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ABSTRACT

From the middle of 1980s, cyclostationary signal processing techniques have been widely
used in the signal processing systems of radar, communication, sonar and navigation etc., such
as interception of LPI (Low Probability of Interception) signals, analysis of some signals and
systems, adaptive beamforming, blind source separation, blind channel equalization, blind
identification of linear and nonlinear systems, modulation recognition, spatial spectrum
estimation, passive location and interferences suppression, etc. There are three important
advantages of cyclic spectral analysis over power spectrum.

(1) The first advantage of cyclic spectral analysis is its discriminatory capability. Signals
features are discretely distributed in cycle frequency in the cyclic spectrum, even if the signal has
continuous distribution in the power spectrum.

(2) The second advantage of cyclic spectral analysis is that the cyclic spectrum is a much
richer domain for signal analysis than the conventional power spectrum.

(3) The third advantage of cyclic spectral analysis lies in the theory underlying the
techniques. The cyclic spectrum provides a much more complete mechanism for modeling
manmade signals in radar, communication systems than power spectrum.

So far, there still exist many problems upon the cyclostationary signal processing techniques.
For example, there is the lack of the mathematic tool for the wave analysis and designing for
cyclostationary signals or processes, researches on multi-dimensional cyclostationary signal
processing methods are still blank, the existing DOA (Direction-of-Arrival) estimation algorithms
for cyclostationary signals suffer from exploiting spectral correlation features utilizing only one
cycle frequency, and the problem of designing optimal linear time-invariant filter for
cyclostationary signals still needs to be studied, etc.

The purposes of the dissertation are as follows. The first is to introduce the generalized one-
and two-dimensional cyclostationary processing models and develop algorithms for cyclostationary
signals in the applications such as signal detection, parameter estimation, wave analysis and
designing, etc. The second is to put forward some new DOA estimation algorithms with better
performance than the existing methods. The last is to derive the multi-cycle cyclostationary signal
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processing methods by exploiting cyclostationarity properties utilizing multiple cycle frequencies
for the estimation of TDOA, Doppler shift aod DOA, etc. In conclusion, the main innovations of
the dissertation are as follows:

1. The one-dimensional linear time-invariant filtering model for cyclostationary signals is
introduced, and the so-called Cyclic Correlation Matched Filtering (CCMF) is proposed, based
on which a generalized model for the detection and estimation for cyclostationary signals is
developed. CCMF performs better than conventional statistical signal processing methods which
ignores the cyclostationarity property by introducing time-averaging operation, and can be more
easily put into practice than periodic time-variant filtering algorithms and the FRESH method.
Since the performance of single-cycle CCMF is somehow subject to the selected cycle frequency,
multiple single-cycle CCMFs can be fused together to form one filter referred to as multi-cycle
CCMF by maximizing the output signal-to-noise ratio (SNR), which is independent of the
particular cycle frequency and outperform the CCMF. Researches indicate that most of the existing
detection and estimation methods for cyclostationary signals can be deduced by CCMF theory.

2. The two-dimensional time and frequency filtering model is introduced, and the approach
to the joint estimation of TDOA and Doppler shift is present for cyclostationary signals, which can
accommodate the Doppler shift in the received signals. The new approach extends the one-
dimensional cyclostationary signal processing techniques to the two-dimensional ones, which
supplies the possibility of the development of the multi-dimensional cyclostationary signal
processing techniques. ‘

According to the structure of the multi-cycle CCMF, the multi-cycle joint TDOA and
Doppler shift estimation algorithm can be developed, which performs significantly better than the
single-cycle CCMF. Performances analyses for different estimation algorithms in different signal
environments are performed and the estimation variances are derived. By utilizing FM radio, TV,
mobile signals emitting from a remote transmitter as the source signal to passively locate airborne
targets, the newly given algorithm is employed in the practical experiments to detect the airplane.
The experiment results demonstrate the effectiveness of the given approach.

3. Based on the two-dimensional time and frequency filtering model, cyclic ambiguity
function is introduced for the first time for the wave analysis and designing for cyclostationary
signals. Theoretical researches have shown that the conventional ambiguity function cannot
describe exactly the time and frequency characteristic of the cyclostationary signals. The time and
frequency resolution ability determined by the cyclic ambiguity function is referred to as the cyclic
time resolution and cyclic frequency resolution respectively. By calculating the cyclic ambiguity
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function of typical cyclostationary signals, results demonstrate the better resolution of the cyclic
correlation method than the conventional ambiguity function. Just like conventional ambiguity
function, Cyclic ambiguity function can also be used as the mathematic tool for optimal wave
designing for cyclostationary signals. The cyclic ambiguity function theory perfects the ambiguity
function by extending the signal model from determinate signals to a type of particular
nonstationary signals or processes, namely cyclostationary signals or processed.

4. A novel DOA estimation approach referred to as the multi-cycle DOA algorithm is
developed by exploiting the cyclostationarity property at multiple cycle frequencies for the first
time. Since all the existing DOA algorithms exploit the cyclostationarity property at particular
single cycle frequencies, they have two shortcomings: (1) The DOA estimation performance is
subject to the selected cycle frequency; (2) the single-cycle DOA estimation algorithm can not
reach the best performance because the cyclostationary features at other cycle frequencies are lost.
The new algorithm uses the focusing transform in the conventional wideband spatial spectrum
estimation for reference, and employs the Jacobi-anger expansion to divide the data covariance
matrix into two parts with one part determined by cycle frequencies and other part determined by
the direction of arrival. Based on this transform, the focusing matrix can be developed, which
can focus all the data covariance matrix at multiple cycle frequencies to one data covariance matrix
at some particular cycle frequency. The new algorithm overcomes the shortcomings shared by the
single-cycle DOA estimation method, which perfects the applications of the c;lrclostationary signal
processing techniques in spatial spectrum estimation.

5. As far as we know, almost all .of the existing DOA estimation methods exploit the 2nd-
order or higher-order cyclostationarity property. Since there exist many Ist-order cyclostationary
signals encountered in radar and communication systems, a new DOA estimation method
exploiting 1st-order cyclostationarity property is developed. In applications with antenna array
consisting of only two sensors, the new algorithm performs as well as an interferometer with less
computational burden. By exploiting the cyclostationarity property, the new signal-selective
algorithm can simultaneously obtain multiple directions for different signals, which can be hardly
realized by the interferometer. This promising new two-sensor DOA estimation algorithm can be
supposed to replace the conventional interferometer in most cases.

6. Two modified DOA estimation algorithms are proposed. One is referred to as the cyclic
cross-correlation based algorithm and the other is referred to as the weighted cyclic spectrum
based algorithm. The former algorithm has the better capability of noise suppression than the

cyclic autocorrelation algorithm, and can work more efficiently in low SNR environments. The



