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Abstract: In the X-ray pulsar navigation process, since the pulsar signal obtained by 

the epoch folding contains a large amount of noise, the signal must be denoised in 

order to obtain higher positioning accuracy. In order to further optimize the denoising 

effect and improve the algorithm in real time, this paper proposes a pulsar wavelet 

base and implements its lifting scheme. In this paper, wavelet multi-level 

decomposition is performed on the pulsar outline, then a wavelet base based on the 

pulsar's own signal is constructed according to the low-frequency coefficients, and its 

lifting method is realized. Matlab simulation shows that compared with db4 and db5 

methods, the proposed method performs better in terms of signal-to-noise ratio, mean 

square error, peak relative error, peak position error and real-time performance. 

Although the peak error of the db1 wavelet is relatively small, its signal-to-noise ratio 

is too large, and the overall performance is obviously not as good as the proposed 

method. The proposed signal-to-noise ratio is up to 4.2dB higher than the db4 and 

db5 methods, and the mean square error is only 24.3% of the db4 and db5 methods. 

The peak position error is only 50% of the db4 and db5 methods. 

 

Keywords: Pulsar navigation; pulsar wavelet; wavelet denoising; lifting wavelet; 

wavelet ulsar, signal denoising, wavelet transform, cross correlation coefficient, 

threshold function. 

 

1. Introduction 

X-ray pulsars are used as new navigation signal sources because of their stable signal 

period and are not easily disturbed. Many scientific researchers have carried out in-

depth research.The literature [1]–[4] proved that X-ray pulsar navigation is feasible: 

the preliminary pulse profile can be obtained by the arrival time of photons, and then 

the signal can be filtered to obtain the pulse arrival time (TOA). The navigation 

parameters can be obtained from the TOA and the standard TOA. The accuracy of 
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pulsar navigation depends on the processing effect of the pulsar signal. There are 

three main bottlenecks in signal processing: 

(1) The signal is weak. Pulsars are very far away from the earth, usually tens of 

thousands of light-years or more. After long-distance transmission, the signal that can 

be received on the spacecraft is very weak, and has even attenuated into the form of 

a single photon. 

(2) The influence of interference. There are various radiation sources in the universe, 

so the background noise of the universe must be considered. In addition, the influence 

of the noise of the detector itself cannot be ignored. 

(3) Restriction of detection area. Spacecraft's detectors cannot be as large as ground-

based detectors, and the effective area is a key factor that restricts the signal quality. 

To solve the above problems, time accumulation is usually used to make up for the 

insufficient space effective area, and epoch folding is the most common method [5], 

[6]. That is, a large number of photon arrival times are obtained through long-term 

accumulation, and then they are converted into one cycle through an algorithm. In 

this way, a signal with stronger energy can be obtained, and finally the contour can 

be recovered, and the time of arrival (TOA) of the contour can be calculated. The 

contour signal obtained by this algorithm contains noise, so it is necessary to design 

a reasonable pulsar contour filter algorithm to improve the calculation accuracy of the 

pulse contour TOA, and then improve the positioning accuracy of the pulsar navigation. 

Throughout the navigation process, the signal-to-noise ratio of the pulse contour has 

a great influence on the final positioning accuracy. In order to improve the signal-to-

noise ratio, many scholars have carried out in-depth research. Literature [7],[8] 

introduced the wavelet algorithm to the filtering of pulsar signals. However, this 

wavelet has a large amount of calculation, poor real-time performance, and high 

storage capacity usage. Improve the advantages of wavelet (second-generation 

wavelet): time domain implementation, convenient programming, and fast running 

speed. Save storage space and circuit board size, suitable for embedded systems. 

Therefore, this method is not only suitable for theoretical research, but also suitable 

for engineering applications. 

Literature [9] proposed the use of commonly used D4 wavelet base lifting wavelet to 

denoise X-ray pulsar signals, and proved that compared with the traditional D4 wavelet 

filtering, the proposed method not only improves the signal-to-noise ratio, but also 

has better real-time performance. good. Literature [10] proposed an improved 

hyperbolic threshold function, which can also improve the signal-to-noise ratio of 

pulsar signals. But these documents have not studied the design of wavelet bases. At 

present, there is no fixed method for the selection of wavelet base, and the most 

suitable wavelet base for each signal is also different. 
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In this paper, a new wavelet is constructed based on the characteristics of the pulsar 

waveform. In addition, in order to improve the real-time performance of the algorithm, 

the wavelet base is implemented using a lifting method. The final result proves that 

the method in this paper can improve the signal-to-noise ratio and real-time 

performance, and reduce the mean square error and peak relative error. 

 

2. Epoch folding  

The pulsar signal is very weak, and the current maximum flow is only 1.54 2ph cm s , 

where ph  represents the number of photons. And because the area of the sensor 

cannot be too large, it takes a long time to accumulate, and then the pulse TOA is 

calculated by epoch folding [11]. The mathematical expression can be written as: 

                                                  (1) 

Where it  represents the arrival time of the i-th photon, P represents the period of the 

pulsar signal, each period is divided into n  small bins of length bT , mod represents 

the remainder operation,     represents the rounding down, and bini  represents the i-

th A photon falls into the bini  segment after epoch folding. Finally, calculate the 

number of photons contained in each segment, which reflects the intensity of the 

pulse signal. The mathematical expression is 

                                            (2) 

Where   is the total probability function of all photons received under ideal conditions, 

and ijc  represents the number of photons in the i-th bin in the j-th period. 

( ) ( ) ( )i i it t n t                                                   (3) 

In the formula, ( )it  represents the probability density function of received photons 

under real conditions, and ( )in t  represents the noise caused by various reasons. 

 

3. Second generation wavelet denoising 

The lifting wavelet separates the parity and calculates the convolution, so the 

calculation amount is about half reduced compared with the first convolution 

calculation and then downsampling. Usually the process of wavelet noise reduction is: 

(1) Wavelet decomposition: express the original data as a weighted sum of wavelets, 

and the weight coefficient is the wavelet coefficient; (2) Threshold shrinkage 

processing: Determine a threshold according to statistics or approximation theory , 

Set the wavelet coefficients smaller than this value to zero, and perform certain 

processing on the coefficients larger than the threshold; (3) Wavelet synthesis: use 

inverse wavelet transform to restore the wavelet coefficients that have undergone 

threshold shrinkage processing to the time domain representation after data noise 
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reduction. 

3.1 Filter design 

First, the standard contour is decomposed by n-layer wavelet, and the low-frequency 

coefficient, namely the contour coefficient, is obtained as the wavelet base through 

normalization. The length of the wavelet base can be selected through experiments. 

After each curve is decomposed by wavelet, the low-frequency information contains a 

large amount of curve information, which can be used as a wavelet basis for better 

denoising. The length of the wavelet can finally be obtained by experiment. 

The way of decomposing the low-pass filter using z-transformation can be expressed 

as: 
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The even numbered filters are 
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The odd-numbered filters are 
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The high pass filter is 
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The even numbered filters are 

11 1
( )

4 4
eg z z                                                     (8) 

The odd-numbered filters are 

1
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The polyphase matrix is 
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Use Euclid's method to transform (10) into an ascending form as 
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Where 
2 11061 453 337 359
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The block diagram of the lifting method is shown in Fig. 1. The signal x is first split 

into an odd sequence ox  and an even sequence ex , and then the scaling function 

coefficient   and the wavelet coefficient   are obtained through the lifting method. 

After the inverse transformation, ox  and ex  can be obtained, and the two are 

combined to obtain the time domain signal x . In the figure,  s s ,  t t . 

 

Fig. 1  Lifting wavelet transform and inverse transform of pulsar wavelet base 

Edge point processing: The contour signal of the pulsar is a periodic signal, and the 

method of cyclic processing is adopted. That is, the tail of the signal is supplemented 

to the head, and the head is supplemented to the tail, so that the problem of edge 

points can be solved. Written in matrix form is 
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Where I  represents the identity matrix. 1n  represents the last n1 values of signal x . 

2n  represents the first 2n  values of signal x . How many small parts of a pulsar's signal 

is divided into. 

3.2 Threshold selection 

The method based on the neighboring coefficient threshold is adopted [12], [13] to 

remove noise. The basic idea of the adjacent coefficient threshold is that if the i-th 

wavelet coefficient 
( )k
i  of the decomposition of the k-th layer contains the useful 

characteristics of the signal, then the two wavelet coefficients 
( )

1
k

i  and 
( )

1
k

i   adjacent to 

it will also contain the useful signal of the signal. Its mathematical expression is: 

                                          (13) 

Where 

                                     (14) 

L represents the length of the original signal. k represents the noise standard 

deviation of the k-th layer decomposition 

  median 0.6745
k

k                                             (15) 

Where median( ) is the median acquisition function. 

 

4. Experimental results and analysis 

 

Table 1  Simulation parameters 

Project Index parameter 

data RXTE from NASA 

operating system Win7 64 bit 

Matlab R2015a 

computer CPU: i5-3210M, 2.5GHz, 16GB RAM 

To illustrate the effectiveness of this method, this method will be compared with db1, 

db4 and db5 wavelets with the following indicators. 
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Signal-to-noise ratio 
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Where y  is the original signal, ŷ  is the signal after noise reduction, and N  is the 

signal length. 

Mean square error 
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Peak relative error 
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                                                 (18) 

Where 0V  is the pulse peak value of the standard pulse profile, and dV is the peak value 

of the pulsar signal after denoising. The peak position error is: 

                                                  (19) 

Where 0P  is the peak position value of the standard pulse profile, and dP  is the pulse 

peak position value of the pulsar signal after denoising. The running time t is also an 

important factor to be considered. 

0endt t t                                                            (20) 

In the formula, endt  is the time to obtain the filtered signal, and 
0t  is the time to start 

the filtering. 

Through matlab simulation, the indicators of each pw are shown in Table 2. 

Table 2  Comparison of various indicators of pwn 

Wavelet 

base 
SNR/dB MSD REPV EPP 

pw10 3.96e+01 1.55e+07 1.92e-02 06 

pw9 1.75e+01 2.52e+09 1.63e-01 04 

pw8 4.25e+01 8.08e+06 1.41e-02 03 

pw7 1.56e+01 4.03e+09 1.84e-01 06 

pw6 3.57e+01 3.86e+07 2.96e-02 07 

pw5 1.36e+01 6.51e+09 2.33e-01 04 

pw4 3.03e+01 1.47e+08 4.34e-02 05 

pw3 1.05e+01 1.40e+10 3.37e-01 08 

pw2 2.59e+01 3.67e+08 8.99e-02 01 

The naming rule of the filter in the table is pwn, where pw represents the pulsar signal 

wavelet, and n represents the length of the filter. As can be seen from the table, when 

the length of the filter is 8, the comprehensive effect of each index is the best. 

0 dEPP P P 
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Although the EPP of pw2 is the smallest, the two indicators of NSD and MSD are not 

much different from those of pw2, but its SNR is very small, and the denoising effect 

is very poor. The main reason for the analysis is that the curve after filtering by pw2 

fluctuates too much up and down the standard curve. The NSD and MSD indicators of 

pw10 are not much different from those of pw8, but the two indicators of SNR, t and 

EPP are obviously inferior to pw8. So choose pw8 as the wavelet base, and its two 

decomposition filters are shown in equation (21) and Fig. 2: 
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Where h  and g  are low-pass analysis filters and high-pass analysis filters, 

respectively, and h  and g  are synthesis high-pass filters and low-pass filters, 

respectively. 

 

Fig. 2  filters of pw8 

The filtering effect is shown in Figure 3, Figure 4, Table 3 and Table 4. In Fig. 3 and 

Fig. 4, in order to prevent the overlapping of the curves in the picture from being 

difficult to observe, each filtered curve is shifted by a certain distance. It is easy to 

see from the two figures that the fluctuation range of the designed pulsar wavelet 

basis denoising curve is obviously smaller than other methods. The db4 and db5 

methods have little difference in curve fluctuation range, and they are better than the 

db1 method. It can be seen from Table 3 and Table 4 that although the EPP index of 
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db1 is the best for the 1-layer filtering, other indexes are obviously inferior to other 

methods, and the EPP index of the 2-layer filtering is increased to the level of db5 and 

pw8, and other indexes are obviously worse. Therefore, db4 and db5 are mainly used 

as comparison objects. The performance indicators of pw8 are better than db4 and 

db5. Compared with the signal-to-noise ratio of pw8 at level 1 filtering, it is 6.1 dB 

and 6.3 dB higher than that of db4 and db5, respectively. The 4.2 dB and 4.0 dB 

advantages of the bath ratio of the 2-stage filter are more obvious. Similarly, the two 

indicators of MSD and EPP are more effective in the first-level wavelet denoising 

algorithm. Comparing the MSD in level 1 wavelet noise reduction, pw8 is 24.3% and 

25.4% of db4 and db5, respectively, while the two values in the level 2 wavelet noise 

reduction algorithm are 38.0% and 39.1%, respectively. Compared with the EPP of 

level 1 wavelet noise reduction, pw8 is 60% and 50% of db4 and db5, respectively. 

The two values in the 2-level wavelet noise reduction algorithm are 83.3% and 100%. 

It shows that pw8 is more effective in lower-level wavelet noise reduction algorithms. 

The short running time of the pw8 method is because the length of the high-frequency 

filter is 3, which is significantly reduced compared to the high-frequency filter with a 

length of 8 for db4 and a length of 10 for db5, which will reduce a lot of convolution 

operations. 

 

Fig. 3  Comparison of 1-level filtering effects of each wavelet basis 
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Fig. 4  Comparison of 2-level filtering effects of each wavelet basis 

 

Table 3  Comparison of various wavelet based level 1 filtering performance 

 db1 db4 db5 pw8 

SNR（dB） 3.38e+01 3.63e+01 3.65e+01 4.26e+01 

MSD 6.00e+07 3.32e+07 3.18e+07 8.08e+06 

REPV 4.37e-02 2.28e-02 2.46e-02 1.41e-02 

EPP 1 5 6 3 

Running 

time(s) 
3.07e-03 4.15e-03 3.04e-03 2.50e-03 

 

Table 4  Comparison of various wavelet based level 2 filtering performance 

 db1 db4 db5 pw8 

SNR（dB） 3.68E+01 3.98E+01 4.00E+01 4.40E+01 

MSD 3.01e+07 1.48e+07 1.44e+07 5.63e+06 

REPV 3.10E-02 1.68E-02 2.44E-02 6.43E-03 

EPP 5 6 5 5 

Running time (s) 3.57E-03 5.41E-03 4.36E-03 4.03E-03 

 

5. Conclusion 

This paper proposes a wavelet basis design method based on the pulsar profile, and 

implements its lifting scheme. Matlab simulation results prove that the proposed 

method has a certain improvement in signal-to-noise ratio, mean square error, peak 

error, peak position error and running time compared to db1, db4 and db5 methods. 
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This method can be extended to other pulsar contour denoising, and the most suitable 

wavelet basis can be found through experiments. The proposed method can improve 

the filtering effect of pulsar signals, thereby improving the accuracy of TOA estimation 

of pulsar signals, and finally improving the accuracy of pulsar navigation. 
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