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The article presents a method designed to improve the accuracy of cylindrical antenna
multi-beam sonar performance. The method is based on the mono-pulse method used in radars
and sonars. It provides good bearing accuracy in a single sounding action. The only change
required is the generation of two deflected beams and some simple computations. The new
approach to mono-pulse technique, with application of digital signal processing is presented
in the paper. The computer simulations proved, that good bearing accuracy can be obtained
even for a relatively low signal to noise ratio.

Key words: passive sonar, cylindrical array, signal processing, spatial spectrum.

1. Introduction

Oneof themethods forimprovingsonar-bearingaccuracyis themono-pulsemethod,
originally developed for radars [1, 2]. It is designed to produce two deflected and inter-
secting receiving beams, which are then observed for echo signal amplitudes. The beams
are rotated to keep identical signal amplitude in both beams. The angle determined by
the intersecting beams is the probable bearing of the target. Rotating the array or using
one of the beamforming methods can rotate the beams.

Mono-pulse bearing is potentially more accurate than using a single beam pattern. In
the latter, poor accuracy can be attributed to the small gradient of the beampattern in the
range of near angles of the beam’s acoustic axis. Because the gradient is small, relatively
big changes in the angle of wave incidence cause small changes in the amplitude of the
signals being received. As a result, just watching signal amplitude changes could not
possibly assess the wave arrival angle. The method is clearly unreliable, in particular
when signal to noise ratio is small.

The mono-pulse method looks at signals coming from the intersecting beampat-
terns. The gradients of the patterns are high at the intersection and around it and if
adequately selected, the intersection ensures maximal gradients. Even small changes of
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wave incidence angles cause big changes in echo signal amplitude, ensuring a much
better assessment of the bearing.

When beams are rotated mechanically or electronically, the procedure for smoothing
amplitudes is time consuming. This is because, each time the beams are deflected, some
time has to be allowed until the next echo pulse reaches the receiver. Fora wide sonar
range, the bearing could take up to fifty seconds or even several minutes and the target
may change position. When things go completely wrong, and the amplitudes cannot be
equalised, the method is rendered ineffective.

Today’s multi-beam sonars can eliminate the defect that comes with the mono-pulse
method. Sonar beams of any gradient are generated in a digital beamformer based on
a single series of echo signal samples from antenna transducer outputs. As a result, there
is no need to deflect beams in several or about a dozen transmissions.The time to estab-
lish the bearing is reduced to the necessary minimum. The procedure to imitate antenna
deflection really comes down to determining a big number of slightly deflectedbeams
and comparing signal amplitudes with these beams. The objective is to identify the point
where these beams intersect with the smallest difference between the amplitudes of the
signals.

The algorithm presented further in the article offers significant computational effi-
ciencies and replaces the procedure for determining a high number of beams. The orig-
inal algorithm was developed for a linear antenna whose beam patterns are described
with analytical formulas [3].

2. Mono-pulse method in a sonar with a cylindrical array

The number of beams generated in the horizontal plane by beamformercooperating
with cylindrical antennas is the same as the number of columns of ultrasonictransducers
forming the antenna. The spacing between column centres is equal to or nearly half the
length of the wave in the central frequency of the echo signal spectrum.To generate
one beam, signals are used coming from a few or about a dozen columns that form a
section of the cylinder. The axis of the beam is perpendicular to the cylinder’s chord,
and for an odd number of columns it is perpendicular to the central column. As a result,
all beams are perpendicular to all columns of the cylindrical antenna, and the number of
beams equals the number of columns. All beams have identical width. Adjacent beams
usually intersect at−3 dB. The sonar’s beamformer works together with the cylindrical
antenna by compensating echo signal delays which are produced between the centre of
the central column and the perpendicular projection of the centre onto the secant of the
cylinder section or the tangent parallel to it.

If we mark the complex echo signal sample from theN column asxn, and phase
compensation ratio bywn,k, the complex signal inK beam is computed using the fol-
lowing algorithm:

yk =
N+k∑

n=−N+k

wn,k xn, k = 0, 1, 2, ..., n = −N, ..., + N, (1)
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where
wn,k = ej(2πf0R/c){1−cos[(n−k)φ]}. (2)

In this formulaf0 means the central frequency of echo signal spectrum,c – velocity of
acoustic wave in water, andφ – angular distance between adjacent antenna columns.
To generate the beam2N+1 antenna columns are used, and the angular width of the
cylinder section generating a single beam is2Nφ.

The axis of the beam determined as above is perpendicular to column number k.
The mono-pulse method requires that two beams are determined which are deflected
from the beam with the echo signal (central beam). The simplest solution isto use two
natural beams adjacent to the central beam. The signals in these beams are described
with the relations (1) and (2). But this is not a good solution, because the point where
the beams intersect is too low. Because the usable signals are small so is thesignal to
noise ratio. For a small signal to noise ratio the likelihood of error increases. This is
why the optimal solution is to generate two deflected beams, but the angle the central
beam and the axis should be more or less equal to half the width of beamα. The point
of beam intersection is then high enough, and the deflection of beam slopesis adjacent
to the intersection point close to the maximum. As a result, bearing error is small even
for a relatively small signal to noise ratio.

Figure 1 shows modules of patterns of the central beam and two deflectedbeams.
The angle of beam deflection is equal toα/2, whereα is a 3-decibel beam width. The
design of the antenna makes sure that beam widthα is equal to the angular distance
between column centresφ (the linear distance between the columns is equal to half the
wave length).

Fig. 1. Modules of beam patterns of the central beamC(θ), left beamL(θ), right beamP (θ) and func-
tion S(θ).

The signals in deflected beams are determined from these formulas:

yL
k =

N+k∑

n=−N+k

wL
n,k xn – left beam, (3)
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360 W. LEŚNIAK et al.

yP
k =

N+k∑

n=−N+k

wP
n,k xn – right beam, (4)

where

wn,k = ej(2πf0R/c){1−cos[(n−k)φ+α/2]} – left beam, (5)

wn,k = ej(2πf0R/c){1−cos[(n−k)φ−α/2]} – right beam. (6)

SignalsyL
k andyP

k are functions of the angle of incidenceθ, because the values
depend on the beam patterns as shown in Fig. 1.

To determine the angle of incidence of waveθ the following function is conve-
nient [3]:

S(θ) =
|yP

k | − |yL
k |

|yP
k | + |yL

k |
. (7)

Figure 1 shows the module of above function. As you can see, it is almostlinear for
anglesθ, which fit within the 3-decibel beam width. With the known value of function
S(θ) we can determine the wave incidence angle. It was demonstrated [3] thatfor a
linear antenna the mean value of the wave incidence angleθ is approximately equal to:

θ ∼= arcsin [S(θ) sin(α/2)] . (8)

Figure 2 shows the relation between the mean angleθ computed from formula (8)
and the wave incidence angleθ for different signal to noise ratios at the input.

Fig. 2. Relation between mean bearing and the wave incidenceangle for different SNR.

As the signal to noise ratio increases the relation becomes linear in high anglerange.
But the gradient of the function is not right, because it should be the sameas that of
the straight line marked with the dotted line. This is why an adjustment ratio mustbe
introduced to change the gradient. When this is done, formula (8) takes thisform:

θ ∼= a · arcsin[S(θ) sin(α/2)]. (9)
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If wee keep all data from Fig. 2, and inserta = 1.25 we obtain the relations shown in
Fig. 3.

Fig. 3. Relations between mean bearing and wave incidence angle for different SNR, after adjustment of
the curves.

3. Effects of noise on bearing error

Echo signals in all sonars are the sum of the usable signal and noise. Noise at the
output of antenna transducers is the sum of acoustic noise and electric noise generated
by the receiver. In both cases we can assume that noise in the channelsof antenna
columns is not correlated [3, 4]. Under this assumption, computer simulations were
conducted with the objective to determine the mean value and dispersion of the bearing
in the function of the signal to noise ratio at the input and the wave incidence angle.
The computations were made for 1000 random samples each time. The usable signal
was a sinusoidal signal at frequencyf0, and the noise was Gaussian noise in the band
B = 4f0. These conditions are for the passive sonar; active sonars can have much bigger
signal to noise ratios. The input signalsyL

k andyP
k for the purpose of the simulation were

the height of the signal spectrum line with noise at frequencyf0.
Figures 2 and 3 show that the mean bearing error increases as the waveincidence

angle increases and the signal to noise ratio drops. The smallest error isfor angleθ = 0◦,
which is an angle at which the beam patterns intersect. It is also the direction of the
acoustic axis of the central beam. As a reminder, for these angle the gradient of the
central beam is the smallest, and the bearing error is the biggest. The signal to noise
ratio has practically no effect on this positive result (within reason). Thedetails are
presented in Fig. 4.

The situation in Fig. 4 is for a maximal wave incidence angle contained in the 3-
decibel central beam width. If exceeded, the target is detected in the adjacent beam. For
this beam two deflected beams are generated and the incidence angle moves to the new
left beam. In this beam it is to fit within the range(−6◦, + 6◦).
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Fig. 4. Mean bearing in the function of signal to noise ratio for wave incidence angleθ = 6◦.

For a big wave incidence angle and a high signal to noise ratio the mean bearing
error becomes almost constant. This is because a relatively simple algorithm was used;
it is based on simplifications, which cannot be fully justified for a cylindricalantenna
and the wave deflection angle. However, the error in this example is about0.2◦, which
is 60 times less than the conventional bearing error for a single beam, which is equal to
a 3-decibel beam width (about12◦).

The second way to measure the error is bearing standard deviation. Theresults of
bearing standard deviation computations are given in Fig. 5. As expected, standard devi-
ation drops when signal to noise ratio increases. For small signal to noisevalues errors
in assessing the bearing are comparable with beam width, which renders the method
completely ineffective. The good thing, however, is that the wave incidence angle has
little effect on bearing standard deviation.

Fig. 5. Standard deviation of bearing in the signal to noise ratio function.
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4. Conclusion

The results of the simulation demonstrate that the proposed method for improving
bearing accuracy is effective for wide wave incidence angles. The bearing error is small,
when the signal to noise ratio is big enough. Compared with the classical mono-pulse
method, which uses the wave incidence angle to determine the point of intersecting
beam patterns (hereθ = 0◦), the mean bearing error is relatively small for wider angles.
Bearing standard deviation has little to do with the wave incidence angle, which does
not speak to its disadvantage compared with the classical mono-pulse method. The main
advantage of the method is the computational efficiency compared with the method,
which generates a big number of beams with small angular deflection. When compared
with the method using antenna rotation, the advantage of this method is that the time
for determining bearing is much shorter.

The results suggest that the work should be continued to improve the properties of
the method. The first step will be to reduce the error of mean bearing by modifying the
algorithm (9). Next, the effects of changing the algorithm will be studiedS(θ). Early
results show that by replacing the sum of modules in formula (7) with the module of the
sum smaller bearing errors are obtained.
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