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Abstract
The present day wireless communication system demands notonly 
for capacity but also high quality of service and better coverage 
without increase in radio frequency spectrum allocated for specific 
application. Smart Antenna technology fulfill allthis system 
requirement very efficiently, serving different user by radiating 
narrow beam. Thus the same frequency can be reused even if the 
user are in the same cell or the user are well separated resulting 
system capacity improvement. There are two main function of 
smart antenna, including Direction of Arrival (DOA) estimation of 
user and beamforming towards the user. Successful design of smart 
antenna depends highly on the performance of DOA estimation 
algorithm as well as beamforming algorithm. A systematic 
comparison of the performance of different DOA algorithm like 
Barlett, Capon, MUSIC has been extensively studied by analyzing 
the simulation result with MATLAB. Further MUSIC is separately 
studied in details.
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I. Introduction
Wireless networks face ever-changing demands on their spectrum 
resources. Increased minutes of use, capacity-intensive data 
application, and the steady growth of worldwide wireless 
subscribers will have to find effective way to accommodate 
increased wireless traffic in their network. The concept of present 
day wireless service is the use of low power transmitter where 
frequency can be reused within a geographic area resulting increase 
in capacity and reduction in interference. The concept of Smart 
Antenna evolves from a new multiple access technique, Space 
Division Multiple Access (SDMA) allot same frequency channel to 
different user specially separated allows intra cell channel reused 
based on special separation. A Smart Antenna system combines 
multiple antenna elements with a signal processing capability 
to optimize its radiation pattern automatically in response to the 
signal environment. It consists of an antenna array for which the 
current amplitudes and phases of each element is adjusted by a set 
of complex weights using an adaptive beamforming algorithm. The 
beamforming algorithm optimizes the array output beam pattern 
such that maximum radiated power is produced in the directions 
of desired users and deep nulls are generated in the directions of 
undesired signals representing co-channel interference from other 
user in the same frequency. Prior to beamforming the directions of 
users and interference must be obtained using a direction of arrival 
estimation algorithm (DOA). Asthe signals are received from 
each antenna element of the array, the DOA algorithm computes 
the angle of arrival of all impinging signals. In general the DOA 
estimation algorithm can be categorised into two groups;the 
conventional algorithms and the subspace algorithms [1-3].

II. Conventional DOA Estimation Method
The conventional methods are based on the incoming signal 
scanning the beam of the radiation pattern, and surveying the 

space of signals above a certain threshold. Two methods are 
usually classified as conventional methods, (1) TheConventional 
Beamforming Method/Bartlett method (2) Capon’s minimum 
Variance Method [6].

A. Conventional Beamforming Method / Bartlett 
Method
The Conventional Beamforming Method (CBF) is also referred 
to as the delay-and-sum method or Bartlett method. The idea is 
to scan across the angular region of interest (usually in discrete 
steps), and whichever direction produces the largest output power 
is the estimate of the desired signal’s direction. More specifically, 
as the look direction θis varied incrementally across the space 
of access, the array response vector a (θ) and received signal 
autocovariance matrix Rxx are calculated and the output power 
of the beamformer is measured by

              (1)
This is also referred to as the spatial spectrumand the estimate of 
the true DOA is the angle θthat corresponds to the peak value of 
the output power spectrum.The poor resolution is a significant 
weakness of the method [4-5].

B. Capon’s Minimum Variance Method
The Capon’s minimum variance method is also known as the 
Minimum Variance Distortionless Look (MVDL). The MVDL is 
an attempt to overcome the poor resolution problem associatedwith 
the delay-and-sum method and it results a significant improvement. 
In this method,the output power is minimized with the constraint 
that the gain in the desired direction remainsunity. Solving this 
constraint optimization problem for the weight vector we obtain

              (2)
This gives the Capon’s Spatial Spectrum.

         (3)
The MVDL only requires an additional matrix inversion compared 
to the CBF and exhibits greater resolution in most cases. Computing 
the spatial power spectrum for one range of θdoes not prevent the 
algorithm from subsequently computing the spectrum for another 
range of θusing the same data.The spatial characteristics of the 
data for all directions are compactly represented by Rxx, and they 
are needed to be computed only once. Thus, the method does not 
have blind spots in time during which transient signals, away 
from directions of constantly transmitting sources, can appear 
intermittently and fail to be detected. Another advantage is that 
by steering the antenna electronically rather than mechanically, 
the speed of the scan through a region of interest is limited by 
computational speed instead of mechanical speed [4-5].
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III. Subspace DOA Estimation Method
The other main group of DOA estimation algorithms are called the 
subspace methods.The received signal space can be separated into 
two parts: the signal subspace andthe noise subspace.The signal 
subspace is the subspace spanned by the columns of A(Θ) and the 
subspace orthogonal to the signal subspace is known asthe noise 
subspace. The subspace algorithms exploit this orthogonality to 
estimate the signal’s DOAs.Within the class of the so-called signal-
subspace algorithms, MUSIC (MUltiple SIgnal Classification) and 
ESPRIT (Estimation of Signal Parameters via Rotational Invariant 
Techniques) have been the most widely examined by different 
researchers. There is more error in estimating DOA by ESPRIT 
compare to MUSIC [1]. So only MUSIC has been studied in 
detail in this paper.

A. The MUSIC Algorithm
The popularity of the MUSIC algorithm is in large part due to 
its generality. However, this generality is accompanied with the 
expense that the array response must be known for all possible 
combinationsof source parameters; i.e., the response must be either 
measured (calibrated) and stored. It is applicable to arrays of 
arbitrary but known configuration and response, and can be used to 
estimate multiple parameters per source (e.g., azimuth, elevation, 
range, polarization, etc.). MUSIC requires apriori knowledgeof 
the second-order spatial statistics of the background noise and 
interference field.This method involves a correlation analysis of 
the array signals followed by Eigen analysis and signal / noise 
space information [7].

1. MUSIC Spatial Spectrum
Inside the algorithm, we first define the general array manifold 
to be the set 

              (4)
The subspace estimation step is typically achieved by eigen 
decomposition of the autocovariance matrix of the received data 
Rxx.Furthermore, it can be easily shown that Rxx can be written in 
the following form

             (5) 
where E = [e1, e2, . . . , eN], Es = [e1, e2, . . . , eK], En = [eK+1, eK+2, 
. . . , eN], ᴧ = diag {λ1, λ2, . . . , λN}, ʌs = diag {λ1, λ2, . . . , λK }, ᴧn 
= diag {λK+1, λK+2, . . . , λN}, and ʌs = ᴧs − σn

2I.
Once the subspaces are determined, the DOAs of the desired signals 
can be estimated by calculating the MUSIC spatial spectrum over 
the region of interest

             (6)
Due to imperfections in deriving Rxx, the noise subspace eigen 
values will not be exactly equal to σn

2 . They do, however, form 
a group around the value σn

2 and can be distinguished from the 
signal subspace eigen values. A final remark for the algorithm’s 
performance is that MUSIC yields asymptotically unbiased 
parameter estimates, even for multiple incident wave fronts, 
because both Rss and En are asymptotically perfectly measured. 
Although the performance advantages of MUSIC are substantial, 

they are achieved at a considerable cost in computation and 
storage (of array calibration data). Furthermore, in either low 
SNR scenarios or closely spaced sources (i.e. multiple peaks 
observed in the measurements) MUSIC’s performance reduces 
dramatically [4-5].

IV. Simulation Results and Discussion 
The simulation of different DOA estimation algorithm has been 
done with MATLAB-2008a. Here array factor is calculated for 
uniform linear array of M no of element with inter element spacing 
of λ/2, where λ is the wavelength of incident radiation. Angle of 
Arrival (AOA) indicates the location of source in azimuth only. 
In case of MUSIC, K no of snapshots is taken for calculating 
Rxx. All the sources are considered as of same frequency and 
uncorrelated.

Simulation-1 M=6 for all, AOA = 20°, 30°, 40° for MUSIC, 
K=100

Simulation-2 M=6, AOA = 50°, 0°, 40° for MUSIC, K=100  
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Table 1:    Simulation – 1        Simulation- 2

Type of DOA
3db Beamwidth for different AOA Minimum value of 

P(θ) between peak 
in db

3db Beamwidth for 
different AOA

Minimum value of 
P(θ) between peak 
in db20° 30° 40° 50° 0° 40°

Bartlett undetectable undetectable undetectable - - 13.5° 8.5° 11° 16.7 15.5
Capon 1.5° 1.75° 1.25° 12.5 11.04 .5° .2° .4° 20.74 20.7
MUSIC .2° .35° .5° 23.7 22.1 .2° .2° .2° 31.6 31.27

Remarks
Simulation 1 & 2 for various AOA and its result analysis in Table 1 show that 3db Beamwidth is very less and minimum value of 
P(θ) between the peak is very low in case of MUSIC compared to Capon and Bartlett. 
For the entire algorithms the 3db Beamwidth increases if the angular separation between the signals decreases.

Simulation-3 M=12, AOA = -60°,-40°, 10°, 30° ,50°   Simulation-4 M=12, AOA = 0°, 10°, 20°, 30°, 40°
for MUSIC K=100      for MUSIC K=100
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Table 2:   Simulation – 3      Simulation - 4

Type of 
DOA

3db Beamwidth for different 
AOA Minimum value of P(θ) 

between peak in db
3db Beamwidth for different AOA Minimum value of P(θ) 

between peak in db
-60° -40° 10° 30° 50° 0° 10° 20° 30° 40°

Bartlett 17° 11° 8° 9.5° 13.25° 5.1 13.6 12.8 8.8 undetec-
table

undetec-
table

undetec-
table

undetec-
table

undetec-
table - - - -

Capon 1.7° 1.2° 1° 1° 1° 18.5 20.6 20.6 19.9 1.1° 1.3° 1.6° 1.7° 1.8° 14.8 13.2 11.5 10.8

MUSIC .2° .2° .2° .2° .2° 31.7 33.9 33.8 33.2 .2° .2° .2° .2° .2° 26 24.4 22.7 22.1

Remarks: Simulation 3 & 4 is done with more no of sources i.e. 5 and its results are shown in Table 2. All the observation of simulation 
1 & 2 is verified here also. Analysis further reveals that for more no of closely spaced sources (in this simulation with 10° angular 
separation) the 3db beam width of P(θ) increases for those sources away from centre of the array for Capon, but for MUSIC it almost 
remain constant. 
Simulation-5 M=7 , AOA = 0°,10°, 20°,30°, 40°  Simulation-6 M=9 , AOA = 0°,10°, 20°,30°, 40°
for MUSIC K=100     for MUSIC K=100
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Remarks
In simulation 5 & 6 effort has been made to study the effect of no of elements on performance of different DOA algorithm as size of 
antenna is an important factor for practical implementation. Simulation-5, with 7 element array shows that none of the algorithm is 
able to determine the DOA of 5 closely spaced source with angular separation of 10°. Simulation-6 with all the parameter same as 
simulation-5 except no of element which is 9 in this case, shows that only MUSIC is able to determine the DOA. So we can comment 
that the resolving power of MUSIC for detection of a source are best.

Simulation-7: M=13(Bartlett),13(Capon),9(MUSIC)   Simulation-8:M=13(Bartlett),13(Capon),9(MUSIC)
AOA = 0°, 10°, 20°, 30°, 40°. for MUSIC K=100     AOA = -20°, -10°, 0°, 10°, 20°. for MUSIC K=100  
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Remarks
Result analysis of simulation 7 & 8 shows that the resolution, minimum value of P(θ) between peak of Capon algorithm for M=13 
and MUSIC algorithm for M=9 are almost same. So Capon algorithm also can perform well but with 44% increase in antenna size 
which is undesireable, but offers the advantage of less computational complexity and storage space of data.

Simulation 9: M=13, AOA= -20°,20° ( ____ )    Simulation 10: M=13, AOA= -10°,10° ( _____ )
-40°,-20°,20° ( _____ ), -40°,-20°,20°,40°,60°( _____ )-15°,5°,25°( _____ ), -45°,-25°,-5°,25°,45°( _____ )    
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Remarks
Simulation-9&10 is to exclusively study the performance of MUSIC as earlier simulation proves MUSIC as accurate and high 
resolution algorithm. Simulation are done with same parameter but with different no of sources. It perform consistently well in terms 
of 3db beamwidth, minmum value between peaks upto 5 no of sources for M=13. But performance start detoreating beyonds 7 no 
of sources for M=13. This is a specific case study.
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Simulation-11: K=100, AOA= -20°,20° ( _____ )    Simulation-12: K=20, AOA= -10°,10°( _____ )
-40°,-20°,20° ( _____ ), -40°,-20°,20°,40°,60°( _____ ) -15°, 5°, 25°( _____ ), -45°, -25°, -5°, 25°, 45°( _____ )   
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Remarks
Simulation-11&12 is to exclusively study the performance of 
MUSIC for different combination of no of elements/no of sources 
and for two different no of snapshots.. Simulation 9 shows that 
resolution of the algorithm depends upon no of antenna elements 
in the array as well as no of same frquency sources presents in the 
enviornments. Simulation-10 reveals that more no of snapshots 
is required for sharper peak in the spectrum and minimum value 
of the spectrum in between the peak. Also less no of snapshots 
offer more noise floor in the spectrum. But at the same time more 
no of snapshots result more computational burden and storage 
space to the processor.

V. Conclusion
General behaviour of different DOA estimation algorithm (Bartlett, 
Capon, MUSIC) are studied in simulation (1 – 4). Simulation 
results clearly shows that MUSIC is more accurate and provides 
high resolution; add better possibility of user separation through 
SDMA but at the cost in computation and more storage space. 
Simulation-5&6 shows that MUSIC exhibits better performance 
in terms of detecting sources for less no of array element. But at 
the same time the performance of Capon is quite closer to MUSIC 
for large size array (almost 44% more of Music). If a larger size of 
antenna is not a problem, the practical implementation of Capon 
cannot be ruled out as it offers less computation burden. So MUSIC 
is the best choice as DOA algorithm in designing smart antenna 
and its performance improves with more no of elements, more 
no of snapshots taken, declines as the no of sources approaches 
close to the no of elements in the array. 
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