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Abstract—This paper addresses the maneuvering target 
tracking with a single ESM sensor where only the bearing and 
elevation measurements are available and used for the target 
trajectory estimation. In single ESM tracking system the 
maneuvers of observer platform are required for the 
observability. The maneuver detection procedure for ESM 
tracking system is based on NIS. In view of the nonlinearity of 
the measurement equation, the two-stage extended Kalman 
filter (EKF) is used for target trajectory estimation. A 
simulation scenario illustrated the effectiveness of our 
algorithm. 

Keywords-maneuvering target; electronic support measure; 
extended Kalman filter; bearings-only tracking 

I.  INTRODUCTION 
The primary objective of target tracking is to estimate the 

state trajectories of a target [1-4]. It is well known that the 
measurement origin uncertainty and target motion model 
uncertainty are two major challenges in target tracking. For 
maneuvering targets, these uncertainties become more 
serious. Electronic support measure (ESM) sensor is a 
typical passive sensor; it acquires the bearing or elevation 
measurements by receiving the signals originated from 
radiating source targets. Tracking a maneuvering target using 
a single ESM sensor is usually a greatly difficult problem, 
which is also called bearings-only tracking [5]. On the other 
hand, the system is nonlinear due to the absence of range 
measurements, which is not encountered in traditional Radar 
tracking systems. Because the bearing or elevation is an 
incomplete position observation so that it cannot be 
converted into Cartesian coordinates to allow for linear 
filtering. 

The other problem of maneuvering target tracking is 
maneuver detection [6]. A variety of techniques have been 
developed to detect maneuvers and adjust the track filter to 
compensate for them. Mode switching trackers monitor the 
sequence of measurement residuals to determine whether 
maneuver occurs. If the statistic quantities go beyond the 
predefined threshold, the filtering gain or process noise 
covariance level is adjusted to improve tracking during the 
maneuver. Interacting Multiple Model (IMM) algorithms 
hypothesize two or more target motion modes and assume 
that the mode changes are modeled by a hidden Markov 
process [7]. They perform well when the modes accurately 

represent the true target motion, which actually remains 
unknown in real environment. The other disadvantage of 
IMM is the computational complexity which increases 
exponentially with the number of target motion modes. 

This paper addresses the maneuvering target tracking 
with a single ESM sensor where only the bearing 
measurements are available and used for the target trajectory 
estimation. The following assumptions are specified for 
simplicity and limitation of the scope of this work. 1. The 
ESM sensor is situated in the aircraft, mostly in early-alerter; 
2. The ESM measurements in one scan consist of bearing 
and elevation; 3. The altitudes of the sensor platform is 
known, which can be easily obtained by GPS; 4. The target 
moves in sea or earth surface with maneuvers not sharply. 

II. PROBLEM FORMULATION 
The target state is designated by a 4-dimensional vector 

1 2 3 4( ) [ ( ), ( ), ( ), ( )]x k x k x k x k x k ′= , where 1( )x k  and 3 ( )x k  
are the positions of target in Cartesian coordinate, 2 ( )x k  and 

4 ( )x k  are the corresponding velocities of target respectively. 
The maneuvering target motion is modeled by following 
stochastic system, 

( 1) ( ) ( ) ( ) ( ) ( )x k F k x k G k u k v k+ = + +               (1) 

and the measurement process of ESM sensor is modeled 
by 

( ) [ ( ), ( ), ] ( )z k h x k p k k w k= +                      (2) 

where ( )u k  is an unknown control input vector, ( )v k  is 
the process noise with ( ) ~ (0, )kv k QN , ( )w k  is the 
measurement noise with ( ) ~ (0, )kw k RN , ( )F k  is state 
transition matrix, ( )z k  is the measurement vector of the 
ESM sensor, h  is the nonlinear measurement function with 
respect to target state ( )x k  and observer platform state ( )p k . 
The symbol N  means that the probability density function 
(PDF) of the random variable is a Gaussian distribution with 
corresponding parameters. ( )p k  is the observer platform 
state in time instant k  represented by a 3-D vector 
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1 2( ) [ ( ), ( ), ( )]p k p k p k h k ′=                        (3) 

where 1( )p k  and 2 ( )p k  are the positions of ESM sensor 
platform in Cartesian coordinate, ( )h k  is the altitude of the 
platform. 

Because the ESM sensor acquires bearing and elevation 
measurements, the measurement function h  can be written 
as 
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   (4) 

III. MANEUVER DETECTION 
When the target maneuvers, the control input vector 

( ) 0u k ≠ , the maneuver term ( ) ( )G k u k  would change the 
target velocities and positions at current time. According to 
target motion model in Eq.1, the target state prediction is 

ˆ ˆ( 1| ) ( ) ( | )kx k k F k x k+ = ⋅                     (5) 

But the actual target state prediction in view of the 
addition with maneuver term ( ) ( )G k u k  is 

( ) ( )ˆ ˆ( 1| ) ( ) ( | )k G k u kx k k F k x k+ = ⋅ +            (6) 

Comparing Eq.5 with Eq.6, we know that the state 
prediction is changed in one filtering cycle. These changes 
would cumulate in whole period of target maneuvering, 
which lead to filtering divergence to large extent. An 
effective way is to model the maneuver term plus process 
noise with a new system noise ( )v k′  as defined by 

( ) ( ) ( ) ( )v k G k u k v k′ = +                         (7) 

Substituting ( ) ( ) ( )G k u k v k+  in Eq.1 with the new term 
( )v k′ , we have the new process equation: 

( 1) ( ) ( ) ( )x k F k x k v k′+ = +                      (8) 

where ( ) ~ (0, )kv k Q′N  is the process noise associated 
with term ( ) ( ) ( )G k u k v k+ . 

The maneuver detection procedure for the new system 
equation is based on the normalized innovation squared 
(NIS), defined as ( )kνε , 

1ˆ ˆ( ) [ ( ) ( | 1)] ( ) [ ( ) ( | 1)]k z k z k k S k z k z k kνε
−′= − − − −    (9) 

where ( )z k  is the measurement at time instant k , 
ˆ( | 1)z k k −  is the measurement prediction, ˆ( ) ( | 1)z k z k k− −  

is called the measurement residual, also known as the 
innovation, ( )S k  is the residual covariance. Under linear 
Gaussian assumptions, ( )kνε  has a chi-square PDF with 

-Dn  degrees of freedom ( n  is the dimension of the 
measurement vector), 

2( ) ~ ( )k nνε χ                               (10) 

Define 

max max( , ) { ( ) : ( ) }k z k kνγ ε ε ε= ≤                 (11) 

as the probability ellipse in -Dn  space, according to the 
nature of 2χ , under the assumption of no maneuvers, the 
probability of ( )kνε  lower than threshold maxε  is 

( ) max{ } 1P kνε ε μ≤ = −                          (12) 

where μ  is tailed value. Define GP  as threshold 
probability, we have 

max{ ( ) ( , )}GP P z k kγ ε= ∈                        (13) 

The relationship of these quantities above can be 
summarized in Table 1. 

TABLE I.  THRESHOLD PROBABILITY  GP  

maxε  1 4 6.6 9 9.2 11.4 16 

Zn
1 0.683 0.954 0.99 0.997   0.9999
2 0.393 0.865  0.989 0.99  0.9997
3 0.199 0.739  0.971  0.99 0.9989

 

IV. ALGORITHM IMPLEMENTATION 
This section addresses the maneuvering target tracking 

algorithm. In view of the nonlinearity of the measurement 
equation, the two-stage extended Kalman filter (EKF) is used 
for target trajectory estimation. The operation of the two-
stage EKF is described as follows. The first stage is the same 
as general EKF. Once a maneuver is detected at time instant, 
the normal process noise is substituted with the new one. On 
the contrary, when the termination of the maneuver is 
detected, the process noise is reset to normal instance, the 
filtering process go from the second stage to the first stage. 
One cycle of the maneuvering target tracking algorithm is 
shown in Figure 1. 
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Figure 1.  One cycle of maneuvering target tracking algorithm 

V. SIMULATION AND RESULT ANALYSIS 
The following scenario is considered to testify our 

algorithm developed in this work. The observer platform 
moves in circular trajectory with a radius of 1000m and an 
altitude of 5000m. For simplicity we take the center of the 
platform trajectory as the origin of Cartesian coordinate. The 
speed of platform is 250m/s. The target is initially located at 
(4000m, 4000m) with speed of 20m/s. The maneuvers 
occurred in the 30th simulation second and 90th simulation 
second with a period of 20 seconds respectively. The 
bearing and elevation measurement noises are assumed to 
have standard deviations of 0.5. The true target trajectory 
and the estimated trajectory are shown in Figure 2. 
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Figure 2.  True target trajectory and estimated trajectory 

VI. SUMMARY 
In this paper a maneuvering target tracking algorithm is 

proposed for a single ESM measurement system. In single 

ESM tracking system, only bearing or elevation 
measurements are used for state estimation of the target of 
interest, where an observer/sensor platform maneuvers are 
required for the observability of the range to the target. For 
detecting target maneuvers the normalized innovation 
squared (NIS) is used in each filtering cycle. Finally, a two-
stage extended Kalman filter (EKF) is introduced for target 
trajectory estimation in view of the nonlinearity of the 
measurement system. 
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