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Abstract. Research on non-uniform arrays has always been a focus of attention for scholars both
domestically and internationally. Part of the research concentrates on existing non-uniform
arrays, while another part focuses on optimizing the position of array elements or expanding the
structure. Of course, there are also studies on one-dimensional and two-dimensional DOA
estimation algorithms based on array spatial shapes, despite some issues. As long as there is a
demand for spatial domain target positioning, the development and refinement of non-uniform
arrays will continue to be a hot research direction. Nested arrays represent a unique type of
heterogeneous array, whose special geometric shape significantly increases degrees of freedom
and enhances estimation performance for directional information of undetermined signal sources.
Compared to other algorithms, the one-dimensional DOA estimation algorithm based on spatial
smoothing simplifies algorithm complexity, improves estimation accuracy under nested arrays,
and can effectively handle the estimation of signal sources under uncertain conditions. The DFT
algorithm it employs not only significantly improves angular estimation performance but also
reduces operational complexity, utilizing full degrees of freedom to minimize aperture loss.
Furthermore, the DFT-MUSIC method greatly reduces algorithmic computational complexity
while performing very closely to the spatial smoothing MUSIC algorithm. The sparse arrays it
utilizes, including minimum redundancy arrays, coprime arrays, and nested arrays, are a new
type of array. Sparse arrays can increase degrees of freedom compared to traditional uniform
linear arrays and solve the estimation of signal source angles under uncertain conditions, while
also enhancing algorithm angular estimation performance.

Keywords: Array Signal Processing, DOA Estimation Technology, Spatial Smoothing MUSIC
Algorithm.

1. Introduction

1.1. Research Background

Array signal processing is extremely widely applied in many fields, such as wireless communications,
radar, etc. The problems studied in array signal processing include beamforming techniques, spatial
spectrum estimation, source localization, and source separation [1]. Among these, the issues with
beamforming techniques involve the process of receiving signals through an array of beam sensors and
processing them, known as space principle production or Direction of Arrival (DOA) estimation, to
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achieve super-resolution estimation of the propagation direction distribution of multiple signal waves in
space. The main goals of spatial spectrum estimation research include algorithm design and optimization,
array structure design and optimization, aiming for algorithms with high accuracy and low complexity,
straightforward design structures, and arrays with a high degree of freedom (DOF).

1.2. Current Research Status

The Multiple Signal Classification (MUSIC) algorithm was first proposed by Schmidt in 1979 [2],
significantly advancing the field of array signal processing research. Barabel later introduced the one-
dimensional root-MUSIC algorithm, which replaced the traditional peak searching process with
polynomial rooting, successfully reducing computational complexity. The classic two-dimensional
MUSIC algorithm was first presented by WAX and his colleagues in 1984 [3]. Roy and others proposed
the signal parameter estimation method using rotation invariant techniques [4], differentiating
technologically. This algorithm was developed in response to scenarios where the signal source and the
sensor array are not coplanar, introducing a progressive, unbiased, one-dimensional direction cosine
estimation algorithm. Additionally, research has utilized non-uniform arrays in multi-target parameter
estimation for MIMO radars, further enhancing the degrees of freedom and estimation accuracy of the
radar system. DOA estimation methods in non-uniform arrays have been extensively studied, with
traditional super-resolution algorithms being deeply explored, especially for one-dimensional DOA
estimation methods. Algorithms like MUSIC, ESPRIT, and their related methods have been widely
applied. Beyond studying DOA algorithms, the design and optimization of array structures also require
attention. Although the physical structure of uniform linear arrays is simple, they can only perform one-
dimensional azimuthal angle estimation since each element is on a straight line. Many scholars have
also proposed L-shaped arrays [5], planar arrays [6], and uniform circular arrays [7] for implementing
two-dimensional angle estimation.

While traditional arrays are effective for DOA estimation, they have a drawback: the array's degrees
of freedom are limited, only able to detect a number of signal sources equivalent to the number of array
elements. In early research on the problem of direction cosine estimation when the number of signal
sources exceeds the number of array elements, many different solutions were proposed. An important
research topic in Multi-Input Multi-Output (MIMO) radar in recent years is the DOA estimation problem,
with relevant research findings emerging in large quantities. The Reduced-Dimension (RD) ESPRIT
algorithm, used for estimating the direction angle in single-antenna MIMO radar, aims to reduce
dimensions through the ESPRIT algorithm, thus lowering the algorithm's computational complexity.
The Real-valued ESPRIT algorithm first performs dimensionality reduction for non-circular signals,
then uses a matrix to convert signal information into real numbers, further reducing computational
complexity. This algorithm is mainly used for estimating the incidence angle of one-dimensional signals,
while it cannot be applied for two-dimensional signal incidence angles. In recent years, sparse array
parameter estimation technology has been introduced to MIMO radar systems. Compared to traditional
MIMO radar, sparse MIMO radar can increase the array's degrees of freedom. Combining nested
matrices in sparse matrices with MIMO radar can maximize the utilization of the relationship between
transmission and reception matrices, thus maintaining the effective degrees of freedom of MIMO radar
and enhancing angular estimation performance.

2. Spatial Smoothing MUSIC Algorithm

2.1. Principle of the MUSIC Algorithm

When the received signal is a narrowband signal, taking a linear antenna array as an example, with K =
1,2, ..., denoting the sequence, the signals injected into the antenna array are 6k, k, as shown in Figure
1, with M antennas having an element spacing of D. It is assumed that the signal vector S(N) is incident
on the antenna array:

s(n) = (s1 (n),s2 (n),...sK (n))
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Figure 1. M antennas with an element spacing of D

The array response vector of a uniform linear array is:
a(6k) = [1,exp(— 2015 sin 0 k) exp[ — 21(M — 1) 3sin 0 k)]

The direction matrixis A = [a(01),a(62),...,a(6k)], and all signals incident on the antenna array
units summed together can form a received signal: x(n) = a(61)s1(n)+...a(6k)sk(n). Due to
additive noise in the real environment, the received signal array is represented as follows: x(n) =
As(n) + v(n). The data vector received by this array is x(n), the array direction matrix is a, the spatial
signal vector is s(n), and the white noise vector is v(n). The spatial correlation matrix can be represented
by the following equation for the received signal vector: R = E[x(n)x" (n)] = ARsA" + o2I.

2.2. Simulation Analysis of the MUSIC Algorithm

Initially, three incoherent signal sources are simulated using MATLAB, further simulating the MUSIC
algorithm with an 8-antenna segment. The MUSIC direction-finding results are given in MATLAB
simulations, as shown in Figures 2 and 3.
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Figure 2. MUSIC direction-finding results for a 10 <direction signal source
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Figure 3. MUSIC direction-finding results for a 30 direction signal source
The signal sources in the figures include three mutually incoherent signal sources, with the top

images representing signal sources at 10 “and 30 <directions, respectively. According to the simulation
results, we know that the MUSIC algorithm can effectively distinguish incoherent signal sources in the
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measured direction, but it cannot effectively distinguish coherent signal sources in the measured
direction [8].

3. Spatial Smoothing PM Algorithm

3.1. Principle of the PM Algorithm

Similar to the SS-MUSIC algorithm, in the Spatial Smoothing PM (SS-PM) algorithm, the process of
spatial smoothing involves dividing the truncated virtual array into Mn+1 overlapping sub-arrays, each
containing Mn+1 elements. The average of all Mn+1 sub-array covariance matrices is computed to
calculate the received signal of the sub-array covariance matrices, including Mn+1 sub-arrays, to obtain
the Spatial Smoothing Covariance Matrix R(SpaceComplexMatrixr), which is in the same format as the
signal covariance matrix, based on classical subspace algorithms. The DOA estimates of spatial sources
will be obtained by the classical PM algorithm applying to MatrixR as follows.

Similar to the ESPRIT algorithm, the PM algorithm is also based on array rotation, rather than relying
on it. Since the virtualization of augmented coprime linear arrays produces a virtual uniform linear array,
we briefly introduce the principle of the PM algorithm based on uniform linear arrays below.

Considering there are K signals, with their direction of arrival angles on a uniform linear array, the
direction matrix of the array (with M elements and N sources) can be divided into a block containing M

elements with an element spacing of D. 81620k:A = [ﬁ%],A € CMxK

It includes a full rank matrix (fullmatrix) between two moment matrices, with a linear propagation
operator that makes the estimate as: (41 € C**X,42 € CM=M*K pC e cM=N*KypC = [G*H]H

Defining matrix P € CM*K as: P = [IIJIE,] then the direction matrix A can be expressed as: A =
Al
[AZ] = PA1

Let Pa and Pb represent the first M-1 rows and the last M-1 rows of matrix P, respectively, and

let Aa and Ab represent the first M-1 rows and the last M-1 rows of matrix A, respectively. Then:
Pa _ Aa, _, Aa _ . . + _ -1
[Pb]Al = [Ab] = [Aa(pr]’ it follows that: Pa*Pb = AlprAl

Defined as follows: The Direction of Arrival (DOA) estimates of the sources can be obtained through
the eigen decomposition of the signal matrix. ¢r = Pa*Pb

3.2. Algorithm Effectiveness Verification

To validate the effectiveness of the algorithm and describe its angle estimation performance, this section
utilizes Montecarlo simulations with 1000 iterations. Considering K=13 uncorrelated narrowband
signals incident on an augmented coprime linear array with M=4, N=5, uniformly distributed across
azimuth angles from -60 “to 60 < J=500, SNR=5dB. Figure 4 shows the estimation results of the SS-PM
algorithm. The figure demonstrates that the SS-PM algorithm can effectively estimate the angles of
signal sources, capable of estimating more signal sources than the actual number of array elements.
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Figure 4. Estimation Results of the SS-PM Algorithm
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4. DOA Estimation Based on Spatial Smoothing MUSIC Algorithm

To precisely evaluate the performance of the algorithm, multiple experiments are necessary to assess its
angular estimation accuracy accurately. We use the Root Mean Square Error (RMSE) to define the
accuracy of angle estimation during these evaluations:

[(qk.j — qk)?]

1
RMSE = —
K 1

e =X
e —

1
k=1]7]

Here, K is the number of signal sources, gk,;j isthe estimated angle of the k-th signal source in the
j-th simulation, and gkis the actual angle of the k-th signal source. J is the number of simulations, and
for the simulations below, we take J=500 [9].

Assume an incoherent signal source, with its angles of incidence, injected into the far-field space of
a nested array. KM, qk(k = 1,2,L,K) are the number of elements, with L being the number of
snapshots.

Simulation 1. In this section, we obtained scatter plots of the angle of incidence estimates of one-
dimensional signals under definite conditions, using simulation techniques. During simulation, we used
a search step size of 0.01. The algorithm studied can accurately estimate the angles of incidence based
on Figure 5. (K<M)

6 = [-50°,—35°-10°,0°,15°30°,45°55°70°],K = 9,SNR = —=5dB,M = 8,L = 600

6o 0 0 0 2 40 =) 80
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Figure 6. Scatter plot of angle estimates under

Figure 5. Scatter plot of angle estimates under indefinite conditions

definite conditions

Simulation 2. This part simulates the one-dimensional DOA estimation graph of the studied
algorithm under indefinite conditions. The algorithm, as observed in Figure 6, can accurately estimate
the angles of incidence when the number of signal sources exceeds the number of antenna elements [10].

Simulation 3. In this section, we simulated and compared the performance between the studied
algorithm in one-dimensional Direction of Arrival (DOA) estimation and the traditional Uniform Line
Array (ULA) MUSIC algorithm. A search step size of 0.01 was set for the simulation. From Figure 7, it
is clear that, performance-wise, the studied algorithm outperforms the ULA MUSIC algorithm. This
section studied the Spatial Smoothing MUSIC algorithm under Nested Arrays, abbreviated as NLA,
with the traditional calculation for the uniform line array as ULA. g1 = 15°,q2 = 30°,q3 = 45°,M =
8,L = 600
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Figure 8. Performance comparison of DOA

Figure 7. Performance comparison of DOA estimation with different snapshot numbers

estimation between different arrays

This section compared one-dimensional DOA estimation performances with different sampling rates.
The search step size during the simulation was 0.01. The studied algorithm's angle estimation accuracy
improves with the increase in the number of snapshots, as clearly observed in Figure 8. L = 600,L =
800,L = 1000,q1 = 30°,q2 = 30°,q3 = 45°,M =8

Simulation 5. Performance comparison of DOA estimation values under different arrays is the focus
of this section. The simulation search step size was 0.01. From Figure 9, we can see that the studied
algorithm's angle estimation performs better when the number of elements increases. M = 6, M =
8,M =10,q1 = 15°,q2 = 30°,q3 = 45°,L = 600
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Figure 9. Performance comparison of DOA estimation Figure 10. Comparison of degrees of freedom

with different numbers of elements
5. Performance Analysis

5.1. Degrees of Freedom
This section compares the degrees of freedom (DOF) between nested array structures and uniform linear
array structures under the same physical element conditions. The DOF of a nested array structure is

given by DOF = % whereas for a uniform linear array structure DOF = M, where M denotes the
number of elements, and N = (M2/2 + 2M — 2)/2 [11].

Figure 10 displays the comparison of available degrees of freedom between nested array structures
and uniform linear arrays, where ULA represents the uniform linear array, and NLA represents the
nested array, when the number of elements is given. As seen from the figure, the available degrees of
freedom for nested arrays are much greater than those for uniform linear arrays.

5.2. Summary of Algorithm Advantages
The main advantages of the studied algorithm can be summarized as follows:
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1)  The algorithm discussed in this section can be used for undetermined DOA estimation values;
K>M

2)  The spatial smoothing MUSIC algorithm for nested arrays offers higher available degrees of
freedom than uniform linear arrays under the same physical sensor layout.

3)  The angle estimation performance of the studied algorithm is better than that of the traditional
uniform linear array (ULA) MUSIC algorithm under the same physical element conditions.

6. Conclusion

This paper primarily investigated the spatial smoothing MUSIC algorithm for nested arrays. Such
algorithms, through a special arrangement, enhance the array's degrees of freedom and resolution, thus
enabling the processing of more signal sources. Compared to uniform linear array algorithms, this class
of algorithms significantly improves angle estimation performance and can handle source estimation
under undetermined conditions. The angle estimation of the studied algorithm performs better than the
traditional uniform linear array (ULA) MUSIC algorithm under the same physical element conditions.
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