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Monostatic Synthetic Aperture Sonar (SAS) is a high resolution system which is operational for target
imaging purposes in the field of underwater acoustics. The objective of this work was to analyse what
kind of information should be obtained from a multistatic SAS system. This idea has been applied
in radar but very few works exist in the underwater acoustics domain. The applications could be
detection and identification of buried mines or mines lying on the seabed and divers detection for
harbour protection. These applications deal with the problem of target detection and identification near
a rough interface. To show what can be obtained with a multistatic SAS processing, we have performed
an experiment with a circular cylinder and a squared cylinder of 2a = 1 ¢m maximal dimension lying on
a rough interface made of sand grains of about 1 mm diameter. Measurements were performed in a tank
with both a multistatic and a monostatic forward looking SAS systems. The signal used to insonified
the target area was a short impulse with a 2 MHz central frequency which corresponds to a ka about
40. Images of the cylinder in presence of clutter have been reconstructed with the matched filtering

algorithm from monostatic and multistatic acquisitions and were qualitatively compared.

1 Introduction

Monostatic Synthetic Aperture Sonar is a high resolu-
tion system which is operational for target imaging pur-
poses in the field of underwater acoustics [1]. In the
multistatic case, few theoretical or experimental studies
have been published [2]. Multistatic SAS is currently
increasing attention for use in applications such as the
detection and identification of buried mines, mines lying
on the seabed or diver detection for harbour protection
purposes. In the monostatic configuration, the trans-
mitter and the receiver are located on the same carrier,
whereas they are separated in the bistatic configuration.
In a multistatic context, combination of various bistatic
measurements allows to obtain information of various
kinds. Another interesting feature of multistatic config-
uration is that it allows to choose transducer locations,
which makes this kind of configuration hightly adaptable
and capable of meeting all possible local constraints.
Here, experimental results regarding imaging of targets
lying on a rough interface are presented. The imag-
ing algorithm used to reconstruct target images is the
Matched Filtering Algorihtm (MFA) [3, 4, 5, 6]. In the
MFA, the model used to estimate the diffrated field is
the “point scatterers” model. Experiment is divided
in two parts: target images are reconstructed using a
monostatic and then a multistatic forward looking SAS.
Two kind of targets were chosen: a cicular and a squared
cylinders. This study was performed in 2-D to simplify
the problem, but the conclusions reached are not restric-
tived to 2-D situations.

In the first part of this paper, geometrical and physi-
cal parameters are defined. In a second part, Matched
Filtering method adapted to monostatic and multistatic
configurations is presented. Then, experimental results
in a monostatic and in a multistatic forward looking SAS
contexts are presented. Images of circular and squared
cylinders were reconstructed with the MFA in both con-
figurations. Lastly, combination of monostatic and mul-
tistatic images are presented to put in light the interest
of multistatic measurements.

2 Geometry and physical param-
eters
The objective of the study consists in imaging an im-

mersed target (referred to below as 3) lying on a rough
interface which was insonified by several transducers
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used as transmitters. Waves diffracted by the target
were recorded by several transducers used as receivers.
Q; denotes the water which is considered as a free space.
The rough interface was not taken into account in the
model. 27 and 9 are assumed to be homogeneous and
isotropic. p; is defined as the water density and c; as the
sound velocity in water. ky = % denotes the wavenum-
ber in water, where f is the frequency. This study is
performed with two different targets lying on a rough
interface and immersed in an experimental tank: a solid
circular stainless steel cylinder 1 ¢m in diameter and a
solid squared stainless steel cylinder 1 ecm by 1 cm in di-
mensions. The rough interface was made of sand grains
of about 1 mm diameter. Half of the largest dimen-
sion of targets (referred to below as a). po(t) denotes
the time signal transmitted and Py(f) denotes its spec-
trum.

This study is performed in a 2D geometry in order to re-
duce computational time. (Oz) is the symmetry axis of
the target. Transducers are placed in the plane (zOy).

Figure 1 represents a bistatic configuration with a trans-
mitter at T and a receiver at R. Multistatic configura-
tion is definied as a combination of several bistatic con-
figurations.

R @ Transmitter
z @ H Receiver
A 3 - Image area
7 Rough
,,,,,, % interface
‘ X
— <6Z "
¢ < "o X

Figure 1: Bistatic configuration

The following vectors are defined:

. )?:OA, where A is any point on the plane (zOy)
and O is the geometrical center,

—

e Xp=0T, where T is the transmitter location,

-
is the normed vector of X,

N
e Xp=0OR, where R is the receiver location,



- is the normed vector of Xg,

e Xyy=OM, where M is any point on the target
boundary,

e 7 is the outgoing normal from the target boundary,

—

o £ =0P, where P is one of the image pixels.

The following distances are defined:

.LT@:\XT_;( ,
. LR&):‘XR—;?‘.

The following angles with respect to the (O 5) axis
are defined:

(] (OI 5 )?T) = GT,

(] (Om, )?R):GR,

3 Imaging Reconstruction Algo-
rithm

Matched Filtering is a well known reconstruction method
in the field of Synthetic Aperture Radar [5] and Sonar
[6] research. This method has been adapted to bistatic
configurations in the case of SAR [5]. It is based on
estimation theory and it is the most exact method in
the sense of maximum likelihood. A Matched filter is
an optimum filter which maximises the signal to noise
ratio in the presence of additive stochastic noise.

3.1 Point scatterers model

In this method, the diffracted field is modeled using the

“point scatterers” model. The signal received can be
written as follows:
P"(Xg, k1) = PY(Xg, k1) + W(Xg, k1) (1)

Where Pd()ZR, k1) is the field diffracted by the tar-

get at R and W(Xg, k1) is the white circular Gaussian
noise at R. The receiver is assumed to do not receive
the signal directly transmitted. The model consists in
assuming that the target is constituated of N “point
scatterers”. o, denotes the reflexion coefficient of the
“point scatterer” n located on the target boundary at
point M,,. The model for the diffracted field is therefore
written:

Lt (Xm,)+Lr(XnM,)

ZonPo Jh

XR; kl

L (2)
Where X7, =OM,,.
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3.2 Matched filtering algorithm for any
geometry

The algorithm is first presented for one transmitter lo-
cated at T and Npg receivers located at points R,,, so

that m =1, Nr. Xg,,=OR,, is taken to define f};n as
XR,, — X‘

as the distance between R,, and any point A on the

the normed vector of X;m and Lg, ()?) =

plane. I(¢) is taken to stand for the intensity of an
image pixel located at P. This parameter is the esti-
mator of the maximum likehood of the reﬂexion coef-
ficients o, based of measurements of P"(Xg, k1). The
Matched Filtering method is performed on the useful
range of frequencies of the transmitted signal spectrum.
Frequency values are discretized in Ny samples. The
frequency sample is denoted: f;, where [ = 1, Ny, and
the wavenumber sample is denoted: ki, = QZfl The
Matched Filtered Algorithm (MFA) formula for one trans-
mitter and Np receivers is written as follows [5]:

P (Xp,. k) By(fi) &%
N 2
Nr 3252 [Po(fi)l

Where Pj(f) is the conjugate of the transmitted sig-
Lr(§)+ Lr,.(§)]|.

The image area, in which the target is located, is as-
sumed to be far from the transmitter and receivers.
Thus,

N
ZmR 1

I(¢) = (3)

nal spectrum and where ®; ,,,= k;,

—

e Ln(€) = [Xr - €| =[] - € . T
o Ln, (€)= \XR,n - 5‘ ~ ‘XR,,L .
Hence,
1€ = St S AP (X ) B (fi)e 2410
Nr Zz:f1 Po(fl)|2
(4)
o [fohsie
Where Alﬁm:ej ! H " " }

and with ki = k1, [j(; + )?1;}
The intensity of each pixel results from the correlation

between the time signal received; which is denoted p" (X r
,t), and a delayed replica of po(t).

Formula 4 is used to reconstruct an image based on one
transmitter and multiple receivers. To obtain the multi-
static image based on Np transmitters, a coherent sum
of these images is performed from 1 to the number of
transmitters Nrp.

The monostatic geometry isa partlcular case of the

multistatic one i.e. XT XRm —XTR where XTR de-
notes the transmission/reception locatlons, thus:

—

1= 1Alm "(XTR,.,k1,) —ikim-§

N
Nrr Zl=f1

N
2mei

Py (fi)e
Ry(fi))?

1(¢) =

(5)
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2jk1, | XTRm

Where 4;,, = ¢ , with ky = 2 ky, X;;m
and with Npg the number of transmission/reception lo-
cations.

4 Experimental results from a mono-

static forward looking SAS

The first experimental study which is presented in this
part consists in two monostatic forward looking SAS
acquisitions, one at 40° of grazing angle and the other
at 50°. Only images performed for 50° of grazing angle
will be presented in this part but those performed at 40°
will be used in part 6.

4.1 Monostatic forward looking SAS ac-
quisition conditions

Figure 2 shows the monostatic forward looking SAS
acquisition system. The transducer used in transmis-
sion/reception mode was a 6° aperture Imasonic trans-
ducer.

20 cm
z(©

TR, TIR,,, TRy,

X; Target

\

@ Transmitter/Receiver

Figure 2: Configuration of the monostatic forward
looking SAS

Figure 3 shows the signal filtered by the transducer
(left) and its spectrum (right). Its central frequency was
fo =2 M Hz and the bandwith at —3 dB was 720 kH z.
Water density was p; = 1 and sound speed in the water
was approximatively ¢; = 1480 m/s, so that kga ~ 40
and A\ ~ 7.1072 ¢m.

P, (1) /max[py(t)] 1P, (f)1/max [IP(f)I]
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Figure 3: Signal of the monostatic experiment

4.2 Circular Cylinder images

Figure 4 shows the image of the circular cylinder lying
on the rough interface.
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Figure 4: Monostatic image of the circular cylinder

As it can be seen on this image, one “point scatterer”
of the circular cylinder was reconstructed and rough in-
terface was also detected. It can be observed the pres-
ence of the target shadow behind the target where the
rough interface was not reconstructed.

4.3 Squared Cylinder images

Figure 5 shows the image of the squared cylinder lying
on the rough interface.

I/max ()

y (cm)

= -15 -1 -05 0 05 1 15 2
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Figure 5: Monostatic image of the squared cylinder

This time two “points scatterer” were reconstructed
which defined the two left corners of the squared cylin-
der. The rough interface was also detected. It can
be also observed the presence of the target shadow be-
hind the target where the rough interface was not re-
constructed.

5 Experimental results from a mul-
tistatic forward looking SAS

The second experimental study which is presented in
this part consists in two multistatic forward looking SAS
acquisitions, one with the transmitter insonifying the
target at 40° of grazing angle and the other at 50° using
the same reception antenna in the two experiments. The



images performed at 40° and 50° of grazing angles were
coherently summed to form one multistatic image.

5.1 Multistatic forward looking SAS ac-
quisition conditions

Figure 6 shows the multistatic forward looking SAS ac-
quisition system. The Imasonic transducer used in the
monostatic case is taken as the transmitter. An omni-
directional transducer manufactured in the laboratory
was used to simulate the reception antenna by moving
between two signal acquisitions.
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Figure 6: Configuration of the multistatic forward
looking SAS

Figure 7 shows the signal filtered by the transmission
transducer and the reception transducer (left) and its
spectrum (right). Its central frequency was fo =2 M Hz
and the bandwith at —3 dB was 1 M Hz. Water den-
sity was p; = 1 and sound speed in the water was ap-
proximatively ¢; = 1480 m/s, so that koa ~ 40 and
Ao~ 7.1072 em
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Figure 7: Signal of the multistatic experiment

5.2 Circular Cylinder images

Figure 8 shows the image of the circular cylinder lying
on the rough interface.

As it can be seen on this image, one “point scat-
terer” of the circular cylinder was reconstructed and
rough interface was also detected. It can be noted that
the “point scatterer” reconstructed here is not the same
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Figure 8: Multistatic image of the circular cylinder

as that reconstructed in the monostatic case. As with
the monostatic case, the target shadow is also present
in this multistatic image but it is not localized on the
same area. Regarding those observations, it can be said
that the multistatic image brings different information
on the target than the monostatic image.

5.3 Squared Cylinder images

Figure 9 shows the image of the squared cylinder lying
on the rough interface.
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Figure 9: Multistatic image of the squared cylinder

Here, two “points scatterer” were reconstructed which
defined the two top corners of the squared cylinder. The
rough interface was also detected. Same conclusions as
with the circular cylinder can be made. Consequently,
monostatic and multistatic images were combinated and
are presented in the following part, in order to have less
uncertainy for target identification purposes.

6 Combination of all Experimen-
tal results

As monostatic and multistatic images bring different in-
formation on targets, coherent sums of all monostatic
(40° and 50° of grazing angle) and multistatic images
were performed and are presented in this part.
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6.1 Circular Cylinder images others “points scatterer” than those visible in the mono-
static configuration. Thus, those monostatic and multi-
static configurations bring further information that would

increase the possibility to identify targets lying on the

The resulting image of the coherent sum of monostatic
and multistatic images of the circular cylinder lying on
the rough interface is shown figure 10.

seabed.
I/ max (1)
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Figure 11: Combination of monostatic and multistatic
images of the squared cylinder

It can be seen on this image that three corners of the
squared cylinder were reconstructed whereas only two
were reconstructed on each monostatic or multistatic
images.

7 Conclusion

In this paper, images of a circular cylinder and a squared
cylinder were reconstructed using the MFA in a mono-
static and a multistatic forward looking SAS contexts.
First, the two kind of targets were detected on the rough
interface. Target shadows on the rough interface were
visible with both configurations. From those experi-
ments, it results that this multistatic configuration is
interesting for target identification as it allows to see
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