetic aperture high-precision submarine topography 
imaging algorithm with the imaging area divided  
into 79 beams. It turns out that the two balls are  
located at the No. 60 beam (Fig. 8(a)) and the No. 63 
beam (Fig. 8(b)). 

Imaging analysis 
From Figures 8 and 9, the results of MBES 

imaging show the balls resembling a strip, while the 
results of the multibeam synthetic aperture high-
precision submarine topography imaging algorithm 
shows a better along-track resolution and the two 
targets can be clearly seen. 
 
Research on sampling interval in the along-track 
direction 

From Figures 10–13, we definitely see that 
different sampling intervals influence the imaging 

results of the multibeam synthetic aperture high-
precision submarine topography imaging algorithm. 
The signal’s main lobe has greater influence in the 
along-track direction after processing with a larger 
sampling interval. The main lobe widens in the along-
track direction at the expense of the peak amplitude’s 
decline. From the viewpoint of energy, the broadening 
of the main lobe means an increase of energy. 
However, it is not sufficient to compensate for the 
energy loss caused by the decline of the main lobe’s 
peak amplitude. Therefore, the total energy of  
the main lobe decreases. The amplitude of the grating 
lobe increases after processing with a larger sampling 
interval, such that the total energy of the grating  
lobe increases. Essentially, energy mostly remains 
constant while transmitting from the main lobe to the 
grating lobe because of the under-sampling in the 
along-track direction. 

                        
 

(a)                                                                                                       (b) 
 

Fig. 8 —The multibeam synthetic aperture high-precision submarine topography imaging algorithm imaging of the No. 60 beam  
(a) and the No. 63 beam (b). 
 

                      
(a)                                                                                                        (b) 

 

Fig. 9 —The MBES imaging of the No. 60 beam (a) and the No. 63 beam (b). 
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Further validation 
To further verify the effectiveness of the algorithm, 

we also conducted experiments under the same 
conditions with the exception that the two targets are 
both deployed in the along-track direction. As shown 
in Figure 14, the multibeam synthetic aperture high-

precision submarine topography imaging algorithm 
and the SAS can both distinguish the two targets in 
the imaging results, while the energy distribution of 
the multibeam synthetic aperture high-precision 
submarine topography imaging algorithm is more 
concentrated. The imaging result of the MBES is not 

           
 

(a) Partial                                                                                            (b) Overall 
 

Fig. 10 — Imaging results of the multibeam synthetic aperture high-precision submarine topography imaging algorithm 
(regular sampling interval) 
 

              
 

(a) Partial                                                                                                 (b) Overall 
 

Fig. 11 —Imaging results of the multibeam synthetic aperture high-precision submarine topography imaging algorithm 
(double sampling interval) 

             
 

(a) Partial                                                                                            (b) Overall 
 

Fig. 12 —Imaging results of the multibeam synthetic aperture high-precision submarine topography imaging algorithm 
(four times the sampling interval) 
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shown because of the poor resolution of the along-
track direction, as discussed before. 
 
Conclusion 

This paper presented research on a new algorithm 
for high-precision submarine topography imaging, its 
tank experiment and imaging results. The following 
conclusions can be made: 
 The multibeam synthetic aperture high-precision 

submarine topography imaging algorithm retains the 
synthetic aperture’s high resolution in the along-
track direction, and it can obtain the target’s 
bathymetric information after beamforming.  

 The energy distribution of the multibeam synthetic 
aperture high-precision submarine topography 

imaging algorithm is more concentrated than the 
SAS method. It has an inhibitory effect on the 
clutter signal outside of the beam in which the 
target exists. 

 The multibeam synthetic aperture high-precision 
submarine topography imaging algorithm is also 
restricted by the sampling interval in the along-
track direction in practical application. When the 
sampling interval used in the processing is larger 
than the regular sampling interval, the impact is 
mainly manifested in the along-track direction. 
The main lobe widens in the along-track direction 
with the decline of the peak amplitude. Part of the 
energy is transmitted to the grating lobe.  

      
 

(a) Along-track                                                                                     (b) Across-track 
 

Fig. 13 —Comparison between processing results of the multibeam synthetic aperture high-precision submarine topography imaging 
algorithm with different sampling intervals 
 

                
(a)                                                                                                  (b) 

 

Fig. 14 —(a) SAS imaging results; (b) The multibeam synthetic aperture high-precision submarine topography imaging algorithm 
imaging results. 
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Based on the confirmation of the accuracy of the 
imaging results, the advantages of the multibeam 
synthetic aperture high-precision submarine 
topography imaging algorithm are reflected by the 
comparative analysis.  
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