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ABSTRACT

Radio astronomical pulsar observations require #pec
instrumentation and dedicated signal processingcope
with the dispersion caused by the interstellar medi
Moreover, the quality of observations can be lichily ra-
dio frequency interferences (RFI) generated byctetemu-
nications activity. This paper will present the awative

pulsar instrumentation based on Graphical Procegsin/¢

Units (GPU) which has been designed at the NangidR
Astronomical Observatory. In addition, first simidd re-
sults on RFI cyclostationary detectors, which Wil imple-
mented on the system, will be described and dieduss

1. CONTEXT

The radio astronomy is a field that uses radio waareitted
by celestial objects for astronomic observations siudies.
Among those fascinating objects, pulsars — rapidtgting
highly magnetized neutron stars - produce radiarisetat
sweep the sky like a lighthouse [1]. If the beanorgnted
towards the Earth, it will produce periodic pulsdsich can
be measured with radio telescopes and dedicatddhds.
During their travel through the interstellar medi§i8M),
these pulses are progressively attenuated anddsjones
time (i.e. pulse higher frequencies will arriveliearthan the
pulse lower frequencies). Figure 1.a and 1.b shawaw
time-frequency representation of one of these pul$ais
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Figure 1-a. Time-frequency representation ofaatgpulse from tr
Crab (PSR 0531+21) as it is measured without fanthecessing
b. Corresponding power fluctuations over time i 4hVIHz band.
The pulse is undetectable c. Tifneguency representation of
same giant pulse after de-dispersion. d. Correspgrbwer flic-
tuations over time in the 4 MHz band. The pulseaisily detectable.

rithms must be applied. This paper will presentoaginal

phenomenon, named dispersion, makes these pulsly bayy,ckend which has been designed for pulsar derdispe

detectable without further processing. Moreoveg, qality
of pulsar observations is also limited by radiafrency in-
terferences (RFI) generated by various (and growirede-
communications activities. Figure 2 gives an exangilthe
distortion induced by RFI on pulsar observation.

To invert the ISM effect, specific receiver mustdesigned,
and to limit the impact of RFI, robust signal presiag algo-

and simulations of RFI mitigation techniques whaan be
applied in such context.

In section 2, the functional description of the exmt de-
dispersion algorithm is explained and the innoathard-
ware architecture of the Nancay de-dispersion batke
detailed. In section 3, a waveform pulsar modedasved.
This model will be used to test RFI mitigation aigoms.
Their description and their simulation are giveséction 4.
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Figure 2— a. Time representation of the average power pulge pr

file of the pulsar J0034-0721 after coherendipersion but wit

RFI signalsh. Time representation of the average power pulse pr

file of the pulsar J0034-0721 after coherent deetision and wit
RFI signals blanked (with other RFI mitigation Sci®).

2. NANCAY INSTRUMENTATION FOR PULSAR
OBSERVATIONS

2.1 Coherent de-dispersion principle
The ISM dispersion can be modelled as a frequeansfer
function [1],H:
4] 27DM f2
H(fo + f)=e 24210710 ( +£,) £2 1)

Where DM is the dispersion measurg,d the center fre-
guency of observed bandwiditiand |f| <Af/2.

The coherent de-dispersion consists of applyingirkierse

of this transfer function to the dispersed receisigghal. This
processing is done in the frequency domain by uBmgier

transforms. The operations are detailed inside “Data

server” box in Figure 3. The taper function is usedvoid

aliasing in the low-pass filtering. The combinatioh the

inverse of the dispersion transfer function andtdéiper func-
tion is known as the chirp function.

2.2 Hardware Implementation

Figure 3 shows the signal dataflow from the radiedcope
to the final de-dispersed pulses. The differenpsstare de-
scribed below:

a. The Analog System [2]:

two orthogonal polarization
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Figure 3 — Description of the instrumentation falsar observations
which is in operation since July 20@8 Nancay Observatory. T
top right hand corner picture is the giant decime#dio telescoy
of Nancay.

tional Xilinx device (Virtex 2 XC2V1000) is used as
reconfigurable backend processor which can passtoat
an independent computer

c. Data servers: This is the innovative part of theigte
The two data severs have two main processing’s.step
The first one is to read the raw data in from the
SERENDIP5S spectrometer and reorganize them from a
channel-order to single-channel time ordered chunks
This step is controlled by four micro processohat t
send these chunks to four GPUs [3] (Graphic Praugss
Unit- NVIDIA 88 GTX ~128 parallel processors) fdret
final processing’s step. The data are then reatthdoygle-

signals from the radio telescope are downconverted
through a custom circuit board quadrature downcon-
verter (QDC). Each QDC handles one polarization and
performs a quadrature demodulation providing 128MH
complex bandwidth which is sent to the SERENDIP5
Spectrometer for digitalisation and channelizing.

The SERENDIP5 Spectrometer [2]: SERENDIPS
(Search for Extraterrestrial Radio Emissions from
Nearby Developed Intelligent Populations) was desilg

by CASPER (Center For Astronomy Signal Processingl.

and Electronics Research) for applications in SETI
(Search for Extra-Terrestrial Intelligence), Pulsard

general radio astronomy. For this applicationpittains €.

four 8-bit analog to digital converters (ADCSs) thtain

be clocked up to 200MHz. A logic programmable de-
vice (Virtex 2 XC2Vv4000 from Xilinx) is used to per
form a 32 channel polyphase filter bank (PFB). The
channel output bandwidth is 4 MHz complex. An addi-

dispersion program that performs the following sask

-Convert raw data from binary to floating point.

-Apply a Fourier transform of appropriate length
(8192 bins).

-Multiply by the de-dispersion filteid™ and the ta-
per function

-Inverse Fourier transform back to the time domain.
-Detect the data to get power versus time, and cross
multiply polarization terms.

Time adjustment: offline resynchronisation of dilet
channels.

GPS receiver: It provides SERENDIP5S clock synchroni
zation through a one pulse per second (1PPS) siqaial
oscillator synchronization through a 5 MHz refeenc
clock.
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Figure 4 —a. Time-frequency representation of thalsar sign:

generated by the model given by E@u.(BW=4MHz

tpm=938.0793 us and pulsar period is 2.35 msEorrespond-
ing temporal power fluctuations over the whole heidth. c. Time-
frequency representation after dispersion. Equ. 1 has been

with the following parameters & 1262MHz and DM-=

56.791 pc.crﬁ. d. Correspondingtemporal power fluctuatiol

over the whole bandwidth.

This coherent de-dispersion pulsar receiver is aisral
since July 2008 at Nancay Observatory [4]. Figuoeglves
the result of this coherent de-dispersion appliedhe signal
from Figure 1.a. We can see that after the cohedent
dispersion, the pulse is no more spread and itspoan be
easily detected (Figure 1.d compared to Figure 1.b)

To improve the system sensitivity and its robustrtesRFlI,
it is planned to implement RFI mitigation algoritirim this
system. The next sections will describe the prelary simu-
lated results obtained on that topic.

3. PULSAR SIGNAL MODEL

In our model, we assume that the pulsar beam iesepted
by periodic Dirac impulsions so that the pulse aigran be
modelled as successive chirp functions.

The temporal evolutiE)n of) the frequency can betemias:

_aBW , BW(a+l) BW

f (t) 2 t o =, t0[0,tpy | )
where BW is the bandwidth (typically 4 MHZz}py is the
dispersion delay over this bandwidd,is a factor which
characterises second order delay distortions. \Mtlass of
generality, all the simulations have been made wth (i.e.
the frequency becomes a linear function of timejush
Equ. (2) becomes:

f(t):_%ﬁﬂv,
t 2

DM

t0[0,tpy ]
3

Then, the phase of the pulsar signal can be exutess

=0 - BW 2, BW
¢;(t)_2/1[ 2t t], t0[0,tpy | @

Finally, the time representation of the pulse shajtkin its
period number k is expressed by:

v (t)= A e @*8) for t0[0tpy ]
v, (t) =0 otherwise ®)

whered(t) is defined by Equ. (4], is the pulsar period is
a random phase arq(t) is a random amplitude which repre-
sents the scintillation effects. Indeed, inhomoga®ein the
ISM cause multi-path propagation which producesrfat-
ence of the signals and diffraction pattern. Assult, we
observe changes in intensity with both frequend,tane.
The quadratic term in Equ. (4) is directly relatedhe dis-
persion function defined by Equ. (1) if we considéso lin-
ear frequency shift over the bandwidth (fee>> 4f). So, we
will use the same de-dispersion algorithm as faf peilsar
signal.

Figure 4 shows an example of a generated pulsartand
result after de-dispersion. Results are the oneated. With
this model, we can generate all kind of scenaritesh our
RFI mitigation algorithms. Next subsection will pemt a
first algorithm based on the cyclostationary prtipsr of
RFI.

4. RFI CYCLOSTAIONNARY DETECTOR AND
THE INTEREST OF BLANKING

The proposed detector is based on RFI specific gotieg
named cyclostationarity. Indeed, most of telecompations
signals present a hidden periodicity which is Ugustram-
bled by the intrinsic signal randomness [5,6]. Egample,
this hidden periodic characteristic can be gendrate the
carrier frequency or the baud rate of the inconfiizd

3.4 Cyclostationary detector principle
In [7], we have defined and study the statistica af/closta-
tionary detector based on the following criteria:

N
X z s(n).s(n)®) g=27em
N n=0
Wherea is the frequency related to the hidden periodi@ity
is also called the cyclic frequencg(n)is a signal to be con-
trolled and * is the conjugate operator which mayulsed or

(6)

a _
s() ~

not. Cg and C{ are called respectively the conjugate cyc-
lostationary detector and the cyclostationary detec

Asymptotically, if s(n) is stationary,Cé’E*) will be null. Oth-
erwise, ifs(n)is cyclostationary with cyclic frequenay then
Csf’(*) will be non zero. Notice thacg* is simply a power

detector.
We have also defined normalized detection criterion
Ca
a _ ~s()
s® =0 (7)
Cs



If the cyclic frequency to be detected is not knpwe can
implement blind cyclic detectors by testing all laydre-
guencies. This can be easily done through FFTkeltyclic
frequency does not map strictly the FFT bins, tbgectors
will lose a maximum of 3db in term of sensitivif] [ i
In practice, the detectors are applied on a slidergporal | @ 254
window of N samples. If detection occurs, the whilsam-
ples are flagged as polluted. Depending on thesRBtegy,
theseN samples can be blanked (i.e. replace by 0) or not.

Frequency (MH

3.5 Simulation and results

For the simulation, we have considered a BPSK (Bina s P N e ; ¢
Phase Shift keying) RFI: o DR e A TR I R
i (t) _ zakh (t-KT,) )l (27t t+9) ®8) 2000 i f B000 7000 8D
k Normalized detector Dg with o = 2f_
where f; is the carrier frequenc$/Ty is the baud rateyisa | g5 \ f \ f f f I \

| |
random binary signah(t) is the emission filter ang is a 8-; R | R S B S
random phase. 3 O T
Theoretically, in the case, the cyclic frequenaiesa= n/Ty, 0.1 1 sy "‘ A R 1,‘H o et
nZ for the C& detector anda =2f+n/Ty, nlZ for 0 1000 2000 3000 4000 5000 6000 7000 8000

Conjugate Cyclostationary detector Cg with cx=2fC

theC¢ detector. Figure 5 shows the detector values asa f

tion of the cyclic frequency. In this example, vedrieve the
above theoretical cyclic frequencies. It shows dhst the
conjugate cyclostationary detector with=2f; is the most
contrasted criteria. 0 1000 2000 3000 4000 5000 6000 7000 8000
The generated signal will have the following stanet Power Detector

s(t) = ka (t—KT,) +rfi (t) +n(t)
k

©)
Wherev(t) is defined by Eq. (7], is the pulsar periodifi(t)
is defined by Eq. (8), anult) is a complex Gaussian noise.
Let us also define the interference to noise ratio

0 1000 2000 3000 4000 5000 6000 7000 8000
time (us)

using the conjugate cyclostationary detector Timefrequenc
) representation of the pulsar signal generated éynthdel given b
Where,Py; and Phgise are the total power of respectively the Equ. 7 BW=4MHz, t5,,=938.0793 us and pulsar period is 2135

P.. . . . .
INRyg =10|Oglo[ rfi J (10) Figure 6 -Detection of impulsive or burst broadband RFI sigtg

noise

RFI and system noise. RSB= -1 dB) and 2 short BPSK RFI signals genenaiitl Equ.1C
In addition, we define the pulse signal to noigmras (duration=80us, fc=25 kHz, Td=0.5us, h(t) is roaised cosir
filter with roll-off equal to 1INR=3dB). b. the normalized conj

50 30 gate cyclostationary detector over time (N=256 dag)pc. Th

| | | |

| Ca | | | conjugate cyclostationary detector (N=256 sampl@sthe Powe
= | = b. s . ‘ ! detector (N=256 samples).
: = |
- B | SNRpg =10|oglo(—PP“'SeSJ (11)
% | S I:)noise

Where,Pyyisesis the total power of the Pulsar’s pulses.

% o1 o0z o3 o4 of 0 oz o4 os o8 1| The results, in figure 6, show that the cyclosteiy detec-

Cyclic frequency a (nomalised) Cyclic frequency o (normalised) tor detects only the bursts. While the power detecannot

Figure 5 —Cyclic frequency measurements on the simulated [ make the difference between bursts and Pulsarsepul
signal with the following parametefis0.3125.FsandTd=4/Fs (Fs<

is the sampling frequency). THRR s has been set to 5 dB. the

_ R _ _ The next step is to decide to eliminate the RRhair taking
cyclostationary detecto€s b. the conjugateyclostationar  into account the impact of this decision on theliguaf the

detector CZ. The conjugatecyclostationary detector w waveform of the pulsar, or other characteristicothinay be

a=2f. is the most contrasted criteria. distorted. See Figure 7.



Power of the de-dispersed signal (pulsar + RFT)
700} @ 8
S 600} 1
E 500 1
g 400 - 4
% 300+ 1
g 200 - B
£
= 100¢ B
o . il im |
0 1000 2000 3000 4000 5000 6000 7000 8004
Time (us)
Power of the signal de-dispersed (puslar + blanked RFI)

__ 700t —
S 600} (b) 1
§ 500 | g
g/ 400 b
g 300 b
§ 200 b
= 1001 B

(0] 1000 2000 3000 4000 5000 6000 7000 8000

Time (us)

Figure 7 — Blanking ofmpulsive or burst broadband RFI sig-
nals. b. Temporal power fluctuations over the whole bandu
without detection and blanking.. Temporal power fluctuatiol
over the whole bandwidth with detection and blagkifhe RF
signals have been removed. Since a part of thepubse energy
also blanked, the power level of thi& Bulse is modified.

Depending on where these detectors will be impleatkeim
the system, different type of RFI can be detecidtee pos-
sibilities have been identified on the system dechire de-
fined on Figure 2:

(A) at the input of the polyphase filter bank, jadter the
digitalisation. This configuration is appropriate fmpulsive
or burst broadband RFI. Figure 6 and Figure 7 shesisu-
lated example of detection and blanking in suchfigara-
tion. The power detector will detect pulsar pulsesl RFI
pulses. The conjugate cyclic detector will only e¢tthe
RFI.

(B) Just after the polyphase filter bank.

(C) Just after the FFT, in the coherent de-dispergiocess.
This configuration is appropriate for narrow bamai &on-
tinuous RFI.

5. CONCLUSIONS

In the context of pulsar observation, a processiritec-
ture based on 4 Graphic Processing Unit (GPU bdzad)
been presented. This system performs the realdoherent
de-dispersion process. It is now fully operatiomiaNancay
Observatory and it outperforms the performanceb@fre-
vious system based on a cluster of 77 bi-procestdon

1.2 GHz. The next step will be to integrate remietiRFI

detectors. By simulation, we have shown that csteliio-
nary detectors can be a very interesting altered@tvpower
detectors.
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