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Abstract— The direction of arrival (DoA) angles estimation of several narrowband RF sources in multipath environments is crucial in real-time applications. In this paper, a new DoA algorithm is presented to reduce the computational complexity of estimating the DoA’s of highly correlated signals in pairs while maintaining estimation accuracy. The method proposed employs Cholesky decomposition in conjunction with a novel forward/backward operation (FBO) applied to the signal subspace matrix to de-correlate the incident coherent sources while most of the existing methods employ conventional pre-processing techniques to the covariance matrix. Employing FBO to the signal space matrix along with Cholesky decomposition results in significant reduction in the computation time and the complexity of hardware implementation. These advantages make the method proposed well-suited for applications such as in massive-MIMO systems as well as in enabling next generation wireless communication networks (beyond 5G and 6G). Simulation results using Root Mean Square Error (RMSE) and results from real-time implementation on a Software Defined Radio (SDR) testbed are used to validate the efficacy of the proposed method. Results show that the performance of the method proposed compares favorably with the Root-MUSIC method.
Keywords—correlated/coherent sources, spatial smoothing, DoA estimation, uniform linear array, beyond 5G (B5G) and 6G networks, software defined radio
Introduction
Next generation wireless communication systems 5G and 6G are envisioned to not only provide users communication  services but also computing, localization, and sensing services [1]. Since the DoA of the anticipated signal is required to be known beforehand to provide some of these services, DoA estimation along with beamforming are vital to the implementation of these communication networks as well as other civilian and military applications [2]-[5]. However, since hundreds of antennas are required for enabling these technologies, there are immense challenges for DoA estimation such as in processing very large-scale array matrices constructed from the signals received from hundreds of antennas. DoA estimation is also confronted with handling multiple RF signals in multipath environments, complex spatial-temporal signal sampling, and the effects of mutual coupling [6]. Our immediate focus in this paper is the DoA estimation of highly correlated signals which occur when a signal travels through multipath environments. 
There have been a wide variety of DoA estimation methods reported in the literature such as maximum likelihood (ML) method, ESPRIT and MUSIC, and their variations [7]-[10]. The shortcomings of these methods are the degradation in accuracy when estimating highly correlated or coherent signals [11]-[12] besides the higher computational complexity required for subspace search for the peaks. 
The estimation of DoA angles of highly correlated signals invariably requires a spatial smoothing operation as a preprocessing step for preparing the data signals for accurate estimation. The purpose of the spatial smoothing operations is to improve the rank of the covariance matrix to the same number of incident sources, since the correlated signals will affect the number of detected sources [11]-[12]. This operation further rises the computational cost of the DoA estimation algorithms making them unsuitable for hardware implementation. 
Since they were first introduced by Evans et al. [13] and later by Shan et al. [14], spatial smoothing methods have been widely used for improving the estimation accuracy of coherent sources. While forward/backward spatial smoothing (FBSS) methods were used by various authors as reported in [15]-[17], the method proposed by S. N. Shahi et al. [18] combines Beamspace MUSIC and Barlett method [19] to reduce computational complexity. The method proposed by W. Zhang et al. [20] can find DoA estimates of coherent sources using multiple-Toeplitz matrix construction technique while a components separation algorithm is proposed by A. M. Molaei et al. in [21] which can estimate the DoA of RF signals in multipath environments. Another method that uses a combination of the orthogonal matching pursuit technique and the maximum likelihood estimator has been reported by M. Rahmani et al.  in [22]. The method reported in [20] has been shown to be effective in multipath environments. However, its drawback is its high processing time since it uses an iterative one-dimensional search method to estimate the DoA’s in multiple directions. All the methods proposed in [13]-[23] and related preprocessing techniques  have varying performance and computational complexity.
This paper proposes a novel algorithm for accurate DoA estimation of coherent sources using forward/backward operation (FBO) as a pre-processing step. This operation is applied to the signal subspace matrix whereas existing methods apply it to the covariance matrix. A unique feature of this novel FBO is that it does not require any matrix operations other than a matrix multiplication operation of the signal subspace matrix with a left-right-flipped identity matrix. This lead to the reduction of computational complexity of the proposed algorithm. The signal subspace matrix is extracted from the decomposition of the covariance matrix into its noise and signal space. This results in significantly reduced computational complexity due to the fact of the size of the covariance matrix is M x M whereas the size of the signal subspace matrix is M x K, where M is the number of antenna elements or sensors and K is the number of sources. Since M >> K usually the case in 5G applications, the  complexity in the existing methods will be significantly higher. Another advantage of the proposed method in applying FBO to the signal space matrix is that it is free from noise and results in better estimation accuracy, unlike the covariance matrix which contains both the signal and noise spaces. In addition, the method proposed obviates the need for computationally complex eigen-value decomposition (EVD) operations of O()  including in the extraction of the signal and noise subspaces unlike the existing methods [13]-[23]. In the method proposed, the signal subspace matrix is obtained from the Cholesky factorization  of the covariance matrix into its noise and signal subspaces. Matrix decomposition using Cholesky factorization of the  covariance matrix Rx is, L being a lower triangular matrix [11]. The advantage of using Cholesky factorization method [24] is that it requires only calculating the lower triangular matrix which requires O() operations. 
The method proposed in this paper is similar to the one reported in [25] in that it applies a spatial smoothing operation to the signal subspace matrix but the spatial smoothing operation applied is the conventional forward backward averaging (FBA) operation. Another difference is that the method in [25] uses QR decomposition for extracting the signal space from the covariance matrix whereas the proposed method applies computationally less complex Cholesky decomposition method [24]. In light of these advantages of the method proposed in this paper, it can be considered to be highly suitable for real-time applications and hardware implementation since operating on the signal space reduces computation cost and resource consumption due to reduction in the number of required operations. The main advantages of the proposed method are: 1) reduction in the computational time and hardware implementation, and 2) improved accuracy in estimating highly correlated signals.
In addition, the experimental validation of a direction of arrival estimation method in real-time is very crucial in establishing the efficacy of the algorithm and expediting its implementation in real-world systems and applications. Very few works [26]-[31] in the literature have reported experimental validation and hardware implementation. Hence, the novel DoA estimation algorithm for accurate estimation of highly correlated signals presented here has been validated experimentally on an SDR platform using National Instruments (NI) USRP-2901 [32] units and through MATLAB simulations. Performance of the method proposed has been compared with Root-MUSIC [23].
SYTEM MODEL AND PROPOSED METHOD



Fig. 1 below shows K narrowband radio frequency (RF) source signals which are located in the far-field region of the ULA. The ULA has M omni-directional antenna elements which equally spaced by a distance  with being the wavelength of the signal. The  narrowband signals are considered to be impinging on the ULA at an azimuth angle θk for the kth source. 
The observation data from the received signals at any time instant (t) at the ULA are given by
[image: ]

where  is the i-th source and  nm(t) is the noise at the m-th element.
[image: ]
Fig. 1. DOA estimation of K signals employing a ULA 
Equation (1) in matrix form is given by
[image: ]
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	                             (3)



is the (M x K) array response matrix, and is the array steering vector given by
, where    	
[bookmark: _GoBack]where S(t) is the (K x 1) vector of the received signals, and  N(t) is the (M x 1) additive white Gaussian noise vector.
There are six main steps in the proposed method. First, the covariance matrix Rx is determined from the collected date received from multiple RF sources as follows
 		 	
where represents the ith antenna column vector of the ULA and (  )H represents the operation for conjugate transpose of a matrix.
Second, the signal subspace is extracted from the covariance matrix Rx using Cholesky decomposition method. Cholesky decomposition of Rx can be found as follows
    		
where Ls  is the  signal subspace matrix of size (M x K) and Ln is the noise subspace matrix of size (M x (K-M)).
Next, the direction of arrival information, which is contained in the first K columns of the signal space data matrix Ls,, is extracted as shown below
  				
In the third step of the method proposed, the signal space matrix   will be utilized to in the angles of arrival estimation of coherent sources (s1, and s2=αs1) in pairs, where (0 < α ≤ 1) is the correlation coefficient. When α = 1, the two signals are considered fully coherent.
In the fourth step of the method proposed, the signal space contained in  is decorrelated by applying the novel FBO on the signal subspace matrix in (7), as shown below
      
where  represents a conjugate operation and JM is  shown below
      				
The dimension of the data matrix  in the proposed method is directly proportional to K sources to be estimated, whereas in the existing methods it is proportional to M antenna elements since the spatial smoothing operation is performed on the covariance matrix in the existing methods. This difference becomes significant in practical applications where M >> K. For example, a massive MIMO system in beyond 5G and 6G applications [6].
In the fifth step of the method proposed, the  data matrix is partitioned into two sub-matrices  given by 

		      	
Since , the matrices  are related by a non-singular transform  given by 
                                                        	(11)
 in (11) is due to the phase shift between , and it can be written as
                                                          	(12)

where T is a non-singular matrix, and  is a  diagonal matrix which contains information about the directions of arrival of incident sources.
     
The diagonal entries of  can be obtained by calculating the eigenvalues of  . The eigenvalues are used to calculate the DoA’s of the RF sources. 
In the sixth step, the least squares (LS) solution similar to (LS-ESPRIT) of (11) can be found as
     		             	
The eigenvalues of   are computed from the LS solution in (14) as the roots of the polynomial obtained from the equation | I| = 0. Finally, the eigenvalues, thus obtained, are used in estimating the directions of arrival as given by the following formula
 		           		
where  refers to the kth eigenvalue.
Complexity Analysis
The proposed DOA estimation method for highly correlated signals is analyzed here in terms of complex-valued multiply and accumulate (MAC) operations as shown in Table I. The comparison is limited to the novel (FBO) which is applied to the signal subspace matrix   as in (8) and the conventional forward/backward averaging operation applied on    as in (16). We consider K signal sources, M antenna elements, and N snapshots for the calculations.
[image: ]
where the size of each matrix in (16) is M x M.
[image: ]
Table II presents numerically the overall computational cost of the FBO operation for the case of K = 4 signal sources with varying antenna elements M.
[image: ]
The “total operations” columns in the above table show numerically why the existing methods have a much higher computational cost in comparison with the method proposed. With increasing antenna elements, there is a significantly higher increase in the computational cost for the existing methods. For instance, for M=64 antenna elements at the receiver, the total number of operations with existing methods is about 64 times more than the proposed method. This aspect of the method proposed presents a substantial improvement over existing methods, making it highly suitable for deployment in areas such as massive MIMO systems. 
As mentioned earlier, the method proposed further reduces the computational cost by employing Cholesky decomposition to extract the signal subspace from the covariance matrix by decomposing it into its noise and signal subspaces. Conventional methods, instead, use either SVD or EVD which require O() operations whereas Cholesky requires O() operations [11], [24]. Calculations for the computation cost of the major operations in the DoA estimation using the method proposed are listed in Table III while Table IV shows the calculations for Root-MUSIC. For a numerical comparison, assuming number of snapshots N=100,  antenna elements M=32, and signal sources K=4, the method proposed requires only about 30% of the operations that are required in computing the DoA estimates using Root-MUSIC method.
[image: ]
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MATLAB Simulation Results
The estimation accuracy of the method proposed in computing the DoA estimates has been validated using MATLAB under different simulation scenarios. Results of MATLAB simulations are shown in the RMSE vs SNR charts in Fig. 2 through to Fig. 4, with the RMSE values plotted in degrees. Up to two pairs of coherent sources (α = 1) are considered for estimation. It can be clearly observed in these charts that the method proposed has low RMSE values demonstrating its efficacy. We observe from Fig. 3 and Fig. that the proposed method provide better DOA estimation in comparison to Root-MUSIC method. 
Fig. 2 shows the RMSE values plotted against SNR for the DoA estimation of two pairs of coherent sources. Simulation parameters considered are: M=16, SNR=0:5:35 dB, N = 500, and source signals DoA1 to DoA4 are located at [50o 70o 100o 110o], respectively.  RMSE values steadily decrease as SNR increases, indicating high estimation accuracy.
[image: ]
Fig. 2. RMSE plot with SNR for DoA estimation of twoppairs ofccoherent sources
Fig. 3 shows the estimation performance of the method proposed and the Root-MUSIC method in the DoA estimation of a pair of coherent sources. RMSE values are plotted against SNR. Simulation parameters are: M=16, SNR=0:5:35 dB, N = 500, and source signals are located at [50o 70o]. It can be clearly observed that the estimation accuracy of the method proposed is comparable with that of the Root-MUSIC method with the latter only slightly better.
[image: ]
Fig. 3. RMSE plot with SNR for DoA estimation of a pair of coherent signals versus Root-MUSIC with FBA applied
It is worth noting here that a spatial smoothing operation is also applied in computing the DoA estimates using the Root-MUSIC method for the sake of a fair comparison. The conventional spatial smoothing operation of forward/backward averaging (FBA) as indicated in the second row of Table IV is applied to . For this reason, Root-MUSIC provides slightly better estimation accuracy as shown in Fig. 3 but at a much higher computational cost as discussed in section III above. 
Fig. 4 below shows the performance comparison of the proposed method with that of Root-MUSIC without FBA applied in computing the DoA estimates using the Root-MUSIC method. Simulation parameters are: M=16, SNR=0:5:35 dB, N = 500, and source signals are located at [50o 70o]. we observe that proposed has much higher estimation accuracy while Root-MUSIC method suffers from degradation in accuracy when estimating highly correlated or coherent signals without spatial smoothing applied.
[image: ]
Fig. 4. RMSE plot with SNR for DoA estimation of a pair of coherent signals versus Root-MUSIC without FBA applied

      Experimental Validation on SDR Testbed
The method proposed in this paper has been validated on an experimental setup built using the software defined radio platform from National Instruments (NI). This testbed consists of an 8-element ULA receiver connected to four NI USRP-2901 units for signal acquisition as shown in Fig. 5. The sources will not be received at the same time. Hence, time and phase synchronization must be performed for each USRP unit in the testbed before estimating the DoA’s. The details of the testbed construction as well as how time and phase synchronization is accomplished are described in [31].
[image: ]
Fig. 5. USRP testbed using an 8-element ULA for real-time experimental validation 
Two transmitter antennae connected to a single source using a two-way splitter are used to generate a pair of coherent signals (freq.: 1 GHz, gain: 10 dB, α = 1). The signals received at the ULA are processed by the proposed DoA estimation algorithm as well as Root-MUSIC (for comparison) running on a host processor (PC). The algorithm is implemented in LabVIEW and the DoA estimates are displayed on a user interface, as shown in Fig. 6.
[image: ]
Fig. 6. LabVIEW User Interface displaying DoA estimates from real-time  experiments for a pair of coherent sources located at 80o and 130o.
Fig. 7 below shows the placement of two RF signals at 80o and 130o, respectively in real time.


[image: ]
Real-time DoA estimates of a pair of coherent signals placed at different locations from the ULA are tabulated in Table V shown below. The table displays mean DoA values from 10 iterations with 1000 snapshots in each iteration, and a comparison of the proposed algorithm is made with Root-MUSIC. 
[image: ]
Fig. 8 shows the RMSE vs SNR chart plotted in MS Excel (with SNR values in dB on the x-axis) for the DoA estimates from real-time experiments for the method proposed and Root-MUSIC method for two coherent signals placed at 80° and 130°, respectively, from the ULA. 
[image: ]
Fig. 8. RMSE vs SNR chart for real-time experiments
The above table and the chart show clearly that the method proposed estimates the DoA’s fairly accurately even at low SNR with the Root-MUSIC method doing marginally better. However, this slight edge in performance of the Root-MUSIC method comes at a much higher computation cost (as discussed in Section III above).
Conclusions
A novel DOA  method for highly correlated signals based on FBO was proposed in this paper. This FBO operation is applied to the signal subspace matrix instead of the covariance matrix resulting in significantly lower computational cost in de-correlating the data signals for the method proposed when compared with the existing methods. Results from MATLAB simulation and real-time experiments validated the estimation accuracy of the method proposed and its performance was compared with Root-MUSIC as a benchmark. The significantly reduced computational complexity of the method proposed yields a high-performance system with faster computation time and lower resources consumption making it highly suited to practical applications for massive MIMO systems as well as next generation wireless communications networks.
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O(M?3/3) operations. In light o_f these advaqtages o_f the
proposed method, it can be considered to be highly suitable
for real-time applications and hardware implementation since 61 8k
operating on the signal space reduces computation cost and Fig. 1. Direction of arrival estimation of K signals employing a ULA
resource consumption due to reduction in the number of .
required operations. The main advantages of the proposed In matrix form, (1) can be expressed as
method are: 1) reduction in the computational complexity and X(t) = A(8)S(t) + N(t) Q)
processing time, firstly, when the data matrix is decomposed
into signal and noise subspaces, and secondly, when the signal where A(0)=[a(f) a(6,) K a(6)] 3)
subspace matrix is decorrelated, and 2) improved accuracy in
estimating highly correlated signals. is the array response matrix of size (M x K), and a(6;), for
In addition, the experimental validation of a direction of i=12,.,K, is the corresponding array response vector
arrival estimation method in real-time is very crucial in given by
establishing the efficacy of the algorithm and expediting its T (_iZ“Si"(ek))
implementation in real-world systems and applications. Very a(0x) =[1 ui]", where u; = e 4 “@
few works [25]-[30] in the literature have reported T
experimental [Va%it[iati]on and hardware implemenrt)ation. where S()=[5,()  5,(0 L S (D] 1s the vector
Hence, the novel DOA estimation algorithm for accurate of the received signals, and
estimation of highly correlated signals presented here has N =[m (1) L ny (1)] is the (M x 1) additive -
»
5 B - 1 ] + 160%
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In the angles Of arrival esimation ol coherent sources (s, and
s2=as1) in pairs, where (0 <a < 1) is the correlation coefficient.
The two sources are considered fully coherent when o= 1.

In the fourth step of the proposed method, the signal space
contained in Ls is decorrelated by applying the novel
forward/backward operation (FBO) on the signal subspace
matrix in (7), as shown below

Ry, =[Li(1toM,1t0K) Jy(Ls(1toM,1t0K)]  (8)

where (*) represents a conjugate operation and Jyis an (M X
M) matrix with ones in its anti-diagonal entries as shown
below

0 - 1
Ju = l 1 l
1 - 0

The dimension of the data matrix Ry, in the proposed
method is directly proportional to K sources to be estimated,
whereas in the existing methods it is proportional to M
antenna elements since the spatial smoothing operation is
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where Wy refers to the k™ eigenvalue.

III.

The computational complexity of the proposed DOA
estimation algorithm in terms of complex-valued multiply
and accumulate operations (MAC) is analyzed for estimation
of highly correlated signals and compared with the existing
methods, as shown in Table I. The comparison is limited to
the novel forward/backward operation (FBO) which is
applied to the signal subspace matrix Ls as in (8) and the
conventional forward/backward averaging operation to the
covariance matrix R, as in (16) in the existing methods [16]-
[23]. We consider K signal sources, M antenna elements, and
N snapshots for the calculations.

COMPUTATIONAL COMPLEXITY ANALYSIS

R =[(05)[R(M, M) + ]y (R(M, 1)) ] ], (16)
where the size of each matrix in (16) is M'x M.
TABLE L FBO COMPLEXITY COMPARISON
Additions | Multiplications ‘
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11 vl snapshots for the calculations.
The dimension of the data matrix R, in the proposed = _ B
method is directly proportional to K sourcfes to be estimated, R = [(O5)[R (M, M) + Jau (R (M, M)) ] ], as
whereas in the existing methods it is proportional to M  where the size of each matrix in (16) is Mx M.
antenna elements since the spatial smoothing operation is
performed on the covariance matrix in the existing methods.
This difference becomes significant in practical applications TABLEL FBO COMPLEXITY COMPARISON
where M >> K. For example, a massive MIMO system Lt U e
deployment requires a large number of antennas in Proposed Method 0 M2K
applications such as beyond 5G and 6G [6]. Existing Methods M2 (2M-1) 2M3
In the fifth step of the proposed method, the Ry;, data In Table II, the impact of the number of antenna elements
matrix is partitioned into two sub-matrices Ry, and Ryy, M on the overall computational cost in terms of these
given by complex-valued arithmetic operations is considered. The
number of sources X is taken as four (4).
Rppy = Rpp(1: M = 1,2) TABLEIL __ FBO OPERATIONS COMPARISON WITH VARYING M
Rf b2 = Rf (2:M,:) (10) K=4 Multiplication Addition Total operations
Since  range {bel} =range {R;),}, the matrices Prop. | Exist. | Prop. | Exist. | Prop. | Exist.
R}, and Ry, span the same signal space and are related by a 4 64 128 0 112 64 240
nonsingular transform ¥ given by 8 256 1024 0 960 256 1984 -
»
[BE] 5 B -——#——+ 150%
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deployment requires a large number of antennas in
applications such as beyond 5G and 6G [6].
In the fifth step of the method proposed, the Ry, data
matrix is partitioned into two sub-matrices Ryj; and Rpy,
.  given by
Ry = Rpp(1: M — 1,%)
Ry = Rpp(2: M) (10)
Since range {Rﬂ,l} =range {Rsj,}, the matrices
) Rfy,; and Ry, span the same signal space and are related by a
. non-singular transform W given by

bez = bellp a1
W in (11) is due to the phase shift between Ry;,; and Ry,
and it can be written as

¥ =T19)T (12)

In Table II, the impact of the number of antenna elements
M on the overall computational cost in terms of these
complex-valued arithmetic operations is considered. The
number of sources X is taken as four (4).

TABLE II. FBO OPERATIONS WITH VARYING M
K=4 Multiplication Addition Total operations
M Prop. Exist. Prop. Exist. Prop. Exist.
4 64 128 0 112 64 240
8 256 1024 0 960 256 1984
16 1024 8192 0 7936 1024 16128
24 2304 27648 0 27072 2304 54720
32 4096 65536 0 64512 4096 130048
64 16384 | 524288 0 520192 | 16384 | 1044480

The “total operations” columns in the above table show
numerically why the existing methods have a much higher
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that are required in computing the DOA estimates using Root- N
MUSIC method. % 5 10 15 20 25 30 35
SNR (dB)
TABLE L. COMPUTATIONAL COMPLEXITY OF PROPOSED METHOD Fig. 2. RMSE plot with SNR for DOA estimation of two pairs of coherent
Signal Processing Step Proposed Method Operations sources
Covariance Matrix NM? + M2 103424 . . .
— il 73 10923 Fig. 3 shows the estimation performance of the method
Signal Extraction (Cholesky) proposed and the Root-MUSIC method in the DOA
Forward/Backward Qpy, (FBO) MK 4096 estimation of a pair of coherent sources. RMSE values are
Least Squares Solution 3MK2+2K3 1664 plotted against \SNR. Simulation parameters are: M=16,
Compute Angles K2 +K2 10 SNR=0:5:35 dB, N = 500, and source signals are located at
[50° 70°]. It can be clearly observed that the estimation
TOTAL (for N=100, M=32, K=4) 120117 - -
accuracy of the method proposed is comparable with that of

TIABLE V. COMPUTATIONAL COMPLEXITY OF ROOT-MUSIC
Signal Processing Step Root-MUSIC Operations
Covariance Matrix NM? + M2 103424
Forward/Backward Avg. 2M? + M2(2M-1) 130048
Signal Extraction (EVD) 2M3 65536
Page4of6 4132words [[%

the Root-MUSIC method with the latter only slightly better.

—&— DOAT1-proposed
—<— DOA2-proposed
—©6— DOA1-RootMusic
—%— DOA2-RootMusic

107
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TOTAL (for N=100, M=32, K=4)

120117

[50° 70°]. It can be clearly observed that the estimation
accuracy of the method proposed is comparable with that of
the Root-MUSIC method with the latter only slightly better.

—H&— DOA1-proposed

TAB.LE IV. (.:OMPUTATIONAL COMPLEXITY OF RooT-MU .SIC 107" —— DOAZ proposed | ]

Signal Processing Step Root-MUSIC Operations p! & DOA1-RootMusic
- Covariance Matrix NM2 + M? 103424 —%— DOA2-RootMusic

Forward/Backward Avg. 2MB + M2(2M-1) 130048

Signal Extraction (EVD) 2M3 65536 w2
o Eigenvectors Multiplication M3+ MK 36864 E

Compute Polynomial Roots 2MA(M-1) 63488
Compute Angles 2(M-1) 62
h TOTAL (for N=100, M=32, K=4) 399422 103
IV.  MATLAB SIMULATION RESULTS i | ! ) | i !
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Fig. 7. Two RF signals placed in the far-field region of the ULA

Real-time DoA estimates of a pair of coherent signals
placed at different locations from the ULA are tabulated in
Table V shown below. The table displays mean DoA values
from 10 iterations with 1000 snapshots in each iteration, and
a comparison of the proposed algorithm is made with Root-
MUSIC.

PRI |
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Fig. 5. An 8-element ULA SDR testbed for real-time experimental
validation.

. Two transmitter antennae connected to a single source
® using a two-way splitter are used to generate a pair of
: coherent signals (freq.: 1 GHz, gain: 10 dB, a = 1). The
signals received at the ULA are processed by the proposed
DOA estimation algorithm as well as Root-MUSIC (for
comparison) running on a host processor (PC). The algorithm
is implemented in LabVIEW and the DOA estimates are
displayed on a user interface, as shown in Fig. 6.

0
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placed at different locations from the ULA are tabulated in
Table V shown below. The table displays mean DOA values
from 10 iterations with 1000 snapshots in each iteration, and
a comparison of the proposed algorithm is made with Root-
MUSIC.

TABLE V. MEAN DOA ESTIMATES FROM REAL-TIME EXPERIMENTS WITH
TWO COHERENT SOURCES (SNR 0 DB)

(DOA1, DOA2) Proposed Root-MUSIC
(50°, 80°) (48.83°,81.12°) | (49.10°, 80.65°)
(80°, 130°) (81.10°, 128.71°) | (79.10°, 130.92°)
(70°, 110°) (68.81°,109.15°) | (70.75°, 109.11°)
(65°, 125°) (67.02°,123.19°) | (66.45°, 123.51%)

Fig. 8 shows the RMSE vs SNR chart plotted in MS Excel
(with SNR values in dB on the x-axis) for the DOA estimates
from real-time experiments for the proposed method and
Root-MUSIC for two coherent sources located at 80° and
130°, respectively, from the ULA.
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