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Abstract

A linear array with omnidirectional sensors cannot discriminate between the azimuth
angle and its complementary angle due to axisymmetry about the array axis. This
thesis examines solutions to the bearing ambiguity problem known as Left-Right (LR)
ambiguity using two closely spaced parallel arrays. In the first part of the thesis, we
design a Second-order Nulling (SoN) beamformer to produce a cardioid-type spatial
response with a null that is electronically steered to the complementary angle of the di-
rection of interest. Three methods, namely SoN, Null Constrained Beamformer (NCB),
and 2-Dimension Direct Beamformer (2DDB), are studied. The performance is eval-
uated in correlated noise conditions modeled by a first-order auto-regressive process.
This work establishes analytical results for the bound on the detection gain of the
two parallel arrays in terms of the Rayleigh quotient of the circulant noise correlation
matrix.

A closed-form expression is developed for estimating the loss due to cardioid pro-
cessing at small inter-array spacing. The closed-form expressions are validated using
Monte-Carlo simulations based on the deflection criterion. Twin array processing us-
ing the 2DDB method results in a higher Detection Gain (DG), while cardioid-based
beamformers give a higher Rejection Ratio (RR). Data from an at-sea experiment
using a towed array is analyzed. Field results show that the deeper null achieved
by the cardioid method results in a higher RR compared to 2DDB. From the field
data, approximately 19 dB Left-Right discrimination is demonstrated at 1650 Hz for
the broadside. Experimental results from a towed array corroborate the analysis and
simulations.

In the second problem addressed in the thesis, we examine the role of a sparse
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array, specifically the Coprime Sparse Arrays (CSA) on the twin array. CSA with
two collocated Uniform Linear Array (ULA) are used to estimate O(MN) direction
of arrivals for a narrow band source with only O(M + N) sensors. However, CSA
cannot discriminate the azimuth and its complementary angle due to the symmetry
along the array axis. We design LR resolved CSA (LRCSA) to produce a null that is
electronically steered to the complementary angle of the desired direction. LRCSA twin
array achieves higher spatial resolution than the conventional fully populated LR array
with the same number of sensors, much like the collocated CSA. The bound on the DG
is analytically established for the LRCSA under correlated noise scenarios. Twin array
processing using the LRCSA method results in narrow main lobe beamwidth along
with a higher rejection ratio (RR) compared to 2DDB and NCB. Data obtained from
a sea experiment using a towed array is analyzed. The results confirm that CSA based
cardioid processing resolves LR ambiguity with a higher RR and narrower beams.

The performance from an adaptive beamformer-based LR ambiguity resolution with
twin-array is examined next. We use an adaptive beamformer based on Minimum Vari-
ance Distortionless Response (MVDR) beamformer along with cardioid beamforming
to produce a null that is electronically steered to the complementary angle of the de-
sired direction for a twin array. In the adaptive scheme, beamforming is first performed
along the azimuth to obtain two sets of beams. The beam signal from each array is
then combined linearly with weights determined to minimize the output power at a
complementary angle while maintaining a unity response in the desired direction. The
minimization principle tends to develop a null in the complementary direction, while
the unity response constraint ensures an undistorted signal from the desired direction.
We demonstrate the performance of MVDR based beamformer on a twin array in the
correlated noise modeled by a first-order auto-regressive process.

This thesis also explores a Deep Neural Network (DNN) technique for LR resolution
and analyzes its performance. We develop a framework for the left-right resolution
problem based on the probability of error in estimating the correct state (PoE). Binary
classification based on DNN is used to resolve the LR ambiguity. The DNN method

based on raw sensor data processing is found to be closer to the optimal performance.
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Glossary

Boldfaced lower case symbols denote vectors and boldfaced upper case symbols denote

matrices respectively. x* denotes Hermitian (conjugate-transpose) of x.

ayLA
Apra
Ar
ar

gr

n,

n.

nr

r

Array response vector for the linear array.

Array response matrix for the linear array.

Array response matrix for the twin array.

Array response vector for the twin array.

Twin array beamformed signal only output.

Noise received at the b array.

Noise received at the c array.

Twin array beamformed noise only output.

Range.

Spatial noise correlation between sensors in an array.

Spatial noise correlation between it and j* sensors across single linear array.
Spatial noise correlation between sensors across twin array.

Spatial signal correlation between any i*" and j** sensors across single linear array.
Spatial signal correlation between sensors across twin array.

Diagonal Value.

Weight vector for linear beamforming.

Weight vector for twin beamforming.

Weight vector for twin beamforming using 2-D beamforming.

Weight vector for twin beamforming using Null Constrained beamforming.
Weight vector for twin beamforming using Second Order Beamformung.

Signal received at the array.
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Signal received at the b array.

Signal received at the c array.

Beamformed output at the b array.
Beamformed output at the c¢ array.

Sparse array beamformed output at the b array.

Sparse array beamformed output at the ¢ array.
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Acronyms

2DDB 2-Dimension Direct Beamformer.

3DDB 3-Dimension Direct Beamformer.

3NCB Three Sensor Null Constrained Beamformer.

ASW Anti-submarine Warfare.

AUV Autonomous Underwater Vehicle.

CBF Conventional Beamforming.

CLRCSA Correlated CSA based processing for twin array.

CSA Coprime Sparse Arrays.

CSA,.in CSA based on minimum processing technique.

CSA,, CSA based on product processing technique.

CSDM Cross-spectral density matrix.

DG Detection Gain.

DNN Deep Neural Network.

DOA Direction of Arrival.

HPBW Half-Power Beamwidth.

LR Left-Right.

LRCSA LR resolved CSA.

LRCSA,.;x  LRCSA based on minimum processing technique for twin array.
LRCSA,, LRCSA based on product processing technique for twin array.
LRULAsp LR processing with ULA using 2D CBF.

LRULAncp LR processing with ULA using Null Constrained beamformer.
LRULAg,ny LR processing with ULA using Second order Nulling beamformer.
MVDR Minimum Variance Distortionless Response.
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NCB
PoE
PSL
RIS
RR
SNR
SoN
ULA

Null Constrained Beamformer.

Probability of error in estimating the correct state.
Peak Side Lobes.

Real and Imaginary component of the sensor signal.
Rejection Ratio.

Signal to Noise Ratio.

Second-order Nulling.

Uniform Linear Array.
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