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Abstract. In this paper, a method of angle error extraction for binary phase-shift keying (BPSK) modulated signals 
based on instantaneous autocorrelation is proposed for the monopulse angle tracking problem of BPSK signal under a 
low bit signal to noise ratio (SNR). It reduces the effect of noise on the angle error extraction efficiently by using the 
characteristics of the instantaneous autocorrelation of noise. The effectiveness and reliability of the theoretical 
algorithm are proved by MATLAB simulation. As simulation results shown, this method has a good performance 
under ideal Gaussian noise background. When bit SNR is greater than 2dBHz, the relative error of the estimation 
results can be less than 5%.  

1 Introduction 
The angle error extraction of BPSK signal is a process of 
computing the ratio between the amplitude of sum signal 
and different signal by a series of signal processing [1, 2]. 
The sum and different signals are received by a 
Cassegrain antenna for target tracking. The angle error 
extraction is an important part of the monopulse 
technology, which is widely used in target tracking in 
aerospace, communications, modern search radar, radio 
astronomy, sonar, optical tracking and other fields. 

There are two conventional methods of angle error 
extraction of BPSK signal so far. The first one is based 
on envelope detection [3, 4], that is, by intercepting a 
small portion of the wideband signal to make it into a 
narrowband signal which can be used to estimate the 
angle error by amplitude detection. This method is a non-
coherent demodulation and ineffective under low SNR 
conditions. The second one is based on I/Q processor [5], 
that is, by using a PLL to recover the carrier as a local 
oscillation signal to finish the synchronous detection with 
which the amplitude modulated information can be 
recovered to estimate the angle error. This method is a 
coherent demodulation with a lower threshold than 
former one and has a widely use in digital monopulse 
receivers. However, it will be seriously affected by 
correlated noise in sum and different signals and the 
precision of angle error estimations will worsen quickly 
under a low SNR. 

Aimed at solving the problems of angle error 
extraction under low SNR conditions and estimation 
precision seriously affected by correlated noise in sum 
and different signals, this paper carry out a method to 
implement the angle error extraction of BPSK signal 

under a low SNR based on instantaneous autocorrelation 
signal processing.  

2 Signal instantaneous autocorrelation 
characteristics  

The signal instantaneous autocorrelation is defined as 
a product of in-phase component and quadrature 
component [6, 7]:  
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ST t s t s t� �           (1) 
From the properties of Hilbert transform, the phase 

difference between in-phase component and orthogonal 
component is 90 , that is, a quarter of a signal period 
delay, 0 4T� � , and T  is a signal period. Thus, signal 
instantaneous autocorrelation is equivalent to signal 
autocorrelation with a fixed delay. 

The received signal is given as: 
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Then we have autocorrelation of received signal as 
follows, 
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where noise � �n t  is incoherent with the signal. When 
0� 	 , we have 
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    (4) 
then (3) can be expressed as: 
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From the above derivation, it is can be known that the 
autocorrelation of received signal can reduce noise effect 
efficiently. And signal instantaneous autocorrelation can 
be given as: 
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Equation(6) shows that the substance of signal 
instantaneous autocorrelation is an autocorrelation with a 
fixed delay, which is a quarter of a signal period. 
Therefore, the noise effect can be reduced efficiently after 
the instantaneous autocorrelation signal processing to 
provide a better SNR condition to angle error estimation. 

3 Angle error extraction based on 
instantaneous autocorrelation
Section II shows that signals can have a better SNR 
condition for follow processing after the instantaneous 
autocorrelation. With this feature, this paper provides a 
method of angle error extraction based on instantaneous 
autocorrelation. The process of angle error extraction is 
shown in Fig. 1. 
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Figure 1. Block diagrams of the process of angle error 
extraction based on instantaneous autocorrelation. 

The sum and different signals with ideal Gaussian noise 
are given as: 

    � � � �cos
s
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where, � �m t is the encoded data with values of +1 or -1; 
�  is the sum signal;

az
�  is the azimuth difference 

signal;
el

�  is the elevation difference signal. And 
A
� is the 

phase difference between the azimuth different and the 
sum signals; 

E
� is the phase difference between the 

elevation different and the sum signals. In addition, A  
stands for the amplitude of sum signal, 

az
A for the 

amplitude of the azimuth different signal, and 
el

A for the 
amplitude of the elevation different signal. 

s
n , 

az
n  and 

el
n  are the noise in the sum, azimuth different and 
elevation different signal, separately. Therefore, 
according to the basic principle of monopulse angle 
tracking system, we can get the azimuth and the elevation 
angle error:  

/
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/

el el
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Computing the Hilbert transform of the sum and different 
signals, we can take the real parts as in-phase components 
and the imaginary parts as quadrature components: 
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where, 
SI

� , _az SI
� and _el SI

� are the in-phase 
components of the sum, azimuth different and elevation 
different signals, separately. Similarly, 

SQ
� , 

_az SQ
� and _el SQ

�  are the quadrature components of the 
sum, azimuth different and elevation different signal 
separately. 
The signals after instantaneous autocorrelation are: 
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Since the results of noise autocorrelation are zero with 
non-zero delay, we can get 

� �* 0E n n �                                 (21) 
The square value of sum and different amplitude can be 
solved by down converting process of (18), (19) and (20). 
The solution functions are: 
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To be here, the local oscillator signals used in down 
conversion are from numerically controlled 
oscillators(NCO) in sum, azimuth different and elevation 
different channels separately. The difference between the 
three lies in the initial phases. 
The sign of the angle error can be differentiated by the 
functions as follows: 

� �
az az

Symbol sign� � ��                            (25) 
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Symbol sign� � ��                            (26) 
At last, the azimuth and elevation angle error are 
estimated as: 

 _ /
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4 Simulation and Analysis 
In this section, a simulation will be carried out with 
Matlab to proof the validity of the algorithm. Because the 
methods of azimuth and elevation angle error extraction 
are the same [8-10], only the azimuth angle error 
extraction will be simulated here. And the elevation angle 
error is estimated in the same way. The simulation 
parameter settings are as follows: 

The code rate of BPSK signal: 2Mbps
b

R �  

The carrier frequency: 70MHz
c
f �  

The sampling frequency: 60MHz
s
f �  

The truth value of azimuth angle error: 0.5
az
� � �  

The baseband signal is a sequence of 0 and 1 
generated at random, and the noise in signals is ideal 
Gaussian noise. 

100 times Monte Carlo experiments are conducted to 
estimate the azimuth angle error under different SNR 
conditions. In the experiments, the bit SNR varies from -
6dBHz to 16dBHz in a 0.5dBHz step. The result of the 
simulation is shown in Fig. 2. 
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Figure 2. Azimuth angle error estimations under different 
bit SNR conditions. 

 
 

It is shown in Fig. 2 that, all the relative errors 
between the azimuth angle error estimations and the truth 

values are less than 5% when 0/ 2 dBHzEb N � . The 
estimation precision can meet the needs of monopulse 
tracking system [11, 12]. Under the same simulation 
conditions, the comparison between different methods of 
angle error extraction is shown in Fig. 3 as follows. 
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Figure 3. Angle error estimations of two methods. 

 
Fig. 3 shows that, the threshold of the angle error 

extraction based on I/Q processor is about 8dBHz, but it 
of the angle error extraction based on instantaneous 
autocorrelation is about 2dBHz. In other words, the 
threshold has a 6dBHz decrease so that the performance 
of angle error extraction can improve significantly. In 
addition, unlike extraction method based on I/Q processor, 
the precision of angle error extraction based on 
instantaneous autocorrelation is not affected by noise 
independent or not. 

The derivation in Section III shows that there are two 
error sources in the angle error extraction based on 
instantaneous autocorrelation. The first one is symbol 
estimation error, and the second one is the absolute value 
estimation error. The analysis of the two error sources is 
as follows. 

Firstly, an analysis in symbol estimation error is 
carried out. Under different SNR conditions, the number 
of false symbols in 100 times Monte Carlo experiments is 
counted and the result is shown in Fig. 4. 
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Figure 4. The statistic of false symbol estimations. 

 
In Fig. 4, the number of false symbols is zero when 

0/ 0 dBHzEb N � , which shows that there is no symbol 
estimation error under this condition. When 

0/ 0 dBHzEb N � , the precision of symbol estimation 
will begin worsening and the number of false symbols 
will increase rapidly with the SNR decreasing. 

Secondly, an analysis in absolute value estimation 
error is carried out. Fig. 5 shows the azimuth angle 
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absolute value estimations in 100 times Monte Carlo 
experiments under different SNR conditions. 
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Figure 5. Azimuth angle absolute value estimations. 
 
Fig. 5 shows that the relative errors between the 

azimuth angle absolute value estimations and the truth 

values are less than 5% when 0/ 2 dBHzEb N � , meeting 
the requirements of angle tracking precision. And the 
precision cannot be meet with a bit SNR greater than 
0dBHz less than 2dBHz. 

To sum up, the threshold of the symbol estimation is 
about 0dBHz, but the threshold of the absolute value 
estimation is about 2dBHz. Therefore, the main 
restriction to the angle error extraction which is based on 
instantaneous autocorrelation, is the angle error absolute 
value estimation precision under a low SNR condition. 

5 Conclusions 
In this paper, a method of angle error extraction for 
BPSK modulated signals is provided. The main 
innovation point of the method is using the characteristics 
of the instantaneous autocorrelation of BPSK signals to 
reduce the effect of noise on the angle error extraction. 
As a result, the problems of angle error extraction under 
low SNR conditions and estimation precision seriously 
affected by correlated noise in the sum and different 
signals can be solved. However, this method is only 
apply to the three-channel monopulse angle tracking 
system, and how to realize the application in the dual-
channel or the single channel monopulse angle tracking 
system remains to be solved. 
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