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The compressive sensing (CS) based signal processing for MIMO radar can
achieve a high resolution even using a sub-Nyquist sampling rate. However, the existing CS-based
methods usually suffer a high computational complexity for signal reconstruction and a low accuracy
for non-Gaussian impulsive noise environment. This research has developed a class of new CS-based
methods with higher resolution, less complexity and stronger robustness against non-Gaussian
impulsive noise than the existing CS-based methods. Specifically, robust 2D-CS-based methods for the

range and velocity joint detection problem have been established, which can reduce the
computational complexity largely and significantly improve the performance for non-Gaussian
impulsive noise environment. Moreover, a novel two-stage method has been proposed for the DOA
estimation: first identify certain candidate areas with a relatively low-resolution, then locate the
targets with a high-resolution in the obtained candidate areas.

System Control Engineering

compressive sensing sparse representation sparse signal processing adaptive algorithm MIM
0 radar system communication system DOA estimation



Asan emerging technology with compelling potentials, MIMO radar has been attracting worldwide
research efforts [1] and dramatic improvements on target detecting have been accomplished by
utilizing compressive sensing [2]. However, to predict effectively the increasing local disasters, such
as short-term thunderstorms or narrow-area landslides, by weather or ground-penetrating radar, much
higher target resolution isrequired. In addition, due to the structural nature of MIMO radar, the current
technology is in fact established at high resource costs, e.g., high computational burden, high
manufacturing cost and high power consumption, which form a substantial bottleneck for further
exploring of the expected potentials and practical applications.

The requirement of high-speed ADC causes high cost and huge data for processing, and a natural
strategy is to replace it by low-speed ADC. However, how to remedy the distortion due to low
sampling rate and reconstruct the original signal from fewer samples is a big challenging. Utilizing
the recent resultson wireless channel estimation by sub-Nyquist rate ADC sampling [3,4], itispossible
to establish a new technology based on low-speed ADC for CS MIMO radar such that the cost and
complexity can be significantly reduced without degrading the high-resolution performance.

Though the signals in MIMO radar are inherently of multidimensional nature, they are mapped to
and treated as a one-dimensional vector, which not only brings high computational burden but also
blocks further resolution improvement. Therefore, the next challenge is to develop a new technology
by directly utilizing multidimensional CS so that the computational complexity can be further
decreased and super-resolution can be achieved. Moreover, the existing CS-based methods also

often suffer a low accuracy for non-Gaussian impulsive noise environment.

This research aims to establish, by incorporating multidimensional compressive sensing (MCS),
new radar signal processing agorithms for MIMO radar with the goals: super-resolution target
identification, low computational burden, low manufacturing cost and low power consumption.
Specificaly, low-speed ADC based compressive sensing (CS) MIMO radar is first considered to
reduce the complexity and the mentioned costs. Then, MCS-based higher resolution and robust
algorithms for MIMO radar will be devel oped.

The research is carried out as follows: First, low-speed ADC based MIMO radar system will be
modelled and the corresponding high-resolution CS MIMO radar identification algorithms will be
developed; Then, two-dimensional (2D) CS algorithms for 2D signa reconstruction and the
corresponding 2D-CS-based methods for the range and velocity joint detection problem will be
developed to reduce the computational complexity largely. Moreover, robust 2D-CS-based methods
will be proposed by introducing new robust cost functions in the 2D CS agorithms so that the
performance of CS-based methods for non-Gaussian impulsive noise environment can be significantly
improved. Furthermore, a two-stage algorithm, i.e.,, an algorithm with a pre-estimation, for the
direction-of-arrive (DOA) estimation will be established so that the computational cost reduction and
super-resol ution detection can be achieved simultaneously.
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A compressive sensing (CS) based sub-Nyquist adaptive sampling technique has been
developed, by utilizing |_0-NLMS (normalized least mean square) algorithm and DHT (discrete
Hartley transform), for random demodulation sampling in the frequency domain. The proposed
method has low computational complexity and better robustness to noise than the existing
methods, and can be applied to the realization of low-speed ADC based MIMO radar systems.

CS-based low-complexity identification techniques have been proposed by using adaptive
sparse algorithms to achieve better performance for large-scale MIMO systems under different
circumstances. Specifically, an effective large-scale MIMO channel identification method by
using affine combination of sparse adaptive filtering has been developed to achieve low-
complexity, and, by utilizing the mixed sgquare/fourth error criterion, improved adaptive sparse
signal identification methods, e.g., the zero-attracting least mean square/fourth (ZA-LMS/F)
algorithm and the reweighted ZA-LMS/F (RZA-LM S/F) agorithm, have been established.

A 2D data model for pulse Doppler radar (PDA) system with random demodulation (RD) has
been established, where the data is under-sampled by a low rate ADC. Since the range and
velocity joint detection problem is substantially a 2D problem, 2D CS agorithms for 2D signal
reconstruction has first been established, and then the corresponding 2D-CS-based methods, i.e.,
the 2D-ZAP, 2D-IHT, 2D-ISTA, and 2D-FISTA agorithms, have been established for high-
resolution sparse targets detection of PDA with low-speed ADC, which no longer require to
vectorize the origina 2D CS problem to the 1D case and thus can reduce the computational
complexity and memory requirement largely. Moreover, robust 2D-CS-based methods, i.e., the
2D-RZAP(L1, Lp, LL2) and 2D-RIHT(L1, Lp, LL2) algorithms, have also been proposed, which
can significantly improve the performance of CS-based methods for non-Gaussian impulsive
noise environment.

A two-dimensional zero-attraction projection (2D-ZAP) algorithm for single snapshot DOA
estimation has also been proposed, which can achieve exact DOA estimation and reduce the noise
interference. Moreover, a new algorithm with a pre-estimation to reduce the dimensionality of
the measurement matrix has been proposed for the DOA estimation with asmall number of noisy
snapshots. In the first stage, the range of interest is divided into arelatively low-resolution grid,
and the conventional beam former is used to quickly identify the candidate or potential areas
where true sources may exist. In the second stage, the candidate areas obtained in the first stage
are divided into a denser sampling grid, and the | {2,1} -norm penalty is used to solve the
corresponding multiple measurement vectors (MMV) problem. The effectiveness and efficiency
of the proposed algorithm have been shown by simulation resullts.

To improve azimuth resolution and capture richer information for synthetic aperture radar
(SAR), an adaptive wide-angle SAR (WSAR) imaging algorithm based on the Boltzmann
machine (BM) model has been proposed. Specifically, the spatial sparsity and high azimuth
correlation of scattering energy is first modeled by means of a special BM. Then, the support of
sparse representation and imaging parameters including BM parameters, noise variance and the
variance of each representation element are jointly estimated by a block-coordinate descent
process. Finally, the proposed WSAR imaging agorithm is performed adaptively via sparse
representation. Empirical results demonstrate that the proposed algorithm can achieve better
imaging performance than the existing ones.
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In order to solve, more effectively and efficiently, sparse signal reconstruction (SSR) problems
based on compressive sensing (CS) for the so-called “block-structured” or “block sparse” signals
with nonzero atoms occurring in clusters, two novel sparse adaptive filtering algorithms, i.e., the
block zero attracting least mean square (BZA-LMS) agorithm and the block o -norm LMS
(BLO-LMS) agorithm have been established. Experimental results demonstrate the validity and
applicability of these proposed algorithms.

A key point for the recovery of a block-sparse signal is how to treat the different sparsity
distributed on the different parts of the considered signal. In order to further improve the fixed
grouping method stated above, a novel dynamic grouping method has also been proposed to
classify the segments due to the different levels of sparsity in a dynamic way. Then, by
incorporating this technique into the adaptive block-sparse signal recovery algorithms, the
corresponding new algorithms, i.e., the BZA-LMS-D and B10-LMS-D agorithms, have been
established, which can achieve better recovery performance.

Stochastic gradient-based adaptive algorithm has been recognized as one of the best algorithms
for compressive sensing (CS) due to two obvious advantages: low complexity and robust
performance. To further improve the reconstruction accuracy under Gaussian noise, two novel
sparse fourth-order error criterion adaptive algorithms, i.e., the |_0-norm normalized least mean
fourth (I_O-NLMF) and |_0-norm exponentially forgetting window NLMF (I_O-EFWNLMF)
algorithms, have been proposed. In addition, these results have been extended to non-Gaussian
noise environment as the sign|_0-NLMF (I_O-SNLMF) algorithm and the sign |_0-EFWNLMF
(I_O-EFWSNLMF) algorithm, which can effectively mitigate certain impulsive noises occurring
in radar systems.

In order to further improve channel estimation accuracy, a correntropy induced metric (CIM)-
penalized recursive least square (CIM-RLS) based sparse channel estimation algorithm has been
proposed, where sparse constraint is performed by CIM function while error constraint term is
computed by RLS. In particular, Gaussian kernel is adopted for computing the CIM, and its
variable kernel width (VKW) is computed for adaptively exploiting the channel sparsity. Monte
Carlo simulation results demonstrate the effectiveness of the proposed algorithm in different
scenarios.

Also, various results have been obtained for some related fundamental topics, e.g., optimization
techniques, state-space realization and order reduction of MIMO multidimensiona systems,
analysis and synthesis of systems consisting of a large number of spatialy/wirelessy
interconnected units or subsystems, etc.
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