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The observation of known pulsars (pulsar timing) or the gedéor new pulsars can be limited
by radio frequency interference (RFI) generated by telanamication activity. In this paper,
we propose several RFI mitigation techniques to cope witbuisive and/or narrow band RFI at
Nancay Observatory. For pulsar timing, we have implemerdqulise blanker and a cyclosta-
tionary blanker, both in real time. For pulsar search, wepse a new approach which combines
a hardware-efficient search method and some RFI mitigaaipalgilities. This method is based
on a 2D FFT and Radon transform.
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1. Introduction

Pulsars are rapidly rotating highly magnetized neutrorssignich produce radio beams that
sweep the sky like a lighthouse. The corresponding peripdise profiles can be measured with
radio telescopes and dedicated backends. If the pulsareiadgli known, radio astronomers are
interested in its precise timing. Coherent de-dispersimtgssing is then implemented to com-
pensate the frequency-dependent time-shift due to neadlities in the interstellar medium (see
[1] for more details). If not, an iterative search procedigrenplemented to identify new pulsars.
In both cases, the quality of pulsar observations is limigdadio frequency interference (RFI)
generated by various (and growing) telecommunicatiorvisiess.

In this paper, we propose several RFI blanking techniquespe with impulsive and/or nar-
row band RFI. Depending on where the detectors are impleadentthe system, different types of
RFI can be detected. For pulsar observation, three podsiplementations have been identified
within the system architecture defined in Figure 1.

a) a Pulsed-RFI detection based on power criteria at the ofpthe polyphase filter bank, just
after digitization. This configuration is appropriate forgulsive or burst broadband RFI.

b) Cyclostationary detector dedicated to continuous Ré&tlgfter the polyphase filter bank.

¢) acyclostationairy detector just after the FFT. This aguntation is more appropriate for nar-
row band and continuous RFI.

In sections 2 and 3, the implementations of these two deteare described. Both detectors can
be used for pulsar timing mode or pulsar search mode.

In section 4 a specific approach for pulsar search mode iopenp It combines a hardware-
efficient search method and some RFI mitigation capatslitieth for impulsive and narrow band
RFI. This method is based on a 2-dimensional FFT (2D FFT) aadoR transform. It covers
case C.
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Figure 1: Typical pulsar backend architecture with detector impletagon. a) Stage 1: waveform acqui-
sition; b) Stage 2: polyphase filter bank (PFB) to split theuinfrequency band (usually hundreds of MHz)
into smaller bands (few MHz); c) Stage 3: dedispersion stepring their travel through the interstellar
medium, the pulsar pulses are spread over time. If this diggreis known (i.e. in pulsar timing mode), itis
cancelled coherently in real time by applying the correctgahg on each channel. If not (i.e. pulsar search
mode), a set of successive pulsar parameters will be testetkfection.

2. Pulsed-RFI detection with a power detector

The power detector principle is quite simple: outlier sagspthat exceed a certain level are
considered as interference and trigger the blanking of dneesponding data block. However, the
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(a) Hardware for the radar pulse blanker. (b) HI line of ESO 474-G26.

Figure 2: Power detector: (a) LRS is a Logical Right Shift unit. The &gatss andu specify the databus
widths for signed and unsigned operands. (b) Top: Neutrarblyen (HI) spectrum of ESO474G26 ob-
served at the Nanc¢ay Radio Telescope with pulse blankingoBo without pulse blanking.

efficiency of such detector depends on the robustness dafgisidn threshold. The issue is that the
same block of data is used for threshold estimation and fiieodetection.

Our approach is based on tly& distribution model. So, only one parameter (the mgan
is needed to fully define the signal statistics. Consequetite threshold valu& is calculated
asS= Cu with C a parameter defined by the user. The mean value is recurgsgéiyated (see
Fig. 2(a)-1). To make this estimation robust against owtldue to RFI, the strongest samples
are systematically discarded. The effect of this clippimgnoean estimation can be theoretically
derived [2], and the proper correction is included in theapzeterC. From this basic scheme, two
improvements are proposed to enhance the performancesdiog &ind weak radar pulses:

e For strong pulses, the blanker is triggered if three corngecsamples exceed the threshold
(see Fig. 2(a)-2).

e For weak radar pulses, we have shown that counting the nupfbdetections in a time
window provides better performances. In practice, we setithe window to 30 samples
and the triggering number of detection to 25(see Fig. 2Ja)-3

The design operates at a maximum sampling rate of 145 MsaraplEhe logic gates used to
implement the algorithm occupy 4% of a 3 Mgates FPGA (Virtd»xahd 2% of the 96 1& 18-
multipliers available. The design has been used to obsersmic sources with flux densities as
low as 5 mJy. No radar residuals could be seen on the baseslsteomsn in Figure 2(b).
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3. CycloDet: A cyclic detector

Itis also possible to apply power detection on narrow band Réwever, precise thresholding
implies careful calibration of the frequency band and itiasss that the signal level is constant over
time.

An alternative is to use a criterion that can discriminateveen temporal signatures indepen-
dently of the power level. Cyclostationarity is such a crie. It is based on some hidden period-
icities due to the periodic characteristics involved in el signal modulation (carrier frequency,
baud rate, coding scheme...). For an illustration of thiegyple, see [3] in the same RFI 2010
proceedings. In [1], we have demonstrated the interest df sm approach for pulsar applica-
tions. In the following, the detector principle is brieflygsented and its real time implementation
is described.

We assume that(t) is a mix of a stationary signal.é. a cosmic source and/or the system
noise) and a cyclostationary signak( RFI signal). Let us consider the following criterion:

1 N-1

%|x|2(n) exp(— j2man) (3.1)

ci=x
n

wherea is the cyclic frequency. This parameter is linked to the amentioned RFI periodic
characteristics. This detector expresses the search fadjdties in the instantaneous power
fluctuations. To make this detector robust against slow pe@gations, we define a normalized
version of our previous criterion:

o VNG
Dy = o
N

In [4], we have derived the statistical properties of thieed®or as a function of the interference
to noise ratio (INR).

From the above consideration, an operational cyclic detdws been implemented on a real
time digital backend at Nancay Observatory. The algoritenmmiplemented into a digital pro-
grammable Virtex Il FPGA component. The successive stepdescribed in figure3(a).

Figure 3(b) shows some results obtained in the decametdntdagre calibration signals (wide
band stationary noise) were used to simulate four pulsaepulith different power levels. The
red time-frequency slots correspond to RFI detected by eairtime detector. Narrow band RFI
are clearly detected.

For pulsar observations, these experiments demonsttaethe cyclostationary detector can
discriminate between bursts due to pulsars and bursts dREIto

(3.2)

4. Real time Pulsar search procedure

The search for new pulsars is a difficult task since neitherdispersion measure (DM) nor
the periodicity are known. The procedure consists in raogrdll the data and in trying off-line
a set of DMs and periodicities. This approach needs diskespad is quite time consuming. In
this section, we propose a new real time pulsar search methqdiring less disk space, fewer
computational resources and providing a simple way to bRik It is based on a two dimensional
Fourier transform (2D-FFT) and a Radon transform.
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(a) Cyclostationary detector algorithm (b) Sky observation

Figure 3. Cyclostationary detector application: (a) The structurthe cyclostationary detector algorithm.
(b) Results obtained in the decameter band at Nangay oltesrvatop) Time-frequency power plane.
The red time-frequency slots correspond to RFI detectedunyrenl time cyclic detector. (bottom) Total
power versus time. The red curve is the total power afterkitegn The total bandwidth is 7 MHz. The
number of channels is1 = 2048. On each channél, = 2048 samples are used to compute the criterion.
The cyclicdetector is insensitive to steady power levelsegated by the successive calibration noise diode
pulses (pl to p4) added to the signal.

The different steps of the algorithm are presented in Figuaed an example with a real pulsar
pulse is provided for illustration. In short :

e The final output of the real time part consists dflax N image corresponding to the mean
of M consecutive square absulot 2D-FTT of the images. An exawofpseich an image is
given at Figure 4.b. Each 2D-FFT is computed on independeni time-frequency power
planes such as the one provided at Figure 4.a. With this apprall dispersed pulsar pulses
are projected at the same location in the 2D-FFT image. Deistion depends only on the
pulsar DM and is different from the one obtained for RFI. lhestwords, any impulsive
(respectively narrow band) RFI will be concentrated in tbeZontal (respectively vertical)
line centered in the 2D-FFT image. Thus, to remove RFI andotain a clean image, all
that is required is to blank these vertical and horizontadiwhich cross at the center of the
2D-FFT image.

e Off-line, a Radon transform is applied on the cleaned 2D-FRage. It consists in summing
the image intensity along successive radial lines [5]. Wihénintegration line corresponds
to the line where the pulsar pulses have been projectethegtittisar power is concentrated in
one point. At other integration angles, only the noise ¢buation will be integrated. Figures
4.c and 4.d illustrate this principle with respectively thigy and clean image.

In [6], we have investigated the sensitivity of this apptoaompared with the classical one. For
a low signal to noise ratio, our pulsar detector is less &ffedut the advantage of this approach
is that only a limited amount of data (ttex N 2D-FFT image) is stored for off-line processing.
Furthermore, it provides simple RFI mitigation capalwliti

5. Conclusion

Several RFI mitigation techniques applicable to pulsarolsion have been presented. In
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Figure 4: Application of a 2D-FFT pulsar search approach on the Craapu(a) A 128« 64 time-frequency power
plane of the Crab pulse. We added a number of synthetic RRaksig (b) The 2D-FFT image time-frequency power
plane. The blue cross in the center corresponds to the lidRkelocations. (¢) A radon transform of the dirty 2D-FFT
image (.e. with RFI locations not blanked). Pulsar detection is notsjas. (d) A radon transform of the clean 2D-FFT
image. The pulsar can be easily detected.

the case of pulsar timing, a Pulsed-RFI detector and a datiosary detector have been imple-
mented for real time experiments. In the framework of the BRIARD FP7 European project,
these algorithms will be implemented in a multi-purposdada computing platform for radio
astronomy as part of the pulsar receiver. In the case of psésaches, a new approach has been
proposed that combines a hardware-efficient search metitbdaame RFI mitigation capabilities.

It could serve as an alternative for the next generationdibreelescopes such as the LOFAR radio
telescope (www.lofar.org) or the Square Kilometer Arral{ASwww.skatelescope.org) where the
large amount of data to be processed by classical searchduwnes is an issue.
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