SNR Operation of the Folding Algorithm

Introduction
The folding or synchronous detection algorithm used for indicating the presence of pulsars in a data record, matches the known pulsar period and integrates consecutive pulses synchronously enhancing the data signal-to-noise ratio (SNR). The graphical indication of both the pulse shape and SNR depend upon the number of time bins set in the pulsar period; many time bins improve the pulse detail but degrade the SNR. There is a maximum SNR limit dependent on the choice of number of bins and the aim of this document is to analyse and explain the trade-off.

Pulsar Radiometer Equation

The pulsar radiometer equation (from: "Handbook of Pulsar Astronomy" by D. Lorimer & M. Kramer calculates the minimum detectable flux density for a given minimum observable SNR, Smin, and,
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where:
Smin = minimum detectable flux density (W/m2 /Hz - averaged over the pulsar period
β = system imperfections factor (>1)
kb = Boltzmann's constant (1.38 x 10-23 W/m2/°K)
SNRmin = SNR minimum corresponding to Smin

Tsys = system noise temperature (°K)
Ae= antenna aperture (m2)
np = number of polarisations
tint = integration/observation time (s)
Δf = pre-detection bandwidth (Hz)
W = width of pulsar pulse (s)
P = period of pulsar (s) 

This equation is derived assuming a Dicke type radiometer allowing for the pulsing nature of pulsars and assumes a rectangular pulse of width W repeated at a period P. 

There are some application problems to the folding enhancing algorithm and the equation appears to fail in the unlikely pulsar case of W = P (extreme dispersion?). 

However,  a notional adaptation of this equation for an N-bin folding algorithm is. 
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But this still suffers from the W = P problem and can only be valid for N > P/W.

Folding Integration Analysis

The data is assumed to comprise multi-level digital in-phase and quadrature samples (I/Q) sampled at a rate 1/T ( = Δf). The pulsar period is P and the data synchronously folded into N bins with the data record containing R pulsar periods.

Outside the pulse, the data sample detection amplitudes (I2 +Q2) contain both DC and AC voltage components; both of these AC and DC components are proportional to Tsys. 

In the presence of a pulse these levels increase by Tp, the equivalent pulsar temperature. Describing the detected system AC noise voltage by vn(t) and the pulsar DC voltage by vp(t) - the AC pulsar component can usually be ignored compared to Tsys - then the equivalent input SNR is, SNRin = 
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In each bin containing only noise, once all RP/NT  data samples are folded in, the AC rms voltage increases by power to 
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In a bin filled with a pulse, the summed DC detected voltage increases linearly to 
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. The pulsar DC voltage sits on the similarly enhanced system noise DC component and it is the difference between these components noted between bins that is of interest.

The indicated output voltage SNRo is the ratio of the in-bin pulsar DC and the system noise AC terms from empty bins, or
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This equation is valid only when the pulsar pulse lies centrally in and fills a bin.

To take account of the pulse shape and effect on filling or not filling a bin, we need to integrate the samples within the bin where the pulse shape lies centrally.

If p(t,W) describes the pulse shape, then the SNR contribution of the pulsar detected voltage in the centralised bin is calculated by integrating the pulse within the relevant bin, or, 
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and the indicated SNR for all bin numbers N is given by,
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Since 1/T  = Δf, tint = PR, this can be rewritten,
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and the pulsar radiometer equation for the folding algorithm becomes...
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SNRmin and Smin now refer to peak pulse levels.

Evaluation

Since pulsar pulse shapes are variable and cannot in general be described by a simple equation, an attempt has been made to assess the effect of pulse shape on potential results.

[image: image11.png]w15
ww1s
s
e
w15





Figure 1 Variety of Trial Pulsar Pulse Shapes.

In Figure 1, all shapes are defined in Appendix 1 and set at the same half-height value; red is a modified Gaussian with extended skirts (an attempt to match the 50% and 10% levels in ATNF), blue is a triangular shape, green a cosine cycle, magenta a power-law shape and finally cyan a basic rectangular shape.   
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Figure 2 SNR against Folding Bin Number for the Pulse shapes of Figure 1

For the SNR plots shown in Figure 2, the parameters used were taken from a  250sec Vela file collected by Guillermo Gancio. 

The top cyan curve corresponds to the rectangular pulse case and above 50 folding bins exhibits halving of SNR for a factor of four increase in bin number as expected. At the peak, the pulse just fills the bin window, and for fewer bins, the bin time aperture widens so the SNR reduces as the pulse fails to fill the bin.

The lowest magenta curve is a power-law function with a sharp spike at the centre and exhibiting a broad tail and shows a significant departure from the other curves. The Gaussian and Cosine functions are more representative and follow a similar SNR curve. Both show a maximum at lower bin numbers than that given by N = P/W (= 89/2.1 for Vela).

Real Data Comparison
Some comparisons of the trend have been made with real data with some fair results using the Gaussian pulse shape approximation. The comparison is limited to a single data set and by the digital uncertainty in the shorter bin samples and possible mis-alignment of the pulse in a bin centre.

[image: image13.png]SNR

140
120
100
80
60
40
20

SNR -Bin Number Comparison

50

100 150
Number of BinsN

200

250




Figure 3 Folded Vela Data SNR v Bin Number Comparison

In Figure 3, the magenta curve plots the expected SNR as a function of number of folding bins assuming the modified Gausian pulse shape and the application of the equation developed. The blue points plot the SNR of various folding bin numbers using the Gancio Vela data. The SNR was calculated from the folded data plots using the maximum value observed divided by the rms value calculated from all points not deemed part of the pulse. The wide variation of the lower point at N = 50 was a result of the pulse appearing in adjacent bins and not central to a bin. The repeat with N = 51 appeared to shift the pulse more centrally to a bin giving the improved result observed. Placement of the predicted curve was by eye as insufficient data was available to calibrate the pulsar signal level so only the matching patterns can be used for validation.

Conclusions
The analysis allows an estimate to be made of the minimum flux density to be made of the SNR calculated from folded data given a known antenna receiving aperture. It shows that the observed SNR is a function of the number of bins selected for the folding algorithm and that there is likely some minor dependence on the target pulsar pulse shape. 

The best SNR occurs at bin numbers less than  that given by the ratio of the pulsar period to the pulsar half height. High bin numbers (N > P/W) are excellent for displaying pulsar pulse shape but it is concluded that lower bin numbers may be a better choice when searching for pulsars expected to produce a low SNR. 

Best SNR occurs when the pulsar pulse lies centrally in a bin and it seems worthwhile to vary the bin number choice by ± 1 or 2 bins to test for an optimum

Various pulse shapes have been tested, but there appears to be only moderate SNR variation and a simple Gaussian test shape may prove most useful. The calculation does imply some numerical integration of the pulse shape within a bin, but the simple approximation (Appendix 2) may make the calculation more tractable. 

Appendix 1 - Pulse Shapes

1. Gaussian
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2. Triangular
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3. Cosine
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4. Square Root
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5. Rectangular
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Appendix 2  - Gaussian Approximation

Digital integration of the term 
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, where p(t,W) is the preferred Gaussian function 
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can be made faster and easier using a numerical approximation function. A useful substitution in the present instance is Bell's approximation and the first Gaussian term becomes,
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