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Abstract 
XPNAV is an autonomous navigation method that can provide multiple services such as 
positioning, timing and attitude determination for spacecraft. One of its key steps is 
pulse TOA estimation, which is the time delay for the pulse to reach the spacecraft at the 
center of mass of the solar system. This paper introduces the classic Taylor FFT 
algorithm in more detail, and analyzes its pros and cons in the delay estimation process. 
According to the contour characteristics of the pulse signal, a method to suppress the 
influence of noise on the delay estimation is determined. The frequency bands are 
separated by wavelet transform, and the low-frequency components are extracted for 
estimation, which can not only reduce the influence of noise on the overall estimation, 
but also reduce the number of calculation frequency bands. , The whole algorithm will 
be more efficient during operation. Finally, in order to evaluate the performance of the 
method in this paper, the real data of RXTE and the simulated data of EPN are used to 
carry out related experimental research work. 
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1. Introduction 

As a new celestial navigation method, the X-ray pulsar autonomous navigation technology has 
advantages that other navigation methods cannot match in terms of reliability, cost, and time reference. 
It has become a hot spot in the research of spacecraft autonomous navigation technology in recent 
years. 

For the pulse navigation delay estimation algorithm, Emadzadeh et al. used the maximum likelihood 
function to estimate TOA, but the calculation process was too cumbersome[1]. Later, they introduced 
two other algorithms again, one of which is the cross-correlation algorithm[2].The second is the non-
linear minimum variance method[3]; Li Pengfei et al. transformed the pulsar signal delay into a time 
scalar for estimation, and at the same time introduced a particle filter algorithm, and relied on artificial 
neural networks to realize the estimation of the pulsar delay[4]; Taylor uses FFT transform to 
calculate the phase difference of the pulse profile from the perspective of the frequency domain[5], 
which can avoid the interference of the cumulative time parameter on the estimation accuracy[6]. 
Only the signal-to-noise ratio of the signal needs to be considered, but the real-time requirements of 
navigation The pulse observation time should not be too long, which makes the signal-to-noise ratio 
of the pulse profile low, and the algorithm performance is poor in this case. 

Aiming at the disadvantages of Taylor FFT classic algorithm for pulse delay estimation when the 
signal-to-noise ratio is low, this paper analyzes the influence of noise on the high and low frequency 
bands under the condition of low signal-to-noise ratio, and proposes a fast time delay estimation 



International Core Journal of Engineering Volume 7 Issue 12, 2021
ISSN: 2414-1895 DOI: 10.6919/ICJE.202112_7(12).0054

 

406 

method based on wavelet-Taylor FFT. This method uses wavelet to filter the low-frequency 
components to estimate the pulse delay. A simulation experiment was set up with the observation 
data of three pulsars B0531+21, B1937+21, and B1821-24, which verified the good performance of 
the method proposed in this paper. 

2. Fast time delay estimation method based on wavelet-Taylor FFT 

2.1 Wavelet-Taylor FFT Time Delay Estimation Method 

The relationship between the standard profile  and the cumulative profile  is as follows:
  

  (1) 

After wavelet decomposition, we can get: 

  (2) 

   (3) 

Among them, and refer to the low-frequency part of the th order wavelet decomposition,  

and  correspond to the high-frequency part, and  and respectively represent the scale 
function and the wavelet function. 

Carry out discrete Fourier transform to get： 

 
 (4) 

 
 (5) 

Where . 

The delay value  estimated by the method proposed in this article needs to satisfy the following 
formula: 

 
 (6) 

2.2 Algorithm complexity analysis 

Taylor FFT algorithm requires more iterations. According to formula 5.17 in this chapter, if a pulsar 
period can be divided into  time blocks, using Taylor FFT algorithm, the number of additions, 

multiplications, and trigonometric operations required Respectively , ,  times. Using 
the method mentioned in this article, the number of additions, multiplications, and trigonometric 
operations becomes , , and , respectively. Compared with the Taylor FFT 

method, the amount of calculation is reduced to  of that of the classic algorithm. Moreover, 
with the improvement of the decomposition order , the calculation amount of the algorithm will 
continue to decrease, and the running time will be shortened. 
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Table 1: Computational complexity comparison 

algorithm 
Number of addition 

operations 
Number of multiplication 

operations 
Number of trigonometric 

operations 

Taylor FFT    

Method of this 
article(j=1) 

   

Method of this 
article(j=n) 

   

 

3. Experimental results and analysis 

For the performance of the method proposed in this chapter, it is compared with the classic Taylor 
FFT algorithm. The experiment is mainly based on the three pulsars B0531+21, B1937+21, and 
B1821-24. The data of PSR B0531+21 comes from the actual measurement of the US RXTE satellite, 
and the data packet number is 40506-03-06-00; the flow of the other two pulsars Lower, the data is 
taken from the European Pulsar Observation Network (EPN), and the cumulative profile is obtained 
after Poisson processing with the standard profile as a parameter. The main frequency of the computer 
used in the simulation experiment is i7 dual-core 2.20GHz, and the working environment is Matlab 
R2020b. 

According to the experimental results in Chapter 3, the period of pulsar B0531+21 is 33.42062ms, 
and the period of pulsars B1937+21 and B1821-24 is 1.56ms and 3.05ms, respectively. The standard 
profile of pulsar B0531+21 is obtained by folding 12680s data packets, and the cumulative pulse 
profile is obtained by folding short-term data. The final accuracy estimation results obtained through 
100 Monte Carlo experiments are shown in Figure 2. 

Figure 2 (a), (b), (c) show the results of the PSR B0531 experimental analysis, (a) shows the 
corresponding estimation error when the accumulation time is 0.1~1s, the result is based on the 
simulation data It is obtained after the simulation experiment analysis, (b) and (c) indicate the 
corresponding estimation errors when the accumulation time is 1~10s and 10~100s respectively. The 
result is obtained after the simulation analysis of the measured data. It is not difficult to see that when 
the signal-to-noise ratio is low, the method mentioned in this article can be used to obtain higher time 
delay estimation accuracy, especially when the order is equal to 5, the best estimation accuracy can 
be obtained. However, with the increase of the accumulation time, when it exceeds 20s, the 
advantages of the calculation method mentioned in this article in the application process will 
gradually weaken. It can be seen that when the signal-to-noise ratio is high, using the classic Taylor 
FFT algorithm has advantages over the algorithm in this paper. 

Figure 2 (d) and (e) show the experimental results of the pulsars B1937+21 and B1821-24 under the 
same conditions. Although the cumulative time is up to thousands of seconds, the method proposed 
in this article is still compared with the classic Taylor FFT algorithm. The advantage is that these two 
pulsars are low-flow pulsars, and their flow is 4 orders of magnitude lower than that of B0531+21. 
Using the algorithm proposed in this article, the optimal wavelet decomposition order can also be 
determined, which proves the effectiveness of the proposed method. 
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(a)PSR B0531+21(0.1~1s) (b)PSR B0531+21(1~10s) 

 

 (c)PSR B0531+21(10~100s) (d)PSR B1937+21(1000~10000s) 

 

(e)PSR B1821-24(1000~10000s) 

Fig 1: Estimated accuracy of different algorithms 

Aiming at the above three pulsars and their different accumulation times, the running time of the 
algorithm is compared to evaluate the complexity and speed of the algorithm. The running time results 
obtained through 100 Monte Carlo experiments are shown in Figure 1. It can be seen from the figure 
that there is no significant correlation between the running time of the algorithm and the selected 
pulsar and pulse accumulation time. Compared with the classic Taylor FFT algorithm, the calculation 
amount of the algorithm mentioned in this article is significantly reduced, and the time delay 
estimation speed is accelerated. At the same time, with the improvement of wavelet decomposition 
order, the running time of the algorithm will be further shortened. 
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(a)PSR B0531+21(0.1~1s) (b)PSR B0531+21(1~10s) 

(c)PSR B0531+21(10~100s) (d)PSR B1937+21(1000~10000s) 

 

(e)PSR B1821-24(1000~10000s) 

Fig 2: Running time of different algorithms 

4. Conclusion 

This paper improves and optimizes the classic Taylor FFT algorithm that is greatly affected by noise 
when the pulse delay is estimated. A fast time delay estimation method combined with wavelet-Taylor 
FFT is proposed. The signal is decomposed and the low frequency is extracted by wavelet. 
Component, reducing the proportion of high-frequency components that are severely affected by 
noise. The Taylor FFT algorithm is used to estimate the time delay of the low-frequency part, which 
reduces the influence of noise on the estimation accuracy. At the same time, as the signal frequency 
band involved in the estimation is reduced, the computational complexity of the algorithm is reduced, 
and the running speed is improved. The simulation results show that the method proposed in this 
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paper can achieve a favorable improvement of the performance of the classic Taylor FFT algorithm 
under the environment with low signal-to-noise ratio, and increase the running speed under the 
premise of ensuring the accuracy. 
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