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In this paper a way to achieve a virtual two-dimensional planar array for sonar systems using the 
multiple input multiple output (MIMO) principle is presented. The time delay information of a planar 
array can be used for imaging sonars and allows the localization of scatterers in three-dimensional space. 
In a conventional single input multiple output (SIMO) sonar, this would be achieved using a single 
transmitter and a receiver consisting of a planar array of N² hydrophones, arranged as a rectangular N × 
N matrix. We show through simulations and experiments how a virtual planar array can be formed 
using a linear receiver array and linear transmitter array. For this, an experimental MIMO sonar system 
was constructed with a 32-channel receiver and a 12-channel transmitter, which allowed the realization 
of a virtual 32 × 12 array. The array design is analyzed through experiment in a harbor basin and 
through simulations, validating the principle of the virtual planar array. In addition to the experimental 
investigations, in which only a limited number of transmitter channels are available, further simulations 
with a 32 × 32 array are performed for further MIMO arrangements to highlight strengths and 
weaknesses in different application areas.
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1. INTRODUCTION

An active sonar emits acoustic waves to detect and locate underwater objects and structures. A conven-
tional active sonar usually consists of a transmitter unit and a receiver array. The transmitter unit can be
considered as a point source with a certain directional characteristic, which emits acoustic energy into an
area using a transmitter pulse, e.g. a Continuous Wave (CW) or Frequency Modulated (FM) pulse [1]. It can
be considered as a single input to the acoustic channel. In the acoustic channel the signal passes through a
medium (water), is backscattered from objects, the seafloor, water surface and by the medium itself, and is
received by the elements of the receiver array. The receiver elements can be interpreted as multiple outputs
of the acoustic channel. Therefore the conventional active sonar system is called Single-Input-Multiple-
Output (SIMO) sonar. Using the travel time information of the transmitted pulse, the localization of objects
can be estimated by beamforming techniques, where the range resolution depends on the bandwidth of the
transmitted pulse, while the angular resolution depends on the aperture length of the receiver array and the
number of receiver elements.

To reconstruct the backscattered sound in a three-dimensional space, e.g. for acoustic cameras, the
information of range, azimuth and elevation has to be obtained for which a two-dimensional array is needed.
A simple arrangement is a planar, rectangular grid with Nr rows and Nc columns, which are filled with
N = NrNc receivers and one transmitter. This SIMO arrangement has the disadvantage that electroacoustic
transducers, analog signal conditioning and analog-to-digital converters (ADC) are required for each of the
large number of receiver channels, resulting in a complex and expensive design. A simpler, less expensive
alternative can be found by using of the novel multiple-input multiple-output (MIMO) sonar approach [2,4–
6], which can create a virtual planar array using a linear receiver and transmitter array. Here, a large number
of transmitters emit different, ideally orthogonal, transmitter pulses, which can be separated from each other
in the receiver-side signal processing. Therefore, signal separation plays a key role in this process.

In this paper, an overview of the concept of a virtual planar array is given in Section 2. Following this,
in Section 3 a set of Orthogonal-Frequency-Division-Multiplexing (OFDM) signals are presented, for use
with the multiple transmitters in a MIMO sonar setup. In Section 4 the principle of a virtual planar array
is tested through simulations and compared to conventional SIMO arrays. Furthermore, a MIMO sonar
demonstrator was built which allowed us to perform experiments in a realistic environment in a harbor basin
and to validate results of the previously performed simulations, which is shown in Section 5. Finally, the
work is summarized in Section 6.

2. CONCEPT OF A VIRTUAL PLANAR ARRAY

The monostatic sonar system considered within this work has M transmitters and N receivers, which
are located at the positions qT,m ∈ R3 with m = 0, ...,M − 1, and qR,n ∈ R3 with n = 0, ..., N − 1. In
a general static scenario the relationship between the mth transmitter and the nth receiver can be described
by the impulse response hmn (t). The nth receiver signal resulting from the superposition of all transmitter
signals sm (t) after passing through the acoustic channel can be expressed by

sn (t) =

M−1∑
m=0

(sm ∗ hmn) (t) , (1)

where (*) is the convolution operator. In an ideal channel with K point scatterers at the locations qS,k ∈ R3

with k = 0, ...,K − 1, (1) can be described in detail by

sn (t) =
M−1∑
m=0

K−1∑
k=0

amnk · sm (t− τmnk) , (2)
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Figure 1: Approximation of the travel path in a far field scenario

with the propagation losses amnk and the travel time

τmnk =
|qT,m − qS,k|+ |qR,n − qS,k|

c
(3)

between transmitter, scatterer and receiver, where c is the speed of sound. For a scatterer located in the
far-field, (3) can be approximated by

τ̃mnk =
2 |qS,k| − uT

S,k (qT,m + qR,n)

c
, (4)

where uS,k = qS,k/ |qS,k| is a unit vector, which points in the direction of the scatterer (cf. Fig. 1). Here it
becomes clear, that the same travel time information can be obtained by a virtual array with NM elements
at the positions

qV,mn = {qT,m + qR,n|m = 0, ...,M − 1;n = 0, ..., N − 1}. (5)

Thus, by careful arrangement a virtual planar array with MN elements can be created by only using
M +N physical transducers.

3. TRANSMITTER SIGNALS

A key element of MIMO systems is the design of transmitter signals, since the separability of the
transmitter signals in the receiver signal processing is essential for the functionality of the system. In the
literature, methods for signal separation are often divided into Time-Division-Multiple-Access (TDMA),
Frequency-Division-Multiple-Access (FDMA) and Code-Division-Multiple-Access (CDMA) approaches
[7].

Using the TDMA method, all transmitter signals use the same frequency band, but different time slots.
The time slots are carefully arranged to ensure that the signals are distinguishable at the receiver, therefore
a previous knowledge of the acoustic channel is necessary. The sequential transmission of the signals leads
then to a perfect signal separation, but since time passes between the single measurements the channel can
change, e.g. due to the movement of the target. In addition, the duration of the transmission sequence and
thus the ping period increases with the number of transmitters.

In the FDMA method, signal separation is achieved by dividing the transmitter frequency band into
sub frequency bands, in which the transmit signals are distributed. This allows simultaneous transmission
and in theory a perfect signal separation. However, the bandwidth of electroacoustic transducers is usually
very limited, thus dividing the available frequency band by the number of transmitters further limits the
bandwidth of the transmitted pulses, which reduces the range resolution accordingly.
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With the CDMA method all transmitters use the same time slot and frequency band, whereby signal
separation is accomplished using coding techniques. The advantage of the CDMA method is that it allows
a large number of transmitters without having to restrict the transmission duration or bandwidth of the
respective transmission pulses, as would be the case with TDMA and FDMA. However, this also has the
consequence that many transmitters radiate their energy at the same time in the same frequency spectrum and
the separation of the signals is only possible to a limited extent. The signal separation is realized by using
matched filter banks in the receiver signal processing, which provide a correlation between the received
signal and the transmitted signals. Therefore, the properties of the cross correlations between the transmitter
signals determine the property of the signal separation [8].

In this demonstration the CDMA method is used to separate transmitter signals. For this purpose a set of
orthogonal-frequency-division (OFDM) signals is designed. OFDM signals originated in communications
technology and represent a comparatively new field of research for application in radar systems [9]. The
principle is based on a multiplexing method using orthogonal carrier frequencies. For this purpose, the
transmitter frequency band is divided into sub frequency bands Bsub, whose bandwidth depends on the
length of the OFDM signal via the orthogonality condition

T =
1

Bsub
, (6)

where T is the length of the OFDM pulse (symbol). If this condition is fulfilled, then in the frequency
domain the carrier frequencies are located in the first zero crossings of the sinc function of the adjacent
carrier frequencies. In the time domain, each carrier frequency has an integer number of periods. In the
present work, 32 OFDM pulses are used as transmitter pulses, which are generated by

s(t) =

Nc−1∑
n=0

cn · ej2πfnt (7)

with
fn = f0 + n ·Bsub and Nc = B · T, (8)

where B = NcBsub is the bandwidth, f0 the first center frequency of the fist sub band, and the sequence cn ∈
{−1, 1,−j, j} for n = 0, ..., Nc − 1, resulting in each carrier frequency containing two bits of information.

4. SIMULATION

To verify the concept of the virtual planar array, a simulation was built in python based on the MIMO
channel described in (2). Thereby, the signals of the paths between each transmitter and receiver are calcu-
lated. The simulated receiver signal is then obtained by superimposing the individual signal paths. In this
simulation, three different scenarios of a 32 × 32 array are considered. In the first scenario, a conventional
32×32 receiver array is considered (cf. Figure 2.a), which represents a single-input multiple-output (SIMO)
case and can be used as a reference for further analysis. In the second scenario, the simplest form of a MIMO
array with a virtual aperture of 32× 32 channels is realized by a T array. It consists of 32 receivers arranged
horizontally and 32 transmitters positioned vertically above the receiver array (cf. Figure 2.b). This setup
has the smallest ratio between the number of physical transducers required and the number of virtual array
elements achieved. However, this setup requires 32 transmitter signals to be emitted simultaneously and
generating significant uncorrelated noise due to crosstalk between the transmitter signals (cross-correlation
noise). Therefore, in the last scenario, an H arrangement as shown in Figure 2.c is used. This arrangement
halves the number of transmitters needed, which also reduces the influence of cross-correlation noise. How-
ever, 16 additional transducers are required for this setup, increasing the ratio of electroacoustic transducers
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Figure 2: Array arrangements for three different scenarios. (a) SIMO, (b) T-Array, (c) H-Array

to virtual array elements compared to the previously proposed T array. For a complete cost analysis, the cost
of one receiver channel and one transmitter channel would need to be known, which is not intended to be in
the scope of this work.

For the simulation, a point target is placed in front of each array, allowing the point spread function
(PSF) of the array to be determined. The PSF is shown throughout this paper in three projection planes:
the azimuth-range plane, the range-elevation plane, and the azimuth-elevation plane, with a common inter-
section at the position of the target. To evaluate the simulation results, the PSF is divided into the areas of
signal backscatter and clutter, from which the signal-to-clutter ratio (SCR) can be determined. In addition,
the 3 dB beamwidth of the main lobe in the horizontal and vertical directions is determined, which gives an
estimate of the resolution of the system.

Figures 3 to 5 show the simulation results for the three array configurations respectively. As expected,
the SIMO case presented in Figure 3 shows a match of the PSF in the range-azimuth plane as well as the
range-elevation plane, since the array is square and has the same characteristics in the y- and z-directions.
The 3 dB beamwidth is 3.2° in the horizontal and vertical directions, which corresponds to the theoretical
beamwidth of

∆ϕ3dB = 0.88 · λ
L

· 180
◦

π
= 0.88 · 0.029m

0.45m
· 180

◦

π
= 3.2◦, (9)

where λ is the wave length and L the aperture length of the array. Regarding the influence of cross-
correlation noise on the SCR, this scenario represents the ideal case, since there is no influence of cross-
correlation noise by using only one transmitter pulse.

Figure 4 shows the result for the T array. It can be seen that the virtual array also achieves a beam
width of 3.2° in horizontal and vertical direction. However, the influence of the cross-correlation noise is
now apparent, especially in the vertical plane (cf. Figure 4.b). Here the whole background is filled with
clutter, which is caused by the limited pulse separation. This is reflected in a reduction of the SCR by
12.7 dB compared with the SIMO case. The PSF in the range-azimuth plane is barely affected by the
cross-correlation noise. Only in the direction of the target the clutter is significantly increased. This can be
explained by the given aperture of the receiver module focusing the backscattered energy, i.e. also that of
the cross-correlation noise, in the beam in which the target is located.

Figure 5 shows the third scenario, where the H array is used. This setup allows the number of transmitters
to be halved and still produce a virtual 32× 32 array with a 3 dB horizontal and vertical beamwidth of 3.2°.
By halving the number of transmitter pulses, the influence of cross-correlation noise can be reduced by
approximately 3 dB as expected. This is particularly reflected in the clutter of the range elevation plane (cf.
Figure 5.b). Due to the H array configuration with its two rows of receiver elements, we also can observe an
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Figure 3: Simulation results for the SIMO-Array-Configuration with the same colorbar in subfigures (a)-(c). (a)
Range-azimuth domain, (b) range-elevation domain, (c) azimuth-elevation domain, (d) horizontal and vertical
beampattern (horizontal beampattern is hidden by vertical beampattern).

energy focusing of the cross-correlation noise in Figure 5.b as an elevation beampattern, where the zeros of
the beampattern appear as dark horizontal lines.

5. EXPERIMENT

A MIMO sonar demonstrator manufactured by ATLAS ELEKTRONIK GmbH was built, which allows
an experimental validation of simulations presented above. Due to limitations in the production and costs,
the demonstrator does not match the number of channels as used in the simulations, where an ideal quadratic
2D planar array is tested. Instead it consists of a receiver module and four transmitter modules, each with
three channels, i.e. M = 12 (cf. Figure 6.a). They have a bandwidth of B = 20 kHz at a center frequency
of fc = 50 kHz. The receiver module is a uniform linear array with N = 32 elements, which have a spacing
of dr = λc/2 with λc = c/fc. They have a bandwidth of 20 kHz at a center frequency of 50 kHz. The
four transmitter modules are mounted in a column above the receiver module, forming a T-Array as shown
in Figure 6.b. Due to the design of the sonar demonstrator, the transmitter array is not completely allocated,
i.e. a spacing of dt = λc/2 is not maintained, which is why grating lobes are to be expected in the vertical
beampattern. Figure 6.c shows the analytical narrow band beampatterns in vertical and horizontal direction.

The experiment takes place in a harbor basin. The water depth is ˜6 m and the sonar system is mounted at
a depth of 2 m. The speed of sound is estimated to be 1480 m/s. An artificial target is placed approximately
10 m in front of the sonar to determine the PSF of the system. In the experiment, the transmitter pulses
shown in Section 3 are emitted via the transmitter array. In the signal processing the receiver signals are
mixed in the baseband and seperated by a matched filter bank to enable a link between every transmitter
module and receiver channel. These M ·N signals are processed in a coherent time domain back projection
beamformer, to deduce the direction and range information of the targets.
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Figure 4: Simulation results for the T-Array-Configuration with the same colorbar in subfigures (a)-(c). (a) Range-
azimuth domain, (b) range-elevation domain, showing background clutter caused by cross-correlation noise (c)
azimuth-elevation domain, (d) horizontal and vertical beampattern.

Figure 5: Simulation results for the H-Array-Configuration with the same colorbar in subfigures (a)-(c). (a)
Range-azimuth domain, (b) range-elevation domain, (c) azimuth-elevation domain, (d) horizontal and vertical
beampattern.
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Figure 6: (a) MIMO sonar demonstrator, (b) array arrangement, (c) theoretical vertical and horizontal beampattern

Figure 7 shows the result of the experiment. The test target is located 9.6 m from the sonar, with an
azimuth angle of -2° and an elevation angle of -4°. This setup was additionally simulated to serve as a
reference under ideal channel conditions (cf. Figure 8). As in the simulations in the previous section, the
PSF is shown in three planes, which have a common intersection at the location of the target. Due to the
grating lobes in the vertical beampattern of the array, we can observe the target at three different elevation
angles, where the upper and lower targets are ghost targets. Thereby the ghost targets appear at different
ranges (cf. Figure 7.b), which can be explained by the asymmetrical setup in the experiment. For this reason,
the ghost targets are not appearing in Figure 8.c and Figure 8.d or just partially in Figure 7.c and Figure 7.d,
because these subfigures showing the results for the specific range of 9.6 m.

In contrast to the simulation, where an ideal acoustic channel was considered, the experiment is in a non-
ideal environment where reverberation at the water surface, the seafloor and the water volume significantly
affect the SCR in the measurement. Thus, the acoustic reverberation in each plane (Figure 7.a - 7.c) causes
clutter in the background. Comparing the results from Figure 7 with the reference from the simulation,
it can be seen that especially the SCR in the range-azimuth plane is significantly degraded. However, the
properties of the array like the location of ghost targets in the subfigures (b) (caused by grating lobes in
the vertical beampattern) and the beamwidth of the main lobe in the subfigures (d) show a high level of
agreement when comparing the theoretical model (cf. Figure 6.c) and the simulated reference (cf. Figure
8.d). Thus, the experiment validates the functionality of the proposed vertical stacked virtual array.

6. SUMMARY

In this paper, the MIMO sonar principle as well as the concept of a virtual array for the realization of a
virtual planar sonar array were investigated in detail. For this purpose, a simulation of the acoustic MIMO
channel was developed, which allowed an observation of different array configurations under ideal condi-
tions. Thereby the simulations are focused on a standard 32×32 planar array, which is a likely configuration
for future applications. In addition, a MIMO sonar test array was built and used for experiments in a realistic
environment. For the operation of a MIMO sonar, pulse separation becomes a key issue. Therefore, a set
of OFDM pulses were designed in this work, which allows the simultaneous operation of multiple transmit-
ters. To analyze the virtual array, the 3 dB width of the response of a single point scatterer and the level of
background clutter is evaluated and compared to a simulated SIMO reference. Simulations and experiment
show that the virtual planar array can achieve the expected 3dB beamwidth both vertically and horizontally.
However, the OFDM pulse form design directly translates into background clutter due to cross-correlation
noise, so pulse separation remains an important variable for future work in this area.
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Figure 7: Experiment results. (a) Range-azimuth domain, (b) range-elevation domain, (c) azimuth-elevation do-
main, (d) horizontal and vertical beampattern.

Figure 8: Results of simulated setup. (a) Range-azimuth domain, (b) range-elevation domain, (c) azimuth-elevation
domain, (d) horizontal and vertical beampattern.
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