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ABSTRACT 

 
Enhancement in aircraft surveillance techniques is continuously carried out to improve 

utilization of airspace and navigation safety. This paper proposes the use of multiple signal 

classification (MUSIC) based angle of arrival (AOA) estimation together with an 

angulation algorithm for locating aircrafts from their electromagnetic wave emission. The 

position estimation (PE) error is evaluated by comparing the estimated position with the 

actual position for various range bearings and array elements. Smaller PE errors are 

obtained for range of about 150 km and MUSIC resolution of 0.15o. 

 

Key words: angle of arrival estimation, angulation, position estimation, antenna array, 

position estimation error. 

 

INTRODUCTION 

Radar has been the conventional surveillance method used by air traffic control (ATC) 

centre. Due to low scan rate of about 4 to 12 seconds, radars take as much as few minutes 

to determine if an aircraft has changed course or direction [1]. Newer technologies were 

introduced to complement existing radar system including the GPS based positioning 

system known as automatic dependent surveillance broadcast (ADS-B) and the time 

difference of arrival (TDOA) based technique known as multilateration (MLAT) provide 

more precise tracking of an aircraft tracjectory [2]. Currently ADS-B alone suffers from 

security vulnerabilities due to its unauthenticated and unencrypted signals [3]. Furthermore, 

GPS malfunction could lead to incorrect position estimation (PE). Thus, other surveillance 

techniques including angle of arrival (AOA) and TDOA based methods are used to validate 

the PE provided by ADS-B system.  

 

In this paper, the AOA estimated by MUSIC algorithm is used with an angulation 

algorithm for PE as described in [4]. The proposed system consists of four ground 

receiving stations (GRS) connected to the central unit each equipped with an M-element 

antenna in a uniform linear array (ULA) configuration. A square configuration is 

considered for GRS with a separation of 10 km between each pair. The PE process is 

performed in two stages: 1) AOA estimation by MUSIC at each GRS and 2) PE using 

angulation algorithm at the central unit. Presence of noise in the received signal leads to 
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error in the PE.  

The signals of interest are SSR and ADS-B and simulation parameters used are carrier 

frequency of 1090 MHz, transmit power of 250 W and transmit antenna gain of 3 dBi. 

Receiver antenna gain of 18 dBi and 24 dBi are used for 8 and 16 element arrays 

respectively, and GRS receiver sensitivity is assumed to be -90 dBm. A 2-D PE 

performance analysis of the system was carried out to identify the target positions, array 

elements and MUSIC resolution that will comply with the Federal Aviation Administration 

(FAA) horizontal separation [5].   

The PE errors are calculated for target range 5 to 200 km and target bearing 0o to 359o. For 

N-realization Monte Carlo simulation, RMSE for PE is given by  

 

                                        
where (x,y) are the actual position coordinates of target and (xi,yi) are the position 

coordinates estimated at the i-th iteration.  

MAIN RESULTS 

 

The target position and the number of array elements affect the PE error. Tables 1a and b 

show the PE errors for various target positions using 8 and 16 element arrays respectively. 

Both number of elements show compliance with FAA horizontal separation for a range of 

150 km [5]. The use of ULA to estimate AOA at the edges of the array results in high AOA 

errors. This leads to high unacceptable PE errors such that the target cannot be detected at 

these positions. The number of undetectable positions can be reduced by increasing the 

number of array elements for instance 8 element array gives 3 undetectable positions at   

(0o, 5), (90o, 150) and (90o, 200) while 16 element array gives only 1 undetected position at 

(0o, 5) within 200 km range as shown in the results of Tables 1a and b.  

 

Table 1. PE error (km) for 8 and 16 element arrays. Green shade-compliance with the FAA 

horizontal separation, yellow shade-exceeding FAA horizontal separation, red shade-target 

undetectable.  

Table a 

M = 8 
Bearing 

0O 30O 45O 60O 90O 

Range (km) 

5 13.3029 0.0063 0.0026 0.0049 0 

50 0.1479 0.0244 0.3152 0.0284 0.0528 

100 0.7152 0.8982 0.1315 0.4224 0.4814 

150 2.6924 0.2563 0.0592 0.3731 107.4 

200 0.8114 0.6037 0.6773 0.6881 193.5 

 

Table b  

M = 16 
Bearing 

0O 30O 45O 60O 90O 

Range 

(km) 

5 12.2129 0.0063 0.0026 0.0049 0 

50 0.1479 0.0244 0.3160 0.0284 0.0354 

100 0.7152 1.8552 0.1315 1.6183 0.3544 

150 2.9790 0.3422 0.0583 0.8611 0.6230 

200 1.5548 0.7601 0.6376 0.4988 1.8014 

(1) 
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Since the 16 element array gives fewer undetectable positions, it was used to analyze 

MUSIC resolution. Fig 1 shows contour plot of PE errors for a 16 element array for 

MUSIC resolution of 0.15o and 0.25o. The plots show that PE errors for 0.15o resolution 

are lower than PE errors for 0.25o. 

 

 
(a)       (b) 

Figure 1. PE error comparison for 16 element array: (a) with 0.15o resolution (b) with 

0.25o resolution. 

 

CONCLUSION 

In this paper, a surveillance system is developed for air traffic monitoring that uses AOA 

estimation along with angulation using four GRSs. An analysis on the PE for various target 

range and bearing is presented. The PE errors are proportional to the AOA errors and the 

range of the target. Improve coverage over a larger area can be achieved with a larger 

number of elements. Resolution of MUSIC algorithm for AOA estimation has a significant 

effect on PE errors. A resolution of 0.15o satisfies FAA horizontal separation for 150 km 

range whereas 0.25o satisfies for 100 km range. However, a higher resolution will result in 

a better performance at the expense of longer computation time. 
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