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ABSTRACT

Treating a hull mounted array such as a bow array as a set of omnidirectional hydrophones may
lead to erroneous modelling of noise response versus steer angle; any tilt of the array from the
vertical results in subtle environmental features (such as the 'noise notch”) being swamped by noise
from overhead. In contrast, the more realistic assumption of directional individual hydrophones
{which would result from baffling) results in an array response that is indeed sensitive to
environmental detail for moderate amounts of array tilt. A model is presented (CANARY) that can
handle these effects by calculating the correlation function between a pair of arbitrarily orientated
directional hydrophones and then finding array response by summing over all hydrophone pairs.

1. INTRODUCTION

Sonar designers put a lot of effort into reducing side lobe levels for arrays often implicitly assuming
isotropic noise. In reality the noise field may be a long way from isotropic with a pronounced
contribution in the vertical from ducts, pronounced holes (the 'noise-notch’) in the vertical, and
directional propagation and shipping lanes in the horizontal. If the directionality is known then
obviously sonar performance can benefit. The corollary is that performance will be degraded if
poor assumptions are made at the design stage.

There are important effects in realistic environments that cannot be modeiled by the geometric
phases and beam steering delays alone. An obvious example is that a baffled array cannot see
behind the baffle, and this can be regarded as being caused purely by the individual hydrophone
response.

A more serious case is one that we shall investigate later. Imagine a vertical line array of
omnidirectional hydrophones in a noise field that is isotropic except for a noise-notch (a narrow
band of angles near the horizontal plane where there is no noise).Given adequate angle resolution
the array response plot versus steer angle will show a clear dip corresponding to this noise notch. If
we now tilt the array a few degrees to the vertical but attempt to compensate by beam steering we
will find that, no matter what we do, we cannot find the noise notch. The reason for this is that each
steered beam is really a fixed angle cone about the array axis. When we thought some 'forward' part
of the beam was looking in the noise-notch direction, some other part of the beam, in particular the
'backward' part, was looking upwards at the surface (where the noise sources are) and contaminating
the beam response.

If we were to repeat the thought experiment using directional hydrophones (all aimed horizontally
at one azimuth, eg 'forwards') then the array response would be uncontaminated and we would
always see a steer angle where there was a noise-notch regardless of the array orientation. This
demonstrates that there is a real effect that can give misleading results for signal-to-noise
calculations if individual hydrophone directionality is not modelled adequately.

This paper describes a model of ambient noise, CANARY, that can calculate noise field
directionality, noise coherence for a pair of hydrophones, and the correlation matrix, array response
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and noise gain for an array. The array can have arbitrary shape and be composed of directional
hydrophones. This means that it can model baffled hydrophones typical of hull-mounted arrays.

After discussing the theory in Section 2 we go through some examples including a hypothetical
bow array in Section 3.

2. THEORY

Qur formulation for array response is a hybrid of the beam/directionality approach and the
correlation sum approach. Therefore we start with some definitions and derive the formulae.

The Array Response AR for the entire array is
AR = [N@)B(Q)dQ2 (1)

where N is the directional noise field (assumed to be a function of 0 only), and B is the beam
pattern for the given steer direction.

The noise measured by a single hydrophone is
NL= [N@dQ (2)
and the Noise Gain is

jN(Q)B(Q)dQ
G =

jN(Q)dn *

Now we assume that the jth hydrophone has a directionality h; (L) and a weighting wj and the
power beam pattern for the entire array is

BQ) =Ibi?= T ¥ "4, (@)h;(@)w;w, 4
P

where dj; is the distance between hydrophone i and j, and § is the angle between the incoming ray
and the lglydrophonc separation axis.

The array response is then

'kd
AR=[N@Y Ye "% by () Q)w;wdQ (5)
i
Rearranging, this becomes
i
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where pj; is the unnormalised correlation function

ikd;; Cosédﬂ )

py(dy) = [ N(Q)h; (Q)h;(Q)e
We now have all the fundamental quantities that need to be calculated, but there are some more
terms in the integral that result from breaking down the solid angle integral into O (elevation angle
at the receiver) and ¢ (azimuth), d€2 — cos® d@ d¢.

Assuming the hydrophone pair to be separated along a line at azimuth 3 and elevation angle y we
have

d;; cos& =d;, cos(¢—P)cosB+d,sind (8)
dv = d'.l siny
dh = dlj COST

Equation 7 can be written as

pii(dy) = j' N(8)F(8)e*4v*"® 0050 do %)
with all the ¢ dependence contained in F through

F(6) = [ h;(8,9)h;(8,)e™» #-P1e0s® g (10)

The environmental dependence taking account of multipath reflections, and so on, is contained in N
(see Harrison 1995, 1996)

N(8) = R, sinf, /[1- Ry(8,)Ry (8 )e ™« | (1)
where
R,=e ™ ; 0>0
=R, (8p)e >, 8<0 (12)

The ray angles 85 and By, at the surface and bottom ray turning point respectviely, are related to 6
by Snell's law. R; and Ry, are the corresponding losses at the surface and bottom turning point (not
necessarily the sea bed); a is the volume absorption, and s, s, are the full cycle and part-cycle ray
path length from surface to receiver.

If the h;(0,4) are independent of ¢, then eq 10 reduces to the usual 2n Jy(kdycos8) (as in Cron and
Sherman, 1962) multiplied by the residual 8 dependence of hihj, and the whole formula (eq 9) is
identical to that in Harrison (1995a, 1996). Otherwise we can solve eq (10) in several ways. One is
a straightforward numerical integration as it stands. Another is to convert the exponential into a
Bessel function series (Abramowitz and Stegun, 1972).
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e"4%¢ = cos(Acos¢)+isin(Acosd)

cos(Acosd)= IO(A)+22(—1)k12k(A)cos(2k¢) (13)

k=1

sin(Acos¢) =2 i(-l)k L1 (A)cos((2k +1)9)
k=0

"

F

The advantage of this approach is that rapid oscillations associated with A are taken out of the ¢
integral and we are left with a soluble set of trigonometric integrals, even for cases with arbitrary
integral limits. This is effectively the same approach as Cox’s (1973) describing hh; in cylindrical
harmonics.

CANARY has four options. The first assumes omnidirectional hydrophones (h; =1 for all i). The
second assumes each h; to be a given axisymmetric function defined in terms of the polar angle oy
to this given axis . The third option is

hh=Acoso;+B  ; Ososm (14)

and with this formula, one could construct a cardioid by putting B = 1 and A = 1. The fourth
option differs from the third in that there is always a flat response at the back of the hydrophone, ie

hj=Acoso;+B ; O0<osn/

=B O M2<UST (15)

With B = 0 and A = 1 we can construct the front half of a dipole (cosine), effectively a well baffled
hydrophone.

3. EXAMPLES

3.1 A tilted line array
In the introduction the tilted line array was presented as a case where a directional noise field could

still be resolved by a beam steered array of directional hydrophones but could not be resolved by a
steered array of omnidirectional hydrophones. Here we take this as a test case for a numerical
demonstration of the effect.

Part of the reason for the interest in this case is that, as we shall see, the bow array contains

downward tilted panels of hydrophones or staves arranged like window panes in an airport control
tower. The bow array behaves in the same way, but it is difficult to see wood for trees. We have a

14 element unshaded array at half wave length spacing operated at 4500Hz in a Baltic environment
(Fig 1). Details of the environment are given in Hamson (1988) and Harrison (19935a).
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3.1.1 Omnidirectional hydrophones

Figure 2 presents the fundamental problem that with steered omnidirectional hydrophones the low
noise region cannot be seen if the array is tilted. The solid line in this plot of Noise Gain (eq 3)
shows the vertical line array case (tilt angle € = 0°) where we can see a clear noise-notch between

steer angles of about * 8°, peaks at about 13° due to the surface duct, direct path on the right, and
once-bottom-reflected on the left (see Harrison, 1996).

The dashed line (& = 10°) and the dotted line (£ = 20°) show less and less resemblance to the vertical
case. Here we are steering at zero azimuth (‘forwards’) with elevation angles as shown, and the array
is tilted so that its broadside points down from the horizontal in the forwards direction. Thus a
noise feature from the forward direction at elevation © appears at the same steer elevation angle as in
the £ = O case, ie 6, whereas from the backwards direction the same feature at 0 appears at steer
angle 6-2¢, ie offset by twice the angle of tilt. This accounts for the general widening of the plot
with tilt € and the drift of the low noise region to the left.

3.1.2 Cosine hydrophones

Figure 3 shows the same tilted array but now with ‘cosine' hydrophones always looking horizontally
(A=l and B =0 in eq 15). The tilt has only a very minor effect, but there is still a tendency for the
middle null to shift to the left. If the array is tilted backwards (= -10°- 20°) we find the null shifts
to the right instead, and this is consistent with the interpretation in Section 3.1.1 (Harrison 1995b).

Similarly, we can keep the hydrophone beams locked perpendicular to the array axis (Fig 4) and
the differences from Fig 3 are small for the central region. In effect the relatively wide hydrophone
beam is narrow enough to cut out surface noise contamination from the back of the array but not
narrow enough to modify the middle part of the steered beam pattern.

3.1.3 'Searchlight’ beam
In contrast, if we use a narrower hydrophone beam

hij=(l+cos3a)2 ; o<n/3

=0 N = 7K

perpendicular to the array axis as in Fig 5 we can still resolve the main features of the noise field,
but now the middle part of the steered beam pattern is beginning to distort, as can be seen by the
relative height of the two middle peaks.

3.1.4 Azimuth variation

For completeness we show in Fig 6 the azimuth variation corresponding to Fig 3 (cosine
hydrophone beams pointing horizontally). As we change azimuth the sharp peaks and troughs seen
in Fig 3 shift gradually in elevation angle. If we look at a fixed elevation angie (8 = (0°) these
changes result in the rather unlikely looking shapes seen in Fig 6.

3.2 A typical bow array

To investigate these effects on a more realistic but hypothetical bow array we have assumed that
there are 616 hydrophones divided into groups of 4 (horizontally) by 14 (vertically) on plane
panels. Eleven panels are then arranged in a horseshoe curving in azimuth to + 65°. Each panel is
tilted down from the vertical by about 20°, and it is this tilt that makes the hydrophone directionality
important. :
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3.2.1 Omnidirectional hydrophones

Figure 7 shows the bow array noise gain using unshaded omnidirectional hydrophones in the same
Baltic environment as the tilted line array. Again we see contamination of the noise-notch by
nearby surface noise sources.

3.2.2 Cosine hydrophones

If we introduce cosine hydrophone beams perpendicular to the panels (Fig 8) we can resolve
features of the noise field again. Behaviour in azimuth is shown in Fig 9, and the rise in level away
from the centre is the same phenomenon as seen for the tilted line array in Fig 6.

3.2.3 Cosine hydrophones: Chebyshev shaded array

The resolution of the noise field is improved further by using Chebyshev weighting (Fig 10).
Here the weights are purely a function of hydrophone height, ie there are 14 different Chebyshev
weights. Now the noise-notch of 16 to 18dB is clearly visible.

4, CONCLUSIONS

We have demonstrated that the model, CANARY, can calculate array response and noise gain for
arbitrary steered arrays of individually directional hydrophones. The method involves first
calculating the correlation matrix for the given environment and then adding terms with appropriate
weighting.

There are very large differences in performance between arrays of omnidirectional hydrophones
and arrays of baffled hydrophones when the axis of the array is tilted from the vertical. These can
be seen by comparing Figs 2 and 3 for a tilted line array and Figs 7 and 8 (or 10) for a bow array.

There are two corollaries. One is that when modelling the signal-to-noise ratio for a real system we
need to take care with the details of the hydrophone directionality as well as the steering. The other
is that a small amount of baffling (eg Fig 3) in a real or modelled system has the beneficial effect of
improving the resolution of the noise field and therefore providing usable regions of low noise.

ACKNOWLEDGEMENT
The study work and design of CANARY was carried out under contract to the UK DRA.

REFERENCES

M Abramowitz and I A Stegun (1972). 'Handbook of Mathematical Functions', Dover, N.Y.
H Cox (1973). "Spatial correlation in arbitrary noise fields with application to ambient sea
noise"”, J. Acoust. Soc. Am., 54, 1289-1301.

R M Hamson (1988). "The effect of propagation conditions on wind-generated noise at real
shallow water sites”, in 'Sea Surface Sound' ed B K Kerman, Kluwer.

C H Harrison (1995a). "Noise coherence and ambient noise modelling". Proceedings of a
Sonar Modelling Seminar, 23-24 February 1995 at DRA, Winfrith, U.K.

C H Harrison (1995b). "CANARY Madifications for Directional Hydrophones: Final
Report"”, BAeSEMA Report Ref: C4135/TR-5.

C H Harrison (1996). "Formulae for ambient noise level and coherence”. J. Acoust. Soc.
Am., in press.

G —

o th B W

80 Proc. .O.A. Vol.18 Part 5 (1998)



Proceedings of the Institute of Acoustics

NOISE RESPONSE FOR BAFFLED HYDROPHONE ARRAYS

1.5]

40 & 40 -20 0 20 40 6 60
Bavation (degress)

Figure 1 - Baltic soundspeed profile Figure 2 - Tilted Ling Array Noise Gain with omnidirectional
hydrophones; tift = 0° (solid), 10° {dashed), 20° (dash-dot).
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Figure 3 - Tilted Line Array Noise Gain with horizontal Figure 4 - Tilted Line Amay Noisa Gain with perpendicular
cosing hydrophones; tif = 0° (solid), 10° (dashed), 20° cosine hydrophones; tiit = 0° (solid), 10° {dashed), 20°
{dash-dot). : (dash-dot).
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Figure 5 - Tilted Line Aray Noise Gain with parpendicular
‘searchfight’ hydrophones; tit = 0° (solid), 10° (dashed),
207 {dash-dot}.
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Figure & - Tilted Line Array Noise Gain azimuth behaviour
with horizontal hydrophones; tilt = 0° (solid), 10° (dashed),
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Figure 7 - Bow Array Noise Gain with ommnidiractional
hydrophones.

82

45 %
40} %
& o
= = %
535. 5>
& [
i!ﬂ’ 520
-
80 40 40 -0 O 220 4« 6 6 %0 &0 4 20 0 ™ 4 & 0

Blavation {degress)

Figure 8 - Bow Array Noise Gain with psrpendicular cosine
hydrophones.
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Figure 9 - Bow Array Noise Gain azimuth behaviour with Figure 10 - Bow Array Noise Gain with Chabyshev
perpendicular cosine hydrophones. weighted perpendicular casine hydrophones.
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