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Abstract

This thesis considers the problem of angle-of-arrival (AOA) estimation in the context of
its application to electronic surveillance systems. Due to the operational requirements
of such systems, the AOA estimation algorithm must be computationally fast, accurate
and will need to be implemented using sparse, large aperture arrays.

Interferometry is proposed as a suitable algorithm that meets the operational require-
ments of electronic surveillance systems. However, for sparse array geometries, phase
wrapping effects introduce ambiguities to the phase measurements and so unambiguous
AOA estimation requires the use of computationally intensive ambiguity resolution al-
gorithms using three or more antennas.

Beamforming and array processing techniques are another class of AOA estimation algo-
rithms that can unambiguously estimate the AOA using sparse, large aperture arrays.
While these techniques generally offer better AOA estimation performance than in-
terferometric techniques, they are also comparatively more computationally intensive
algorithms. Furthermore, by virtue of using very sparse arrays, high sidelobes in the
array beampattern may cause incorrect AOA estimation.

This thesis will introduce the concept of using second-order difference array (SODA)
geometries which allow unambiguous AOA estimation to be performed in a computa-
tionally efficient manner. In the context of interferometry, the so-called “SODA interfer-
ometer” will be shown to synthesise the equivalent output of a smaller virtual aperture to
allow unambiguous AOA estimation to be performed at the expense of a coarser estima-
tion performance compared to the physical aperture of the array. It will also be shown
that the coarse SODA AOA estimate can be used to cue the conventional ambiguity
resolution algorithms to provide higher accuracy in a computationally efficient manner.
This thesis will also show that the creation of virtual arrays from SODA geometries can
be generalised to a larger number of antennas to allow conventional array processing
techniques to perform unambiguous AOA estimation in a computationally fast manner.

The AOA estimation performance of each algorithm is compared through simulations
and also verified using experimental data. This thesis will show that the SODA interfer-
ometer, SODA-cued ambiguity resolution algorithms and so-called “second-order array
processors” can be used to obtain high accuracy AOA estimates in a more computation-
ally efficient manner than the conventional algorithms.
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Notation

Symbols

The following symbols will be used throughout this thesis:

Symbol Description

η Signal to Noise Ratio
A Peak Amplitude of the Signal
f Carrier Frequency of the Signal
λ Wavelength of the Signal’s Carrier Frequency
ϕ Initial Phase of the Signal
θ Azimuth Component of the Signal’s Angle of Arrival
φ Elevation Component of the Signal’s Angle of Arrival
ts Sample Interval
fs Sampling Rate (or Sampling Frequency)
τ Propagation Time Delay Between Two Antennas
ψ Propagation Phase Delay Between Two Antennas
d Distance Between Two Antennas (or Interferometer Baseline)
t Time Instance
s(t) Continuous Time-Varying Signal Without Noise
x(t) Continuous Time-Varying Signal With Noise
ε(t) Continuous Time Additive Gaussian Noise
s[n] Discrete Time-Varying Signal Without Noise
x[n] Discrete Time-Varying Signal With Noise
ε[n] Discrete Time Additive Gaussian Noise
β(θ) Phase Error due to Channel Imbalance
N Number of Samples
K Number of Antennas
M Number of Interferometer Baselines
D Set of Interferometer Baselines
Υ Set of Potential Ambiguity Numbers for a Single Baseline
Ω Set of Ambiguity Number Combinations from all Baselines
σ Standard Deviation of Noise
v(θ) Propagation Delay for a Single Baseline
v (θ) Propagation Delay Vector for all Baselines
∆θ Azimuth Grid Search Resolution

BWNN Null-to-Null Beamwidth
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Scripts and Accents

Scripts and accents will be used to confer additional meaning to the above symbols.

• A single letter subscript specifies that the associated parameter belongs to a spe-
cific hardware channel. For example, Ak and fk refers to the peak amplitude and
carrier frequency of the k-th receiver channel. A single letter subscript can also
specify that the parameter belongs to a particular interferometric baseline. For
example, ψm and dm refers to the phase delay and baseline of the m-th interfer-
ometer baseline. When only a single letter subscript is used, it is generally implied
that the specified parameter refers to an arbitrary interferometer baseline.

• A double letter subscript specifies the parameter of a particular channel with
respect to another channel. For example, ψkl and dkl refers to the phase delay and
interferometer baseline of the k-th antenna relative to the l-th antenna. When a
double letter subscript is used, it is generally implied that the specified parameter
refers to a specific interferometer baseline.

• The subscript s specifies a steered parameter that is under the control of the radar
intercept receiver. For example, θs refers to the steered AOA of a grid search
algorithm for AOA estimation.

• The superscript u specifies an uncalibrated parameter that is subject to channel
imbalances.

• The superscript c specifies a calibrated parameter free of channel imbalances.

• The tilde accent˜specifies a measured parameter. In particular, when specifying
the phase delay measurement, ψ refers to the unwrapped, unambiguous phase de-
lay, however, ψ̃ refers to the measured, ambiguous phase delay that is constrained
to the interval [−π, π].

• The hat accentˆspecifies an estimated parameter.

• Plain typeface symbols, e.g. v(θ), are used to denote scalar variables.

• Bold typeface symbols in lower case characters, e.g. v (θ), are used to denote
vector variables.

• Bold typeface symbols in upper case characters, e.g. R , are used to denote matrix
variables.

Mathematical Operators

Operator Description

round [a] Rounds the scalar a to the nearest integer.
dae Rounds the scalar a upwards to the next integer.
bac Rounds the scalar a downwards to the next integer.
� Cartesian product.

a T or A T Transpose of the vector, a , or matrix, A .

aH or AH Hermitian (complex conjugate) transpose of the vector, a , or matrix, A .
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Units

All parameters are assumed to adhere to the International System of Units (or SI units).

The units of phase-related values, such as the phase delay and angle-of-arrival, are
assumed to be expressed in radians for all mathematical expressions. However, for
readability, the phase-related values will often be expressed in degrees in the text and
figures.
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