Getting the Best out of PRESTO(1) - Part 2

The PRESTO Period/P-Dot Search Graphic

Peter East

Abstract

This article investigates applying the peak SNR (signal-to-noise ratio) statistic to the PRESTO prepfold, Period/P-dot (period search / period-rate search) graphic. Not only does this appear to improve discrimination for low SNR pulsar intercepts but with a simple twist, it can provide some extra recognition confidence. 

Introduction

The PRESTO prepfold pulsar analysis plot includes a visual sub-plot with orthogonal Period/P-dot axes. Example sub-plots are shown in Figure 1. Confidence in period accuracy and period stability is assured if both period and period rate  show peaks at zero error, producing an apparent peak indication in the center of the two-dimensional color graphics. 
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(a) >100:1 SNR(2)



(b) 15:1 SNR(3)

Figure 1. Example Period/P-dot plots using the Chi-square amplitude statistic.

Figure 1a indicates a strong central peak for a very large pulsar SNR whereas the center data peak (red) is stretched out and not quite so central in the lower SNR (= 15:1) example in Figure 1b. The statistic prepfold uses  to recognize data peaks is Chi-square and for pulsar data SNRs less than 10:1, especially for low duty cycle pulsars such as B0329+54, the plot information is often inconclusive.  Two other obvious properties visible in the two plots are the negative slope apparent in the data body and also the extent of central data peaks. 

In summary, for strong pulsars, this prepfold graphic appears present to just confirm the simultaneous peaking of both zero period error and near-zero period spin-down rate.

In the following sections, the basic theory and correlation of period search and period-rate search of pulsar data is examined and applied to real low SNR data using the SNR amplitude statistic. The aim is to show that much more pulsar specific information is available to improve confidence in recognizing pulsar signals in weak data.

Backgound Theory - Combined Period and P-dot Search Characteristics(4)

Figure 2 illustrates how the detected data is divided into blocks that are summed in the folding process. Due to the period-rate term, the block time lengths change, but in the folding process the blocks are folded into the same number of processing bins. 

The upper terms in Figure 2 indicate how the block lengths change, where, P is the pulsar period, p is the search period change (usually in parts per million - ppm) and pd  is the period rate change in s/s, typically of the order 10-10. The lower Figure 2 terms indicate how the pulsar pulse timing position (initially t0) changes in sympathy with the search parameters and block number. 
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Figure 2. Combined Period and  P-dot Search Parameters

It can be deduced from this description that the duration of the nth block is {P - pP - (n-1)pdP} and the corresponding (maximum) pulse position shift is, 
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psmax = +{(N-1)pP +(N-1)(N-2)pdP/2}    

(1)

Equation 1 can be simplified by noting that the data record total duration, T = NP, then  psmax = pT + pdT2/2P; where, T is the record duration. It shows that for a small period change, the folded pulse is spread out linearly over a range equivalent to pT and amplitude reduced by the factor, pT/W (W is the pulse half-height duration). The summed peak is shifted by an equivalent amount in fold bins of -pT/2.

The explanation is a somewhat more complicated for period-rate change, as the summation is cumulative giving a triangular rather than even summation with the triangle peak closer to t0. As a result, the peak shift is closer to the normal fold position and the extent is not so prominent as shown later in Figure 3.

Assuming the pulsar is similar to a Gaussian shaped pulse of half-width W and the pulse train is continuous throughout the data record, the fold algorithm can be expressed as, 
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where,

t is the time variable (bin) in a period

t0 is the pulse position in a matched period

N is the total number of periods in the record

n is the folded period number

P is the pulsar period

p is the period search factor

pd is the period rate of change factor

W is the pulsar pulse width

A(n) is the pulse amplitude in each period.

Application of Equation 2 on ideal data is illustrated in Figure 3 to indicate some of the search parameter effects on the pulse position and folded shape.
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Figure 3. Effect of Period and  P-dot Search Parameters on the Final Folded Pulse Shape

(green - matched; red - negative pd; magenta - positive period shift; blue - both together)

Increasing the fold period away from the matched value alone, reduces the peak amplitude by spreading out the power (magenta curve). With a negative P-dot value alone (red curve), again the pulse broadens but due to the triangular distribution, the peak lies closer to the standard folding position (green curve). Finally combining both the positive and negative period and P-dot values (blue curve), there is some power compensation and much less loss of peak power is evident.

This compensation effect is predicted by Equation 2 and observed in the prepfold graphic of Figure 1 as the slope and extent of the central red/green strong amplitude response.

Ideally for a continuous intercept pulsar record, the near-central colored section should appear central and angled such that,
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where, N = number of periods in the data sample

and,  p  is the period search factor in parts per million

This is derived from Equation 2 by noting that the data peak occurs when,
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It is possible using Equation 2 to indicate the extent of the pulsar response in the period/P-dot graphic by solving for p, pd, and joint p, pd to reduce the peaks by about half the average matched maximum. For just period search, it is predicted that the folded amplitude drops to about one half when the period offset is approximately given by p = ±2W/T, but for compensating period and P-dot search the slope power drops to one half at approximately  p = ±8W/T when pd = -2p/N. 
Test Data

The data used in this section was collected in August 2017 over a 2 hour period using a 3-channel RTL SDR receiver fed from a pair of 22 element Yagi antennas tuned to 611MHz. The RF IQ data was detected, the bands de-dispersed and combined. There was no data modification to remove RFI. The final folded result is shown in Figure 4a producing a SNR of 4.5:1 for a B0329+54 pulsar intercept. 
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(a) Standard Fold - matched period

   (b) Period Search - Folds v Period

Figure 4. 4.5:1 SNR Fold Results

Figure 4b illustrates how pulsar and noise peaks (red, orange) vary over the folding period range ±15ppm. Note that the pulsar zero ppm response peaks around bin number 200 and is significant over a range of about, 0 ±2ppm. The slight inclination is as predicted by Equation 3. The other responses are typical of random noise peaks in the apparent SNR range 2:1 to 3:1 as the pulsar signal gets washed out with larger period excursions away from optimum. The  general data slope across the period search range implies that there is significant noise data correlation with period value throughout the data record. This might be expected due to the intense filtering of the folding algorithm, with the consequence that the final noise pattern in Figure 4a could have a consistent component base across almost every period block.

Practical Results using the SNR Statistic
A C-program was written(5) to duplicate the plot data for the prepfold Period/P-dot graphic, recording the folded peak SNR for each p and pd combination. This cycled through period values around the pulsar topocentric period of -15ppm to +15ppm and P-dot values -30 x 10-10 s/s to +30 x 10-10 s/s in ppm increments of 0.5ppm and P-dot increments of 1 x  10-10 s/s. For each of the 3600 fold runs the folded data peak SNR (PSNR) was recorded and used to plot a simulant of the prepfold plot considered. The result together with a 3-D version and amplitude code is shown in Figure 5.
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Figure 5  4:5:1 SNR 'prepfold' graphic and 3-D Version based on the PSNR amplitude value.

A number of conclusions can be drawn from the Figure 5 presentation,

1. A clear central peak at coordinates 0,0 is evident confirming period match and nominally zero spin-down.

2. A continuous pulse train matching the pulsar properties occurs throughout the data sample.

3. The peak signal slope matches the prediction from Equation 3. N = 10100, p = -15ppm, 

and, pd/p = -2/N  = 28 x 10-10/-15 x 10-6 = -1.8 x 10-4.

4. Significant strong response occurs over a period variation exceeding 8ppm (compared to less than 4ppm for pd = 0.

5. There appears a slight offset from symmetry about coordinate (0,0). Possibly due to distortion caused by the underlying noise at this modest SNR level.

6. Observing the 3-D version, it appears that there is a continued amplitude response along the diagonal including the peak response (examined later in Figure 9).

This point is interesting as it implies that a vestigial response is possible for any period value over the whole period and P-dot range investigated. This is possible if for any period ppm search value there is a negative pd value that satisfies Equation 4 as illustrated in Figure 6.

7. Another peak is evident at p = -12, pd = -22 but can be discounted as a pulsar candidate due to its significant offset P-dot drift value. 


[image: image12.png]— =% b

Record

Pdot
crement




Figure 6. Fold Period and P-dot Timing offset Diagram
Figure 6 depicts folding with an offset period value and partially compensating negative P-dot value. Normally the optimum fold strategy is to have zero period and P-dot offsets and folding all data record N periods. In the case illustrated, the period value is offset by p ppm and compensated by a negative P-dot value of pd crossing the zero line at N/2 periods. The ellipse identifies the data region offering the best periods to produce a positive folded result. The optimum pd slope is such that p/(N/2) = pd; confirming the result noted in Equation 3. It can also be inferred that partial compensation for increased period offsets is available for all values of opposite polarity pd providing the P-dot increment slope crosses the zero line within the N data record periods.

Reverse Folding. 

It can be inferred from Figure 6 that for a fixed period offset, over the possible values of P-dot offset crossing the data timeline, that the active range moves along the data record. This indicates a certain asymmetry implying a different result would occur if the data record was reversed. For a matched zero pd fold, the fold response would appear identical to a normal forward fold but be reversed in time. But for a prepfold period/P-dot graphic, results could be different and can be compared (Figure 7) with the result given in Figure 5.
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Figure 7  4:5:1 SNR 'prepfold' graphic and 3-D Version - Reverse Folded

Figure 8 shows the result of sum-combining the forward and reverse folded data, which appears to have tended to increase the discrimination, better-centralized the peak response and reduced the amplitude of random noise peaks, the main peak remaining consistently at SNR - 4.5:1. Note the suppression of these outlying noise peaks.
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Figure 8  4:5:1 SNR 'prepfold' graphic and 3-D Version - Combined Forward and Reverse Folding
As a calibrating measure, a pulsar simulation embedded in Gaussian noise, matching the characteristics of the data used above with a folded SNR of 4.2:1 has been processed as described and the results submitted in the Appendix.  

Figure 9 plots the PSNR response along the Figure 8 diagonal, encompassing the Period/P-dot peak showing no nulls but tending to a constant level. Also shown is the cut along the normal across coordinate (0,0) showing more variability. The random noise peaks are as expected around equivalent  SNR of just below 3:1.
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Figure 9  PSNR Across the Figure 8 Peak Signal Diagonal (red), along normal (blue)

Figure 10 below plots the result of performing a standard period search over ±20 ppm in 0.1 ppm increments, recording the data peaks for zero P-dot and compares the result (red) with the theoretical result (blue) from applying Equation 2 with pd = 0.

The theoretical half-height prediction is, 4W/T  = 3.4 ppm.
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Figure 10  PSNR Period Search at zero P-dot, red -  data;  blue - theory

Scintillation

Differences between the forward and reverse fold Period/P-dot graphics can be assured by asymmetry of the underlying noise and scintillation effects which can also affect the perceived slope. Scintillation affects the pulse-by-pulse amplitude in a random manner, so for example there may be ranges of strong or weak pulse levels throughout a long data record. Long ranges of below average pulses towards the beginning or end of the record could be responsible for slope differences in the forward and reverse folds, but when combined may still satisfy Equation 3. This can be understood by referring to the fold algorithm Equation 2.  

For example, if pulses were only present in the first half of the data record, periods 0 to N/2, Equation 4 slope becomes,
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Again, alternatively, if pulses were only present in the second half of the data record, periods,  N/2 to N, the slope becomes,
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These results can be deduced by reference to Figure 6. Note that the final slope depends upon both the position and duration of the data.

Data Quality Evaluation

Figures 10 and 11 explore the data to check on evidence of RFI. Figure 10 is an extended range (±100 ppm in 1 ppm steps) version of the graphic derived in Figure 8. The 4.5:1 SNR pulsar response remains clear at coordinate (0,0) in Figure 10. Only candidates within the narrow band pd  =  0 ±10 x 10-10 s/s can be potential pulsars and so other responses outside this range must be noise or RFI. outside the central region, noise should appear as random peaks but due to the folding algorithm properties may be extended, as for a true pulsar but may exhibit slightly different slopes and offset shapes. These can be extracted and observed in detail if required. RFI modulations if present would be observed as denser patterns in this presentation. The upper right quadrant appears one such.
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Figure 10  Extended P-dot/Period Search Graphic 
Figure 11 extracts all the peaks from the Figure 10 plot folds and plots a histogram providing the peak noise distribution. This appears a typical noise-like (closely Gaussian-Normal) result with only slight asymmetry possibly due to the small RFI influence identified above. The pulsar presence is just observable in the last histogram block. The average peak appears equivalent to a PSNR approximately equal to 2.9:1.  
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Figure 11 Period/P-dot Search Peak amplitude Distribution
Discussion

The graphic period/P-dot presentation is an important aid to identifying pulsar candidates as, given an accurate knowledge of the target topocentric period, the data peak must lie on the (0,0) coordinate. It provides much more information than just the single period standard fold as discussed. Standard matched folds can be compromised by electrical transients and RFI which can, not only reduce folding efficiency but long term wide band modulation can effectively be fold-filtered to produce false pulse trains. The graphic offers the opportunity to recognize them as such. In itself, it is not sufficient to guarantee a pulsar acquisition. 

Conclusions

This article has shown that replacing the Chi-square statistic with peak SNR in the PRESTO prepfold Period/Period rate graphic that much more useful information can be inferred at much lower data SNRs than normally expected. A B0329+54 pulsar validated data example with a best-folded SNR of 4.5:1 has been tested. The results, exploring a wide range of Period and Period-rate parameters show excellent suppression of random noise peaks and highlights the presence of a continuous pulse train with properties closely matching that expected of the B0329 pulsar. False candidates can be rejected if lying away from the zero P-dot coordinate. Similar results were observed with a similar level, simulated pulsar embedded in Gaussian-Normal noise as reported in the Appendix. The results are also supported by a theoretical analysis and it is shown that improved discrimination is possible by exploiting the asymmetry in reverse folding the data.  Extended range plots are useful for evaluating data quality and checking the presence of disturbing RFI modulations. With base random noise peaks evident in the plots around a mean equivalent SNR of 3:1; depending on the data quality, the lower SNR limit of this technique is expected to be somewhat above this. Whilst not a candidate recognition tool on its own it does add confidence when coupled with other recommended tests such as dispersion search and profile matching. 

References

1. PW. East, Getting the Best out of the PRESTO Pulsar Search & Analysis Tools., Journal of the Society of Amateur Radio Astronomers. January-February 2021.

2. RA. Russel, R.Uberecken, RA. Haggart., First Deep Space Exploration Society (DSES) Pulsar Captured on the 60-ft Dish, 2020 SARA Eastern Proceedings.

3. A Dell'Immagine, Private Communication.

4. PW East. An Analytical Method of Recognizing Pulsars at Moderate SNR., Journal of the Society of Amateur Radio Astronomers. November-December 2018. 

5. PW East, C-Program, searchpdpplotfold.exe, contact author. 
Appendix  - Simulated Pulsar with SNR = 4.2:1

The plots below are the program results for comparison with the B0329+54 pulsar recorded data used in the main text. The data was generated by simulating a Gaussian shaped pulse of 6.5ms half height and period 701.1ms, sitting on Gaussian-Normal distributed noise base. The data duration was equivalent to a  2 hour recording. The folded SNR was measured at 4.23:1.

These simulation results compare favorably and support the real data results presented in the main article (Figures 4a, 8 and 9. A two-stage method of obtaining a good accuracy SNR was used. It involves first calculating the folded data mean and rms, setting thresholds at ±3 x rms level, inserting Gaussian random noise at the measured rms level within the range of the thresholded regions, and finally recalculating mean and rms values for SNR or PSNR calculation.
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Figure A1. 4.2:1 SNR Simulation in Gaussian Noise Standard Fold Results
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Figure A2  4:2:1 SNR Simulation 'prepfold' graphic and 3-D Version
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Figure A3  PSNR Across the Figure A2 Peak Signal Diagonal (red), along the normal (blue)
PW East February 2021
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