
Shuai Li✉, Lei Li, Yihao Song, Ming Li, Jie Ren and Wenting Jiang
The multiple signal classification (MUSIC) method for direction-of-arrival (DOA) estimation is widely applied in practical scenarios. However, the MUSIC method with planar array requires two-dimensional (2D) on-grid spectrum searches, which would lead to the grid mismatch and high computational complexity. Therefore, a high precision fast DOA estimation method for planar array is proposed. In the proposed method, a two-stage grid search approach over the 2D spectrum is firstly applied to obtain a quick coarse estimation of DOA. Then the estimation of higher precision is achieved via a quadratic surface fitting method. Simulation results verified the effectiveness of the proposed method.
Introduction: In recent years, DOA estimation has been widely used in many fields such as sonar, radar, and wireless communications [1]. Due to the advantage of high resolution and flexibility, the MUSIC method is widely applied to obtain DOAs of signals in practical scenarios [2]. However, the MUSIC method suffers from high computational complexity, especially for planar array which requires 2D spectrum searches. Moreover, the spatial spectrum obtained by MUSIC method is on discrete grid, which leads to the estimates stepwise. Since the DOA of signal is continuous, the traditional MUSIC method is difficult to obtain the true estimation. To overcome these problems, many methods have been investigated, such as the subarray-space direction finding method [3, 4], the beam-space DOA estimation method [5, 6] and spatial spectrum estimation method based on higher-order statistics [7], etc. Although the subarray-space direction finding method and the beam-space DOA estimation method can effectively reduce the computational complexity, they suffer from a loss of estimation precision. The method based on higher-order statistics can achieve higher estimation precision but at the cost of higher computational complexity.  
In this letter, to achieve low-complexity and high-precision estimation simultaneously, a high precision fast DOA estimation method for planar array is proposed. Firstly, the two-stage grid search approach over the 2D spectrum is applied to attain a quick coarse estimation of DOA. Afterwards, based on the coarse estimation, the high-precision estimation is obtained by using the quadratic surface fitting method.
Problem formulation: Consider an
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 planar array receiving P narrow band far-field signals from directions 
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 represents elevation angle and 
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 represents azimuth angle. The received data vector is denoted as 
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 is the steering vector of ith signal and 
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is the additive white Gaussian noise. The sample covariance matrix is calculated by 
[image: image8.wmf]1

()()/

K

H

xkk

k

ttK

=

=

å

Rxx

, where K is the number of training snapshots. The eigen-decomposition of 
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 is the signal subspace composed by the eigenvectors corresponding to the largest P eigenvalues and 
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is the noise subspace composed by the rest of eigenvectors. 
[image: image13.wmf]s

L

 and 
[image: image14.wmf]n

L

 are the matrices composed by the largest P eigenvalues and the other eigenvalues, respectively. The 2D discretized spectrum function of MUSIC method is denoted as
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where 
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 denotes the complex conjugate transpose. The DOA of signals can be estimated by 2D peak searching, so the computational complexity is huge. Moreover, the spatial spectrum obtained in (1) is based on on-grid model, and the discretized angular search may lead to grid mismatch and degrade the DOA estimation performance.
Proposed method: To address the problem of high computational complexity and possible grid mismatch in MUSIC method, a high precision fast DOA estimation method for planar array is proposed. In the proposed method, the quick coarse estimation of DOA is obtained based on the two-stage grid search approach. Subsequently, the high-precision estimation is achieved based on the quadratic surface fitting method. The detailed procedures are as follows.
Two-stage grid search for quick coarse estimation: In the first stage, the 2D discretized spectrum is obtained with relatively large elevation angle step
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where 
[image: image20.wmf]00

(,)

qj

 is the initial search angle and 
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 denotes the (i,j)th grid point on large spatial search range. Through spectrum search, the coarse estimations of signal directions are quickly obtained.
In the second stage, the search range is reduced to only a small spectrum region centered at the coarse estimation obtained in the first stage. Then the refined spatial spectrum with smaller angle step
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where 
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 signal direction. Through L small-range and refined spectrum search, better estimations of signal directions 
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are obtained. 
Quadratic surface fitting for high-precision estimation: Assume that 
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is a quadratic surface, and the corresponding fitting function is expressed as [8]
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To determine the coefficients 
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, nine points of spectrum 
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and other eight points around 
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are selected. It is assumed that the values of the nine points on spectrum 
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. Substitute these points into (4), an over-determined system of linear equations is established and its solution can be determined by the least square method as
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The derivatives of the surface fitting function are denoted as
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Based on the estimations 
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 and the solution of (6), the true DOA of lth signal is calculated as 
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Simulations: The uniform planar array is of 
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 antenna elements with half wavelength antenna element spacing along both the horizontal and vertical directions. Three independent signal sources with equal signal-to-noise ratio (SNR) are from (
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). The additive white Gaussian noise is considered.  The proposed method is assessed and compared with the subarray-space direction finding method in which the planar array is divided into 25 
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 subarrays and the beam-space DOA estimation method that adopts 25 equi-spaced beams. The root mean square error (RMSE) is as the estimation metric and 200 independent Monte Carlo simulations are carried out.
The RMSEs of angles versus the input SNRs are presented in Fig. 1. One can see that the RMSEs of angles obtained by element-level MUSIC method, the subarray-space method and the beam-space method decrease with the increase of input SNR within a certain SNR range. When SNR reaches 18 dB, RMSE of the three methods cannot be further decreased due to the grid division of spatial domain. Moreover, the performances of the subarray-space method and the beam-space method are worse than that of element-level MUSIC method. Their performance loss is due to the loss of array freedom caused by the reduced-dimension processing they adopted. Comparatively, the RMSEs obtained by proposed method decrease with the increase of input SNR, and they are much lower than those of the other three methods, especially for high SNR. 
Fig. 2 demonstrates the RMSEs of angles versus the snapshots with the input SNR to be 12dB. One can observe that the RMSEs obtained by proposed method decrease with the increase of snapshot and are much lower than those of the other three benchmark methods, especially for large snapshot. From Figs.1 and 2, it is found that the performance of the proposed method is much better than the conventional DOA estimation methods for planar array.
Conclusion: A high precision fast DOA estimation method for planar array has been proposed. In the proposed method, the two-stage grid search method over the 2D spectrum is firstly applied to obtain the quick coarse estimation of DOA. Afterwards, based on the coarse estimation, the high-precision estimation is obtained by using the quadratic surface fitting method. The proposed method can not only reduce the computation complexity effectively, but also achieve high-precision DOA estimation.
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Fig. 2 The RMSEs of angles versus the snapshots with input SNR=12dB
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Fig. 1 The RMSEs of angles versus the input SNRs with 300 snapshots
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