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ABSTRACT

Ownship radiated noise, direct and multipath, is a ma-
jor source of interference that masks target signatures
and makes them undetectable by classical techniques.
It is especially a problem in the case of fast ship speeds
and short tow cables in shallow water environments.
In such cases, interference suppression techniques are
needed to cancel this noise and unmask signals while
maintaining a low false alarm rate. The paper shows
that beamformers that account for the environmental
conditions and suppress the interference provide sub-
stantial gains. Matching to the propagation condi-
tions is particularly important. These gains become
limited when the environment is progressively innacu-
rately specified.

1. INTRODUCTION

Ownship radiated interference suppression is usually
based on simple adaptive Wiener filters that do not
exploit the physics of the propagation. These conven-
tional LMS-based approaches have relatively long con-
vergence times and hence have difficulty in suppressing
highly nonstationary interference from ownship. This
paper is a first attempt to understand the impact of
a strong interference and of the media propagation ef-
fects on the performance of several beamformers. We
present the output signal-to-noise ratio (SNR) among
different beamformers operating in shallow water in the
presence of interference. We study: the conventional
beamformer Beony; the null-steering beamformer Bpn;
a matched-field beamformer Bpgthat is matched to
the environmental propagation effects but ignores the
presence of the interference; and the optimal minimum
mean square error beamformer Bop, (Wiener beam-
former) that accounts for the interference cancellation
and is matched to the propagation environment. A
fifth beamformer, the whitening beamformer Bynite,
was also tested, but, for strong interference, the re-
sults parallel those of By, so it is not considered ex-
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plicitly here. We also illustrate the sensitivity of the
beamformers to lack of complete knowledge of the en-
vironment.

Our conclusions are interesting. They show that,
by accounting for propagation physics explicitly, sig-
nificantly improved interference suppression and de-
tection is attained. Further, accounting for the envi-
ronment (matched-field-processing) has a larger per-
formance impact than nulling the interference. On the
other hand these gains provided by the Bopt and the
Bmep are significantly reduced when there are small
mismatches in the assumed target or interferer ranges,
or in the sound velocity.

In section 2, we describe the interference problem
geometry. In section 3, we consider shallow water prop-
agation models. In section 4, we present the beamform-
ers of interest in our study and the figures-of-merit to
be used. Finally section 5 studies the performance of
the beamformers of section 4 and their sensitivity to
lack of complete knowledge of the environment.

2. PROBLEM

Figure 1 depicts the geometry of interest. The water
channel is shallow with depth h. A horizontal linear
array of K hydrophones at depth d, is towed by a sur-
face ship. Propeller, cavitation, and other noise sources
of the towing ship are illustrated as a pointwise sin-
gle tone interference noise source located at depth d;
and range Ry (distance to the leftmost hydrophone).
A noisy source at depth dg, range R (distance to the
leftmost hydrophone), and bearing angle 8 (measured
with respect to broadside) radiates also a pure tone.
The interference tone frequency finy and the source
tone frequency fs will be taken to be equal. We define
the angular frequency w = 2w f. The array intersensor
spacing is § = A/2 with the wavelength A = ¢/ f, where
¢ is the medium sound velocity.



%

Towed amray of hydrophones s

Interference D - .@
h o
0 Source
, QOcean floor

Figure 1: Problem geometry

3. SHALLOW WATER: NORMAL MODES

Initially, we assume that the water channel is a homo-
geneous single layer (the environment is range indepen-
dent and isovelocity), with a perfectly rigid bottom and
ideal pressure release surface. We work with the har-
monic solution to the wave equation (single frequency).
Using normal modes and with the far-field approxima-
tion, i.e., at large distances from the source as com-
pared to the wavelength (so that a Hankel function can
be well approximated by the first term of its asymp-
totic representation), the potential function (acoustic
field pressure), suitably normalized, is given by [1, 2]

p(r, z5, zr,t) x exp(—jwt) 1)
Z 2 sin (ayzs) sin (o 2r) exp [§ (&r — 7/4)]
=0 i
& = [k - (=/h21+1/2%? 1=0,1,--
a = (w/h)(1+1/2) 1=0,1, -

where r, z; (=ds or d;), and z, (=d,) are the range,
source depth, and receiver depth variables, and k =
27 /X = w/cis the wavenumber. Depending on whether
(w/kh)(l + 1/2) is less than or greater than unity, the
normal mode will propagate without attenuation or de-
crease exponentially with distance, respectively, [1, 2].

For more realistic shallow water environments, we
will apply the normal mode model KRAKEN [3, 4]. In
particular we use the code developed in [5).

4. BEAMFORMERS

The signal received at the K elements of the array, after
quadrature demodulation, is the K-dimensional vector

Y = B8+ fineX + 1
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where S is the transmitted source signal and X is the
interference signal, both at the array sensors. The noise
n is additive zero mean white Gauss with normalized
unit variance. The variables 3; and S, are indepen-
dent Gauss random variables with zero mean and vari-
ances o2 and o2, respectively.

The signals S and X are given by the mode expan-
sion in equation (1) representing the complex propa-
gation structure in shallow water, or computed with
KRAKEN, and are normalized to unit power in the
following way. If, for example, S is the received (vec-
tor) source signal at the array as computed from equa-
tion (1) after propagation in the shallow water channel,
then we normalize S in the following way

K
1 ~
Spower = ?ZISI:P (2)
k=1
S = S/v/Spower, 3)

and likewise for X.
We define the (planar wavefront) steering vector Sy,

Sb [Lyy? -y (4)

Su/\/Ss

where v = exp{—j2n fisA}, A = (§/c) sine,iis the
bearing angle (with respect to broadside), and Sy is the
power of Sy, defined similarly to equation (2).

We introduce the covariance N of the interference
plus noise term

Sp

N =¢2 XX¥

int

+1. (5)
We consider the output signal-to-noise ratio (SNR)
for the following beamformers.
Conventional Beamformer By, This is the con-
ventional beamformer. It ignores the presence of the
interference and the propagation environment. It re-
duces to a simple DFT of the outputs of the array sen-
sors. The output SNR is defined as

l/o? Sp™sP?

SNRony = Y02 20 21
Sp NSy

Null Steering Beamformer Bn.i This beamformer
places a null at the direction of the interference, but ig-
nores the complex environment propagation conditions.
It uses the steering vector in equation (4) rather than
the generalized steering vectors matched to the shal-
low water propagation conditions. It assumes perfect
knowledge of the interference and signal time and sta-
tistical characteristics. The null-steerer filter weights



are wpu = (I — ﬁ%%) Sp and the output SNR is
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The whitening beamformer Byp;te ‘whitens’ the obser-
vations using the ‘interference + noise’ covariance given
in equation (5). The weights are wypie = N7!Sy,.
However, for strong interferences, the case of interest
here, the output SNR is indistinguishable for both B,
and Byhite, 50 we don’t consider Bypjte further.

Matched Field Beamformer B¢ This beamformer
ignores the interference. It uses the generalized steering
vectors matched to the shallow water acoustics prop-
agation. These generalized steering vectors S are de-
termined using knowledge of the relative source/ array
position and the assumed propagation model, given ei-
ther by equations (1) and (3), or by the KRAKEN
model [3, 4, 5]. It assumes perfect knowledge of the
source location and of the environment. The output

SNR is

lV/o38Hs?
SHNS
Optimal Beamformer B,,; This beamformer com-
bines the nulling of the interference with the propa-
gation models for shallow water. It assumes perfect
knowledge of the interference and source location as
well as the environment. The output SNR is

SNR gy =

SNRop = 02 SAN-!S

Comments Comparing these beamformers enables the
understanding of the relative role played by the en-
vironment and the interference. The optimal beam-
former Bope provides an upper bound on the perfor-
mance to be expected. In contrast, the conventional
beamformer Beony, ignoring both the interference and
environment, should represent a lower bound on the
performance. The performance of the null steering
beamformer By provides an indication of how much
of the available gain between Beony and Bopy can be
attributed to the nulling of the interference, while the
study of the By, illustrates the gain that can be at-
tributed to compensating for the propagation effects.

In the next section, we illustrate these gains for a
variety of conditions. We also study the sensitivity of
these gains to mismatches between the assumed and
the actual environmental conditions.

5. PERFORMANCE RESULTS

The following values for the parameters in figure 1 and
in section 2 determine the canonical configuration for
our experiments: tone frequencies f; = finx = 75Hz;
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water depth A = 130m; interferer depth d; = 5m; array
tow depth d, = 30m; signal source depth d; = 60m;
interferer true range to first hydrophone Ry = 350m;
array length L = 350m; sound velocity ¢ = 1500m/s;
intersensor spacing 6 = A/2; source true range to first
hydrophone R = 10*m; source SNR=0 dB; interference
to white noise ratio (INR)=10 dB. From SNR and INR
we compute o? and o7, respectively. Changes to this
canonical configuration will be indicated on the body
of the plots. We plot the SNR loss for the four beam-
formers of section 4 as a function of the source bearing
angle § € [-7/2,7/2).

In each of the figures in this and the next section
there are four plots: the dashed line (blue in color plots)
(top line) corresponds to the Byps; the solid line (black)
(usually second top line) is for the Bmp; the ‘X’ (ma-
genta) is the Bnu; and the dashdot line (red) is the
Bconv-

Figure 2 plots the gains of the four beamformers
for an isovelocity channel, where the field is computed
with equation 1. Figure 3 is similar to figure 2, except
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Figure 2: Shallower isovelocity channel, fs = fine =
75 Hz,d; = 5m,d, = 30m, ds; = 60m, Ry = 350m, R =
104m, h = 130m

that it is for a deeper channel, and the interference, the
array, and the source are at larger depths, with the in-
terference further away from the array. These two plots
basically illustrate a similar behavior for the beamform-
ers. The By, is remarkably better than the By, and
the Beony for sources with bearings in [-30°,90°), i.e.,
from broadside to endfire away from the interference.
Surprisingly, the By, is not much better than Beony,
and their performance is only acceptable at broadside.
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Figure 3: Deeper isovelocity channel; dashed: Bgpt;
solid Bfp; dashdot Beony; ‘X’ Bhun

The top plot in figure 4 compares the performance
of the beamformers for a KRAKEN run for conditions
modeling the Straits of Malta in the Mediterranean
Sea. The sound velocity profile is in the bottom plot in
figure 4. For deeper interferer, array, and source (d; =
10 m, d;, = 75 m, d;, = 100 m) similar performance
was observed. The figure shows that all beamformers
experience a noticeable loss of performance. The Bnp
performance improves as the source gets away from the
interference in the bearing domain. Figure 5 shows the
improvement that results with longer arrays (100 ele-
ment array, L = 1000 m).

Performance under Mismatch Figures 6, 7, and 8
consider several degrees of mismatch. Figure 6 only as-
sumes an error in the position of the interferer, figure 7
assumes in addition a mismatch in the source range,
and finally figure 8 adds an error in the sound speed.
As the degree of mismatch increases the performance of
the Bngp increasingly degrades. These figures reinforce
the notion that matching to the environment seems to
lead to a larger payoff than nulling the interference.
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Figure 4: Straits of Malta: KRAKEN channel, f;
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