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Abstract—In this paper, we present an experimental 

implementation method of two well known algorithms for 

direction of arrival (DOA) estimation of multiple incident source 

signals called MUltiple SIgnal Classification (MUSIC) and 

Estimation of Signal Parameters via Rotational Invariance 

Techniques (ESPRIT) on a National Instruments (NI) PXI 

platform. The algorithms are implemented in LabVIEW software 

which is the required programming software for NI hardware. 

The details of the experimental procedures are described which 

include interfacing of the uniform linear array (ULA) of antennas 

with the NI-PXI platform, calibrating phase differences between 

the RF receivers, and transmitter and receiver parameters 

selection for determining the DOAs of the multiple incident source 

signals. The experimental results are shown for a single source 

lying at two different arbitrary angles to verify the successful real-

time implementation of both algorithms.   
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I.  INTRODUCTION 

Estimating the bearing angles of the multiple incident source 
signals is an active research area due to its innumerable 
applications in radar, sonar for source localization, and beam 
forming/steering in mobile communication. The existing 
literature in this area focuses mainly on enhancing the precision 
and devising low complexity methods for direction of arrival 
(DOA) estimation. The performance of these methods is 
assessed mostly through numerical simulations [1–5]. However, 
only a few works extend the computer simulations to a realistic 
implementation for real-time use in practical scenarios. In this 
regard, a smart antenna system implementation for DOA 
estimation has appeared in [6–10]. The authors in [6], [7] 
present an FPGA implementation of a DOA estimation 
algorithm with emulated sources. Another work in [8] employs 
data acquisition hardware to obtain experimental data in an 
anechoic chamber. The acquired data is processed off-line for 
DOA estimation and beam-forming on FPGA. A DSP-based 
real-time DOA estimator is presented in [11] for determining 
underwater acoustic source directions in real time.  

In this work, we present a hardware implementation 
technique of the DOA estimator on an NI PXI platform. The NI 
PXI is a PC-based platform which combines PCI electrical-bus 
features with modular packaging, specialized synchronized 

buses and key software features used for high-performance and 
low-cost deployment of applications such as manufacturing, test, 
military and aerospace, machine monitoring, and automotive.  

The NI hardware employed for the DOA estimator is 
composed of a chassis which includes a standalone controller 
and modules with signal transmission/reception capabilities such 
as RF signal generator, RF down-converter, digitizer, and RF 
amplifier, etc. A uniform linear array (ULA) of four 
omnidirectional antennas is interfaced with the NI-PXI platform. 
The four receivers are not phase coherent which is caused either 
by the independent clocks of the receiver modules or the 
difference in receiver wire lengths. Thus, a phase calibration 
step is performed prior to the DOA estimation. The DOA 
estimator uses MUSIC and ESPRIT methods to achieve accurate 
DOA of the incident source signal [12]. The DOA estimator is 
tested in an open atmosphere. The measurement results show 
that with the presented experimental procedures, the DOA of 
incoming sources can be successfully estimated.  

The paper is organized as follows. Section II discusses the 
system model and Section III highlights the MUSIC and 
ESPRIT algorithms. In Section IV, the details of the 
experimental setup are presented followed by the experimental 
results in Section V. We conclude the paper in Section VI. 

II. SYSTEM MODEL 

The system model assumes   narrowband sources lying in a 

far-field region of a uniform linear array (ULA) composed of   

  elements. The signal model of the signal impinging on the 

ULA is given as: 

                                   
                                   (1) 

which, in vector matrix notation, can be re-written as: 

                                              (t)                        (2) 

where      is the       received signal vector,      is the 

source signal of dimension             is the noise vector of 

dimension      , and A is the       dimension array 

factor matrix which is a known matrix as it depends on the 

array geometry. 

                                                                    (3) 



III. MUSIC AND ESPRIT ALGORITHMS 

The MUSIC algorithm requires determining of correlation 

matrix of the received signal,  

                                                                              (4)  

where      denotes the mathematical expectation operator.  

The eigenvalue decomposition of the matrix R can be expressed 

as: 

                                    
        

                            (5) 

where    spans the signal subspace and    spans the noise 

subspace.    and    are the diagonal matrices whose diagonal 

entries correspond to the eigenvalues associated with    and 

  , respectively.  

The spatial spectrum of the ULA is expressed as: 

                                    
 

         
     

                             (6) 

The DOA estimates are obtained by scanning the angle   in the 

range           and observing peaks of the spatial spectrum 

function     . 

 

The ESPRIT algorithm divides the ULA into two identical sub-

arrays X and Y, displaced from each other by distance    

                                   
                                  (7) 

                                
       

                           (8) 

where     
        

 
 is the additional phase shift of the signal 

as it goes through sub-array Y as compared to X. 

In vector matrix notation, equations (7) and (8) can be re-

written as: 

                                                t)                       (9) 

                                               t)                     (10) 

where   represent the phase shift between the sub-arrays given 

as: 

                                                                     (11) 

The objective is to estimate the matrix  . For this purpose a 

new matrix z(t) is defined as: 

          
    
    

   
 
  

       
     
     

            t) (12) 

A correlation matrix of dimension          is computed as: 

                                                                             (13) 

Since there are   sources, the   eigenvectors corresponding to 

the   largest eigenvalues form the signal subspace   . The 

remaining      eigenvectors form the noise subspace   . 

The space spanned by    is the same as that of   . Therefore, 

there exists a unique nonsingular       matrix T, such that,   

                                                                                    (14) 

The matrix    is partitioned into two       submatrices 

                                   
  

  
   

  
   

                             (15) 

The columns of both    and    are linear combinations of  , 

so each of them has a column rank  . A new matrix     is 

defined which has rank  , as: 

                                                                            (16) 

Therefore,     has a null space of dimension   and there exists 

a        matrix F such that: 

                                                                                   (17) 

                              
  

  
                           (18) 

                                                                         (19) 

Thus, a matrix   is computed from the following expression:  

                                          
                                  (20) 

IV. EXPERIMENTAL SETUP 

An experimental setup is constructed on a flat roof top of a 
building which emulates as an open atmosphere because of 
minimal reflecting surfaces. The hardware implementation of 
the MUSIC and ESPRIT algorithms on the NI PXI platform is 
performed in two steps. The first step involves physical 
connections between the NI PXI modules with the 
transmitter/receiver antennas while in the next step a phase 
calibration is performed at the receiver end. These steps are 
explained in the following subsections.  

A. Setting up an RF Transmitter and Receiver 

An RF transmitter set up is shown in Fig. 1 which acts as a 
source lying in a far-field region of a receiver. The NI PXI 
platform at the transmitter end is equipped with an RF Signal 
Generator and Up-converter module (NI PXIe-5652), and an RF 
Amplifier (NI PXIe-5691). The output of the RF amplifier is fed 
to the antenna mounted on top of a tripod stand.   

At the receiver end, a ULA of four omni-directional wire 
antennas is configured as shown in Fig. 2. The antennas are 
connected to the RF Down-converter module (NI PXIe-5601). 
The RF receivers used in the system are independent, which 
means that each RF receiver has its own local oscillator (LO).  

 

Fig 1: PXI platform configured as an RF source  



 

Fig 2: ULA of four wire antennas for DOA estimation 

The LOs are connected to the same clock signal generated 
by an RF Signal Generator module (NI PXIe-5652). Table 1 
lists the various experimental parameters selected for the 
implementation purpose.   

B. Phase Calibration at the Receiver end 

The initial phase of each LO can be different even when 
connected to the same clock source. Therefore, a mechanism to 
calibrate the phase differences of all RF receiver channels is 
necessary. A four-port RF power divider duplicates the 
deterministic signal generated by an RF signal generator module 
into four co-phase calibration signals as shown in Fig. 3. These 
calibration signals are then fed to the receiver modules of the NI 
PXI platform are analyzed for any phase differences via a 
LabVIEW routine.  

TABLE I: EXPERIMENTAL PARAMETERS  

Total number of antenna elements 4 

Array Geometry Uniform Linear Array 

Number of sources 1  

SNR with amplifier 28 dBm 

Inter element spacing λ/2=16 cm 

Number of snapshots 10000 

Sample per symbol 8 

Symbol rate 100k 

PN sequence order 9 

Modulation Scheme QPSK 

Transmit Filter Type 

Filter Length 

Alpha  

Root raise cosine 

8 

0.5 

Distance between source antenna 
and ULA 

4.5m 

 

 

Fig 3: Setup for calibrating the phase of the received signals 

At this point, the phase difference between the received 
signals is either caused by the initial phase differences of the 
LOs or the difference in wire lengths. The initial phase 
differences between the signal received from the reference 
antenna and the other three antennas are measured and phase 
offsets are introduced in the received signals to compensate for 
these phase differences.   

V. EXPERIMENTAL RESULTS 

The performance of the DOA estimator is verified by 
conducting experiments for a couple of test cases in an open 
atmosphere for a single source placed at arbitrarily angles from 
the array reference. The experimental configuration for the first 
case is shown in Fig. 4. A single RF source is placed in the far-
field region of a ULA at an angle of 100

o 
from the array 

reference. The first antenna of the ULA is considered as an array 
reference.  

The experimental results of the MUSIC and ESPRIT 
algorithms for the first case of source angle are shown in Fig. 5. 
The figure shows the estimated DOAs for both MUSIC and 
ESPRIT methods which are 101.48

o
 and 99.96

o
, respectively. In 

order to confirm the experimental angles, the source angle is 
also measured manually with a protractor and a thread extended 
from the source antenna to the reference antenna of the ULA. 

 

 

Fig 4: Experimental configuration for a single RF source placed at 100o from 

the array reference 

 



The manually measured source angle is 100
o
 which indicates 

close experimental estimates. Another experimental 
configuration for the verification of the DOA estimation 
implementation method is shown in Fig. 6. Similar to the first 
case, a single RF source is placed at an angle of 70

o 
from the 

array reference in the far-field region of a ULA.   

 

Fig 5: Experimental results for a single RF source placed at 100o from the array 

reference 

 

Fig 6: Experimental configuration, a single RF source placed at 70o from the 

array reference 

 

Fig 7: Experimental results for a single RF source placed at 70o from the array 

reference 

The DOA estimates obtained with the MUSIC and ESPRIT 
methods are 67.33

o
 and 71.37

o
, respectively as shown in Fig. 7. 

The source angle is also measured manually with a protractor 
and a thread which comes out to be 70

o
 and hence indicating 

close experimental estimates.  

VI. CONCLUSIONS 

An experimental implementation method for two well 
known algorithms MUSIC and ESPRIT is presented for DOA 
estimation of multiple incident source signals on a NI PXI 
platform. The experimental procedures from implementation 
point of view are described in details which include interfacing 
the ULA of antennas with a NI PXI platform, phase difference 
calibration at the receiver end, and transmitter and receiver 
parameters selection for determining the DOAs of the multiple 
incident source signals. The experimental results for a couple of 
test cases are presented for a single source lying at two different 
arbitrary angles. The results prove successful real-time 
implementation of both algorithms with the presented 
procedure.   
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