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Abstract—The underwater object imaging is an important 

task for the surveillance and monitoring of underwater 

environment in a non-intrusive manner.  The acoustic methods 

have been proved to be very powerful for the detection and 

localization of underwater objects. This paper proposes a new 

method for object imaging based on an acoustic system that uses 

multiple elements. The image is obtained using two main 

principles: the time-spectral diversity and the spatial diversity of 

the acoustic system.  

Keywords—matched filtering, delay, spatial diversity, 

narrowband signals, wideband signals 

I. INTRODUCTION 

The underwater object imaging is a major objective for the 
underwater marine community and it represents a significant 
challenge for the signal processing field. The high resolution 
needs, as well as the complex propagation contexts are the 
main sources of challenging tasks that the signal processing 
must face to [1, 2].   

The classical imaging methods are generally based on the 
phase delay measurement between the elements of a sensor 
array [3,4,5]. In order to avoid any ambiguity in image 
generation process the distance between two consecutive 
elements of the array must be smaller than the wavelength. 
Since in radar domain this requirement is easily achieved (the 
wavelength are very small) in acoustic domain it is quite 
difficult, even impossible when using piezoelectric sensors. 
Actually, their diameter is often of order of centimeters while 
the wavelength for a frequency of 1 MHz is 1.5 mm.  

This limitation can be overcome by replacing the phase-
delay algorithms for image generation with other methods, 
feasible from instrumentation point of view. In our paper, the 
acoustic imaging method is based on two concepts. The first 
one, applied in time domain, consists in measuring the time-of-
arrival (TOAs) of the waves reflected by the main scattering 
points of the object. In order to achieve high resolution 

measurements of the TOA, the wide band signals and the 
associated matched filtering technique are used. 

The second concept is to exploit the spatial diversity, by 
defining different sub-array configuration and generating then 
different sub-images that will be merged in order to improve 
the spatial resolution of the system. 

These two concepts are implemented in a system of 4  4 
array of 1 MHz wideband ultrasonic sensors. The experiments  
presented in this paper prove the interest of this concept via the 
imaging of small metallic pieces placed in a water thank, in the 
range of the sensor array.      

The paper is organized as follows: section 2 presents the 
proposed algorithm for the image construction – in the first 
part, the signal processing part is outlined and then, the 
acoustic system’s elements fusion principle is emphasized. 
Section 3 describes the experiment and shows the results. 
Finally, in section 4, we point out the conclusions and draw 
some further investigations.   

II. ACOUSTIC IMAGE PROCESSING 

It is well known that, in the context of image construction 
using phased array, the distance between two successive 

sensors must be smaller than the wavelength,  ,  in order to 

eliminate the spatial ambiguity [3,6,7,8]. In the underwater 

acoustic domain (in our case at 1MHz  ), the wavelength is 

very small (around 1.5 mm ), implying sensors smaller than 

this dimension which are impossible to build. 

In order to overcome this physical limitation, we propose 
the use of two major principles. The first principle is the time-
spectral diversity principle which is specific to the wide band 
signals.  

Supposing that the emitted wide band signal is 

( ) exp( ( ))s t A j t   ,  



Where ( )t  is the instantaneous phase and A the signal’s 

amplitude the received signal arriving at the 
thk  transducer 

reflected by the 
thm  scattering point of the object has the 

following expression: 

 , , ,( ) ( ) exp( ( ))k m k m k mr t A t j t     (1) 

where , ( )k mA t  quantify the amplitude deformation caused by 

the amplitude dispersion and , ( )k m t  are the instantaneous 

phase deformation caused by the environment spectral 
dispersion as well as the propagation delay. Therefore, the eq. 
(1) can be rewritten as: 

 , , ,( ) ( )D Tk m k m k mr t s t   (2) 

where ,Dk m   is the spectral dispersion operator which leads to 

the signal’s envelope deformation , ( )k mA t  together with the 

deformation of the instantaneous phase , ( )k m t . The operator 

,Tk m  is the delay operator which indicates the time of arrival 

of the signal coming from the 
thm  reflecting point and 

arriving at the 
thk  transducer. 

 In this paper, we will make use only on the propagation 
time and we will construct the image using this parameter. 

 Let’s consider an acoustic array with N N  transducers 

(Fig. 1). The purpose is to image a volume containing 

M M M    grid points in a 3D  grid. 

 We suppose the case where the imaging plan is placed at a 

certain distance, R  .    

 

Fig. 1. The configuration of the proposed imaging method 

 The dimension of one grid cell is 
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The dimension of the imaging plan is defined by xL M x    

and it is given by the geometry of the acoustic system and the  
plan to image: 
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where   is the aperture angle of one of the elements of the 

acoustic system. Hereby, it is possible to obtain, for a given 
configuration, the number of grid points investigated: 
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 Our approach uses the main idea of spatial correspondence 
between the real received signals and the simulated signals 
coming from the considered grid points. 

 Considering the scattering point  ( , )i jP x y  the received 

signal at the transducer mnc  of the acoustic array arrives at 

time (( , ), )i j mnt x y c , where: 

 
( ,( , )) (( , ), )

(( , ), )
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   (5) 

where  ( ,( , ))i jd em x y   is the distance between the emitting 

transmitter and the reflecting point ( , )i jP x y  and 

(( , ), )i j mnd x y c  is the distance between the reflecting point 

and the transducer mnc  of the acoustic system.  

It goes that, for an emitted signal ( )s t , the signal reflected by 

the point ( , )i jP x y   and arrived at the transducer mnc   is: 

 (( , ), ) ( ) ( (( , ), ))
i j mnx y c mn i j mnr t s t t x y c      (6) 

where mn   is the attenuation term.  

 The acoustic image is obtained by applying, at the output of 
each transducer, a set of delays which is specific to the position 
of the acoustic system transducers towards the investigated 
point. The received signals and the ones delayed with the set of 
delays are multiplied and, if in that point, there is a reflecting 
point, then the multiplication would lead to a significant value. 
Otherwise, the result would be almost zero. The processing 
principle is presented in Fig. 2.    

 

Fig. 2. The processing principle of the acoustic image 

 Admitting that ( , )i jP x y  is a reflecting point, then the 

acoustic image is obtained as follows:   



 Let (( , ), ) ( )
i j mnx y cr t  be the reflected signal from point 

P  to the receiving sensor mnc   

 All the possible delays between all the grid points and 

the receiver mnc   are computed: (( , ), )ii jj mnt x y c   

 The emission signal is delayed at moments 
corresponding to each grid point and, then, the 
matched filter (MF) is applied on the received signal 

and the delayed signal (( , ), ) ( )
ii jj mnx y cr t :  

(( , ), )( , ) ( ) ( (( , ), ))
i j mnmn ii jj x y c ii jj mnE x y r t s t t x y c dt  

  (7) 

 Therefore, we obtain a set of energetic values distributed in 
space which correspond to the way in which each receiver of 
the antenna “sees” the imaged plane. 

 Next, the second principle that we use is the one of spatial 
diversity which consists in merging these energies considering 
different sub-arrays. For our application, three configurations 
were considered, defined as: 
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 The fusion of these three maps allows obtaining the final 
image. The map  matrix corresponds to the acoustic image 

obtained with this methodology and the tests presented in the 
next chapter point out the functional capacity in real cases. 

III. THE EXPERIMENTAL RESULTS 

 

     

Fig. 3. The acoustic sensing system 

The experimental system is based on an acoustic array 

containing 16 receiving transducers (4  4) and an emitter 
identical with the other transducers placed in the middle of the 
system. The emitter uses wide band acoustic signal, namely, a 
linear frequency modulation.  

The acoustic system is designed as presented in Fig. 3 

where the distance between two successive sensors is 3.6cm . 

The transducers (16 sensor and the central emission) are 

identical and their central frequency is 1MHz . 

Using the principles presented in the previous section, the 
experimental tests seek to validate the capacity of the system to 
image metallic disks placed in an experimental water tank 
(Error! Reference source not found.). 

   
Fig. 4. The experimental setup for the acoustic imaging 

The first test disk, M3, has a diameter of 23mm  and it is 

located perpendicularly to the sensor 31c . The M1 disk has a 

diameter of 20 mm  and it is located in the center of the 

acoustic system (perpendicularly on the emission). Both disks 

are placed in a plan at 30cm  in front of the acoustic system.     

For comparison between narrow and wideband signals, two 
types of signals have been used. A narrowband pulse of 

1MHz  of 5 s  duration and a wide band signal in the range 

[800 ,1200 ]kHz kHz  of 10 s  duration. 

 
Fig. 5. The received signals at the closest sensors to the 

emission 11 21 31 41c c c c   : (left) narrowband signal; (right) 

wideband signal 

Fig. 5 plots the signals arrived at the sensors placed the 

closest to the emitter: 11 21 31 41c c c c   . While the 

narrowband received signals present multiple reflections, the 
wideband signal looks clearly more robust to underwater 
propagation.  

M1 

M3 



The experiment was performed in three configurations: 

first, only M1 completely immersed at 30 cm   distance from 

the acoustic system; second, only M3 completely immersed at 

30 cm  distance from the acoustic system ; finally, both M1 

and M3 completely immersed at 30 cm  distance from the 

acoustic system. 

 
Fig. 6. The acoustic image of the M1 disk (narrowband pulse at emission): 
(left) raw image; (right) the image after a 60% threshold is applied; the white 
circle is the real position and size of the disk 

 
Fig. 7. The acoustic image of the M1 disk (wideband signal at emission): (left) 
raw image; (right) the image after a 60% threshold is applied; the white circle 
is the real position and size of the disk 

Fig. 6 and Fig. 7 present the results for the M1 
configuration. The z  parameter positions the object (disk) in 
the third dimension. While the position of the disk is not very 
well determined when using a narrowband signal, the use of 
the wideband signal significantly improves the results 

 

 
Fig. 8. The acoustic image of both M1 and M3 (narrowband pulse at emission): 
(left-up) raw image for M3; (right-up) the image for M3 after a 60% threshold 
is applied; the white circle is the real position and size of the disk (left-down) 
raw image for M1; (right-down) the image for M1 after a 60% threshold is 
applied; the white circle is the real position and size of the disk 

In this configuration, Fig. 8, both M1 and M3 are present, 
the separation between the two disks is spatially made thanks 

to the volumetric imaging: the M1 coin is closer ( 0.3z m ) to 

the acoustic system than M3 ( 0.3z m ). Still its position is 

not very well detected. 

 

 
Fig. 9. The acoustic image of both M1 and M3 (wideband signal at emission): 
(left-up) raw image for M3; (right-up) the image for M3 after a 60% threshold 
is applied; the white circle is the real position and dimension; (left-down) raw 
image for M1; (right-down) the image for M1 after a 60% threshold is applied; 
the white circle is the real position and size of the disk 

From Fig. 9, it is obvious that the wideband signal 
outperforms the narrowband signal. Still, in this configuration, 
the estimated position does not exactly overlap the real 
position, although the dimension of the disks is well estimated.   

IV. CONCLUSIONS 

This paper presents an acoustic sensing system based on 
planar array of wideband sensors designed to image 
underwater objects.   

The processing algorithms are based on the matched filter 
concept together with the spatial diversity which tries to 
combine multiple measuring configurations. The imaging 
results allow detecting the objects at dimensions comparable 
to their real dimensions.  

Further investigations aim to increase the performances in 
terms of image quality, but also in terms of operational 
maturity – computing complexity, performances in terms of 
resolution and industrial packaging. 

The use of signal’s deformation to enhance the acoustic 
image is another direction of further research.  
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