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研究成果の概要（和文）：圧縮センシング(CS)に基づくMIMOレーダー信号処理技術はナイキストレートより低い
サンプリングレートを用いても高精度の目標探知ができるメリットで注目されている．しかし，既知アルゴリズ
ムは演算量が多く，非ガウスノイズ環境で精度の低減が激しいなどの問題点が指摘されている．本研究は，これ
らの問題点を回避できる新しい低演算量かつ高解像度のレーダー信号処理アルゴリズムについて検討し，2次元
信号復元CSアルゴリズムの構築やロバスト評価関数の導入，段階的な探索法の確立などの基礎結果を与えた上，
目標の距離と速度およびDOAの効率的かつ高精度な推定ができる一連の新しいアルゴリズムを提案し，その有効
性を示した．

研究成果の概要（英文）：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. 

研究分野： System Control Engineering

キーワード： compressive sensing　sparse representation　sparse signal processing　adaptive algorithm　MIM
O radar system　communication system　DOA estimation

  １版

令和

研究成果の学術的意義や社会的意義
本研究の成果は次世代MIMOレーダーの信号処理における基本課題に対し新しい知見と解法を与えるものであり，
レーダー工学と情報処理工学の発展に寄与することが期待できる．特に，2次元圧縮センシングに基づくアルゴ
リズムは，低速のADCや少ない反射信号のスナップショットを用いても，効率的かつ高精度の目標探知ができる
ため，短期天気予報や自動運転など高精度およびリアルタイムの信号処理が求められるシステムに応用すること
が可能である．

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属されます。
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１．研究開始当初の背景 

As an 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 is required. 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 results on wireless channel estimation by sub-Nyquist rate ADC sampling [3,4], it is possible 

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. 

   
２．研究の目的 

This research aims to establish, by incorporating multidimensional compressive sensing (MCS), 

new radar signal processing algorithms for MIMO radar with the goals: super-resolution target 

identification, low computational burden, low manufacturing cost and low power consumption. 

Specifically, 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 developed. 
 
３． 研究の方法 

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 signal 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 algorithms 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-resolution detection can be achieved simultaneously. 
 
４．研究成果 
 



(1)  A compressive sensing (CS) based sub-Nyquist adaptive sampling technique has been 

developed, by utilizing l_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.  

(2)  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 square/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-LMS/F) algorithm, have been established. 

(3)  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 algorithms 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 algorithms, have been established for high-

resolution sparse targets detection of PDA with low-speed ADC, which no longer require to 

vectorize the original 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. 

(4)  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 a small number of noisy 

snapshots. In the first stage, the range of interest is divided into a relatively 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 l_{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 results. 

(5)  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 algorithm is performed adaptively via sparse 

representation. Empirical results demonstrate that the proposed algorithm can achieve better 

imaging performance than the existing ones. 



(6)  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) algorithm and the block  -norm LMS 

(BL0-LMS) algorithm 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 algorithms, have been 

established, which can achieve better recovery performance.  

(7)  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 l_0-norm normalized least mean 

fourth (l_0-NLMF) and l_0-norm exponentially forgetting window NLMF (l_0-EFWNLMF) 

algorithms, have been proposed. In addition, these results have been extended to non-Gaussian 

noise environment as the sign l_0-NLMF (l_0-SNLMF) algorithm and the sign l_0-EFWNLMF 

(l_0-EFWSNLMF) algorithm, which can effectively mitigate certain impulsive noises occurring 

in radar systems. 

(8)  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. 

(9)  Also, various results have been obtained for some related fundamental topics, e.g., optimization 

techniques, state-space realization and order reduction of MIMO multidimensional systems, 

analysis and synthesis of systems consisting of a large number of spatially/wirelessly 

interconnected units or subsystems, etc. 
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