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Abstract— In this paper, we present a novel direction of 

arrival (DOA) estimation method for multiple incident RF 

sources. The proposed method finds the information about the 

signal and noise subspaces from the R matrix of the QR 

factorized received data matrix. The angle of the signal arrival is 

estimated from the signal subspace using similar approach as 

employed by the conventional MUSIC algorithm. The simulation 

results are shown which verify the accuracy of the proposed 

method in estimating the DOA a single and two RF sources. A 

prototype implementation of the proposed method on National 

Instruments (NI) hardware and LabVIEW software is also 

presented. The experiments are conducted for the DOA 

estimation of two RF sources lying at arbitrary angles from the 

array reference.  The experimental results verify successful real 

time implementation of the proposed DOA estimation method. 
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I. INTRODUCTION 

Estimating the arrival angles of multiple incident radio 

frequency (RF) sources has always been an area of active 

research due to myriad of its practical applications in wireless 

communications for source localization, beam forming and 

steering. The prime focus of the existing literature in this area 

is on improving the precision and reducing the algorithm 

complexity for the direction of arrival (DOA) estimation [1] - 

[3]. The performance of the DOA estimation methods are 

usually analysed through numerical simulations. However, 

due to the practical significance of the problem, real time 

testing through actual hardware experiments is required for 

the verification and validation of the proposed methods. In 

this context, we proposed a QR-TLS (Total Least Squares) 

method [4] for DOA estimation recently and verified the 

method practically through hardware experiments [5]. A 

smart antenna system implementation for DOA estimation 

presented in [6] implements DOA estimation method on an 

FPGA. A comparative study of the performance of DOA 

estimation methods MUSIC (MUltiple SIgnal Classification), 

Root-MUSIC, and ESPRIT (Estimation of Signal Parameters 

via Rotation Invariance Technique) for the case of 

uncorrelated RF signals has appeared in [7].  

In this work, we present a novel DOA estimation method 

for multiple incident RF sources. The proposed method rely 

on determining the signal and noise subspaces from the upper 

triangle matrix R formed after the QR decomposition [8] of a 

received signal data matrix. We apply QR method for the data 

matrix factorization due to its number of advantages. First, 

QR decomposition has lower computational complexity and 

less expensive compared with Singular Value Decomposition 

(SVD) which has been widely used in DOA methods such as 

MUSIC and ESPRIT. Second, QR factorization is an 

important tool in numerical linear algebra because it 

maintains accurate information about the data matrix rank and 

numerical null space and provides an efficient and robust 

solution for   solving the least square problem which is widely 

used in array signal processing and spectral estimations. Third,   

implementation of QR decomposition with the Coordinate 

Rotation Digital Computer (CORDIC) algorithm requires 

only additions operation and shift registers [9], which 

improves the throughput and the recourse utilization. These 

advantages make proposed methods more suitable for high 

speed communication. The performance of the proposed 

methods is assessed through simulations as well as through 

hardware implementation of the proposed methods along with 

the two other well-known methods called MUSIC on a 

National Instruments  (NI) PXI platform.  

The paper is organized as follows. Section 2 develops a 

system model for the DOA estimation problem. In Section 3 

we present the details of the proposed DOA estimation 

method. The experimental setup and procedures are discussed 

in details in Section 4 followed by the experimental results in 

Section 5. We conclude the paper in Section 6. 

II. SYSTEM MODEL 

A uniform linear array (ULA) consisting of four omni-

directional antennas is shown in Fig. 1. It is used in a real-

time implementation of the proposed DOA estimation method 

and MUSIC algorithm. The inter-element spacing between the 

array elements is 16 cm which is equivalent of having the 

wavelength of 900 MHz. Single and multiple narrowband 

sources are considered for testing using actual hardware and 

LabVIEW software. To obtain the signal model, we assume 𝐿 

number of incident sources present in the far-field region of a 

ULA composed of 𝑚 elements. The sources are assumed to 

be lying at the angles of L ,,, 21  . At any time instant 𝑡, 

the snapshot of the signal received at the ULA can be 

expressed as:  
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where  tsi  is the signal from the i-th incident source,   is 

the wavelength,  / 2d   the spacing distance of ULA, 

and  
k

n t  is the noise at the k-th element. In vector matrix 

notation, the received signal can be expressed as: 
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Fig 1: Uniform linear array consists of four omni-directional antennas 

where 𝐴(𝜃) is the (𝑀 × 𝐿) array response matrix given as: 
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where 𝑎(𝜃𝑖)  for 𝑖 = 𝑞1,2,… , 𝐿 is the corresponding array 

response vector.  
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S(t) is the vector of received signals given by: 
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( )N t is the  1M  additive white Gaussian noise (AWGN) 

vector whose components have zero mean and a variance 

equal to
2 . 
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Here and in the following the superscripts T and * denote the 

transpose and conjugate operations, respectively. 

III. PROPOSED DOA ESTIMATION METHOD 

The information about the DOAs of incident sources can be 

extracted from the upper triangular R matrix of the QR 

factorized data matrix. Least square (LS) approach of finding 

the direction matrix is replaced with a total least square (TLS) 

method which is more appropriate under noisy measurements 

of practical scenarios.  

A. Extracting DOAs from the data matrix with searching 

technique 

In this method, we employ the rank revealing QR 

factorization (RRQR) of the covariance matrix YYR . The 

factorization of YYR can be written as:  
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where R11 is  L L , R12 is   L M L  , and R22 is

   M L M L   . The QR factorization in (8) is called 

rank-revealing QR factorization. Since 
22

 R is very small, 

then the approximation of the data matrix R can be written as 

follows: 
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The data matrix in (9) is representing the null space of
YY

R . If 

a vector X belongs to the null space of R̂ , then the matrix R̂  

represents the set of all solutions to the following 

homogenous equation:  
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where 1X  has L  components and 2X has ML  components. 

Since the data matrix 11R  is a non-singular matrix for 

uncorrelated sources. The solution of (10) can be obtained as 

follows: 
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Using equation (11) the vector X can be written as:  
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The basis for the null space of the upper triangular matrix R 

which is also the null space of YYR  is, therefore, given by: 
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The columns of the null space of   are not ortho-normal. We 

use orthogonal projection onto this subspace to satisfy ortho-

normality and to improve the performance by making the 

basis of null space of  ortho-normal. 
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We then apply MUSIC like search algorithm to estimate the 

DOAs using the following function:    
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where the peak positions indicate the DOAs of the incident 

sources. The functional block diagram for the proposed 

method is shown in Fig. 2. 



Fig 2: Block diagram of proposed DOA estimation method 

IV. EXPERIMENTAL SETUP 

A test setup is constructed on a flat roof of a building to 

emulate open atmospheric conditions with minimal reflecting 

surfaces. The hardware implementation is carried out in the 

following three stages.  

A. Stage 1: Setting up an RF Transmitter 

The block diagram of the NI PXI transmitter end is shown 

in Fig. 3 [5]. In the first step, a digital signal is generated 

using LabVIEW built-in functions which include source 

coding, channel coding, and modulation. The digital signal 

thus generated, is passed through arbitrary waveform 

generator (AWG) which converts it into an analog signal. The 

up-converter module transforms the analog signal from an 

intermediate frequency (IF) to a radio frequency (RF) signal 

which is later amplified prior to the signal transmission via 

antenna. The front panel of the LabVIEW code developed for 

the transmitter unit is shown in Fig. 4. The modulation 

scheme selected for the transmitted signal is QPSK with a 

center frequency of 900 MHz and transmitted power of 10 

dBm. The figure also shows the constellation diagram of the 

QPSK modulated signal.   
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Fig 3: Block diagram of the NI-PXI transmitter unit  

 
Fig 4: Front panel of the transmitter end LabVIEW code 

B. Stage 2: Setting up an RF Receiver 

The receiver end consists of a ULA of four omni-

directional wire antennas, RF down-converter module (PXIe-

5601) and high speed digitizer modules (PXIe-5622). The 

block diagram of the NI PXI configured as an RF receiver is 

shown in Fig. 5 [5]. The source signal received through each 

of the four RF antennas is down-converted from RF signal to 

an IF signal and are digitized using ADCs. The outputs of the 

ADCs are modulated signals in ( , )I Q form, which consists of 

the amplitude and phase information of the message signal. In 

the subsequent stage, the proposed DOA estimation method 

and the MUSIC method are applied to estimate the unknown 

source angles
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Fig 5: Block diagram of the NI-PXI receiver unit 

C. Stage 3: Phase Calibration at the Receiver end 

To avoid estimation errors, it is important to calibrate 

phase difference between the receiving end antennas of the 

ULA. A four-port RF power divider duplicates the 

deterministic signal generated by an RF signal generator 

module into four co-phase calibration signals. These signals 

are then fed to the receiver modules of the NI PXI and are 

analyzed for phase differences using a LabVIEW program. 

After measuring the phase differences, phase offsets are 

introduced in the received signals to compensate for these 

phase differences.  

V. SIMULATION AND EXPERIMENTAL RESULTS 

The performance of the proposed DOA estimation methods 

is verified through both numerical simulations and by actual 

hardware experiments.  

A. Simulation Results  

For simulation purpose, two sources are considered where 

the sources are assumed to be lying in the far-field region of a 

ULA at angles of 37
o
 and 115

o
 from the array reference. The 

estimated angles for the proposed and MUSIC methods are 

shown in Fig. 6. The figure shows the spectrum with two 

peaks, where the peaks can be seen to provide precise angle 

estimates.  

B. Experimental Results  

1) Single RF Incident Source 

The experimental configuration for the first case is shown 

in Fig. 7, where a single RF source is placed in the far-field 

region of a ULA at a desired angle of 100
o
 from the array 

reference. The experimental results of the proposed method 

and MUSIC algorithm for the first test case with a single RF 

source are shown in Fig. 8. The estimated angle of arrivals 

obtained with the proposed and MUSIC methods are 102.16
o
 

and 99.79
o
, respectively. From the results, we observe 

 



accurate angle estimates with the proposed methods. The 

figure also shows the value of phase offsets which are 

necessary for the phase calibration between the multiple 

antennas of the ULA at the receiver end. 

 
Fig 6: Simulated DOA estimates of the proposed and MUSIC methods for 

two sources lying at 37o and 115o from the array reference 

2) Multiple RF Incident Sources 

The performance of the proposed methods for DOA 

estimation of multiple incident sources is also evaluated 

experimentally. Fig. 9 shows the experimental setup in which 

two RF sources are placed in the far-field region of a ULA. 

The sources are placed at manually measured angles of 35
o
 

and 115
o
, respectively, from the array reference. The two 

DOA estimates obtained with the proposed and existing 

MUSIC methods are (37.59
o
, 114.95

o
) and (36.51

o
, 115.15

o
), 

respectively, as shown in Fig. 10. Thus, the DOA estimates 

obtained for the multiple incident source signals with the 

proposed methods are consistent with the actual measured 

angles. 

 
Fig 7: Experimental configuration for a single RF source placed at 100o from 

the array reference. 

 
Fig 8: Experimental results for single RF sources placed at 100o from the 

array reference. 

 
Fig 6: Experimental configuration of two RF sources placed at 37o and 115o 

from the array reference. 

 
Fig 7: Experimental results for the two RF sources placed at 37o and 115o 
from the array reference. 

VI. CONCLUSIONS 

This paper presented a new direction of arrival estimation 

method for multiple incident RF sources. The proposed 

methods extract the angle information from the signal and 

noise subspaces obtained from the R matrix of the QR 

factorized received data matrix. The experimental procedures 

of hardware implementation of the proposed DOA estimation 

methods are described in detail. The performance of the 

proposed method is verified through numerical simulations as 

well as through actual hardware experiments. The results 

shown for a single and two RF sources lying at arbitrary 

angles from the array reference, confirm successful real-time 

implementation of the proposed DOA estimation methods. 
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