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The Low-Frequency Radiotelescope NenuFAR

● La radioastronomie
● Synthèse de faisceaux
● Analyse spectrale
● Dédispersion
● Imagerie par interférométrie
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Les fenêtres de l'atmosphère
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Sources observées à Naņay
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● Émission thermique (continuum)

● Émission non-thermique

– Raies spectrales

– Rayonnement synchrotron (continuum)

– Rayonnement “Bremßtrahlung”  (continuum)

● Absorption de raies spectrales

Étoiles (dont le Soleil)
Planètes
Comètes
Pulsars
Nuages de gaz
Galaxies
Quasars
Mégamasers
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Onde 

électromagnétique

Signal observé :

 s(t)=usys(t)+usource(t)

Radiotélescope décimétrique de Nançay (1–3 GHz)

Domaine radio : 

3 kHz à 300 GHz

(Localement) 

Stationnaire

Gaussien

Le signal utile
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D

● Grande surface collectrice
→ sensibilité 

● Grande extension
→ résolution spatiale  

Par User:Denys (fr) — Travail personnel, CC BY 3.0, https://commons.wikimedia.org/w/index.php?curid=3839904
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NenuFAR-Radio-Imageur
ANR «NRI» 2017-2019
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The Low-Frequency Radiotelescope NenuFAR

On-field computing facilities
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The Low-Frequency Radiotelescope NenuFAR

Compact core (400 m) : 96 MA x 2 polar. Distant MA (≤3 km) : 6 MA x 2 polar.

antenna beam

MA beam (analog-phased) : 8°-64°

•Digitization

•Channelization

• Beamforming

LaNewBa

•Channelization

•Correlation

•Calibration + Imaging

NenuFAR Correlator

UnDySPuTeD : pulsar

•Coherent dedispersion

•Folding / Integration

•Digitization
•Channelization

NenuFAR Standalone Radio Imager

NenuFAR Standalone Beamformer

LOFAR Super Station

analog   signals analog   signals

SETI Machine

analog     signals

Backends

•Digitization

•Channelization

•Beamforming

•Correlation

•Calibration + Imaging

LOFAR FR606 backend

UnDySPuTeD : 

dynamic spectra

•Channelization

•Integration
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The Low-Frequency Radiotelescope NenuFAR

● Numérisation

– (96*2)x 200 MEch/s - 14 bits ADCs (~400 Mo/s/chan)

– 45 Go/s aujourd’hui, 77 Go/s pour l’instrument complet, 24/7

– Synchronisation meilleure que 0.1 ns

● Traitement du signal implémenté en FPGA (1.3 TMAC distribués sur 24 cartes de calcul)

– 512 x 0.195 kHz subbands : 16-taps PFB + 1k-FFT (614+192 GMAC/s)

– Formation de faisceau
● Sélection des sous-bandes à phaser
● Phasage par rotation de phase
● Sommation dans un anneau (14 Gb/s, 58 GMAC/s)
● Export par 10GbE (2x 4.8 Gb/s)

– Mesure de déphasage par corrélation (calibration)
● Échange de données dans un l’anneau  (18 Gb/s)
● MAC au sein de chaque cartes (90 Mo/s x 2.2 Go/s)
● 461 GMAC/s

– Calcul de statistiques sur les flux haut-débits

● 1 baie, 1500 W

LANewBa



 

16

The Low-Frequency Radiotelescope NenuFAR

... x 96 ...

2 beams full-band (~10-85 MHz), full-polar.

Cross-correlations (GPU cluster)

... x 24 ...

RF     ADC

FPGA

Mem

RF     ADC

Config

Clk, sync

2x 40Gbps

2x 10GbE

1GbE

x8

imaging
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Compact core (400 m) : 96 MA x 2 polar. Distant MA (≤3 km) : 6 MA x 2 polar.

antenna beam

MA beam (analog-phased) : 8°-64°

•Digitization

•Channelization

• Beamforming

LaNewBa

•Channelization

•Correlation

•Calibration + Imaging

NenuFAR Correlator

UnDySPuTeD : pulsar

•Coherent dedispersion

•Folding / Integration

•Digitization
•Channelization

NenuFAR Standalone Beamformer

LOFAR Super Station

analog   signals analog   signals

SETI Machine

analog     signals

Backends

•Digitization

•Channelization

•Beamforming

•Correlation

•Calibration + Imaging

LOFAR FR606 backend

UnDySPuTeD : 

dynamic spectra

•Channelization

•Integration

Broadcast on VLANs

NenuFAR Standalone Radio Imager
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The Low-Frequency Radiotelescope NenuFAR

● Beamlets broadcasted to multiple listeners on VLANs
● 2x Serveurs :

– 2x Intel Xeon E5-2620v4 8cores

– 32GB DDR4

– 2x GPU Nvidia GTX 1080

● Dynamic Spectra (under construction)
– Traitera 1 à 2 flux de 4.8 Gb/s, B=195 kHz, dt = 5.12 µs

– FFT + <|xi.xj|²> pour produire les 4 Stokes, en continu, en temps 
réel

● Bmin = 762 Hz, dtmin = 1 ms

● Bmax = 195 kHz, dtmax = 1 s

– Flux à traiter : 300-600 Mo/s (int8-int16) → 1.2 Go/s (float32)

– Calcul FFT : ~ 2 GFLOPS

UnDySPuTeD
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The Low-Frequency Radiotelescope NenuFAR

Commissioning, Calibration
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The Low-Frequency Radiotelescope NenuFAR

Commissioning, Calibration
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L’observation des Pulsars

● Pulsar : résidu d’étoile massive, dense, en 
rotation (T=1 ms – 1s) stable

● Signal impulsif déformé (dispersé) par le 
milieu interstellaire (e-)

● Faible intensité

● Correction avant intégration fréquentielle
 => Dédispertion

● Intégration temporelle (folding)

● Chronométrie pulsar

– Validation de modèles physiques

– Détection d’ondes gravitationnelles

– Étude du milieu interstellaire

From the Handbook of Pulsar Astronomy, by Lorimer & Kramer
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La dispersion et sa correction

● Retard chromatique à compenser :

● Convolution plus facile à appliquer dans le 
domaine spectral 

H (ν+ν0)=exp(i2π D ν2

ν0

2(ν+ν0)
)

x [n]
X [k ]=TF (x [n])

X dedis[k ]=X [k ] . H [k ]−1

xdedis [n]=TF
−1(X dedis[k ])

https://arxiv.org/abs/1008.3973
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Implémentation de la dédispersion : LUPPI

● net_thread
● copies data from UDP ip on the irst ring bufer

● GPU_thread
● load data from the circular bufer to the GPU
● coherent dedispersion for all channels
● channelization (in construction)
● Folding to the period of the pulsar (if required)
● downsampling in time (if required)
● copies output data on the second ring bufer

● psrits_thread
● copies data on the raid

ring
buf

ring
buf

ring
buf

1

1

2

ring
buf

2



  

The Low-Frequency Radiotelescope NenuFAR

Contraintes

● Flux d’entrée continu (300-600 Mo/s) pendant plusieurs heures

– Optimisation pour limiter les paquets réseaux perdus

● À basse fréquence, la dispersion est plus prononcée => besoin 
de traiter de long segments de données

– Taille de FFT : 2M à 16M points 

– Besoin de stocker 256 H(k) de qques 106 points

– ~25 % d’occupation du GPU

● Fonctionnement en production

– Temps de disponibilité du système
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The Low-Frequency Radiotelescope NenuFAR

Commissioning, Calibration

FR606 + 15 MR

Milli-sec pulsar

Single pulse detections
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The Low-Frequency Radiotelescope NenuFAR

Compact core (400 m) : 96 MA x 2 polar. Distant MA (≤3 km) : 6 MA x 2 polar.

antenna beam

MA beam (analog-phased) : 8°-64°

•Digitization

•Channelization

• Beamforming

LaNewBa

•Channelization

•Correlation

•Calibration + Imaging

NenuFAR Correlator

UnDySPuTeD : pulsar

•Coherent dedispersion

•Folding / Integration

•Digitization

•Channelization

NenuFAR Standalone Radio Imager

NenuFAR Standalone Beamformer

LOFAR Super Station

analog   signals analog   signals

SETI Machine

analog     signals

Backends

•Digitization

•Channelization

•Beamforming

•Correlation

•Calibration + Imaging

LOFAR FR606 backend

UnDySPuTeD : 

dynamic spectra

•Channelization

•Integration
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NenuFAR-Radio-Imageur
ANR «NRI» 2017-2019
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The Low-Frequency Radiotelescope NenuFAR

Interférométrie radio pour l’imagerie

I (l ,m)=∬V (u , v )ei2π(u l+v m)
dudv

v 2exp (−i2 πν τg) v1

V =⟨ v1v2 exp(−i2 πν τg)⟩=|v1 v2|exp(i2 π ν τg)

Transformée de Fourier-2D inverse

● N antennes → N(N+1)/2 visibilités
● Ex : 96 MRs polarisés → 18528 visibilités

● Chaque visibilité coûte 4 B
Hz

 MAC/s (ou FLOPS)

● 96 MRs dans 75 MHz  → 5 TFLOPS
● Stabilité instrumentale
● Transposition Antennes VS Bande coûteuse
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The Low-Frequency Radiotelescope NenuFAR

● Remote Digitization

– WhiteRabbit network

● Sub-ns iber-based timing distribution (next IEEE 1588)

● PPS and 10 MHz refclock regenerated on-site

– 10GbE streams of beamlets towards the correlator

– On-ield constraints (cooling, RFI shielding, …)

● Correlator

– LOFAR-COBALT(1-2) based

– 96 (+6) antenna ields, 384 subbands (75 MHz)

● 240-480 Gb/s

● 64 sub-channellization

● 0.25 s - 1 s dump time

– Requires some computing power (5 TFLOPS)

– But:

● easier data distribution (latency controlled local network)

● FPGAs could held transposing [antenna, ssb] with a switch (32x 40-100GbE)

NRI

Mean < 0.150 ns
Sdev < 25 ps

Master PPS

Slave0 PPSSlave0 PPS

Slave1 PPS
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Réseau Haut débit

HPAPB
0

HPAPB
23

..
.

5Gbps over SFP+ AOC

5Gbps over SFP+ AOC

x24

MR
0

Shelter
x6

Server
1

Server
n

...

Server
1

Server
n

...

n

n

QSFP+ DAC

QSFP+ DAC

400 m
to

4 km

1-3 m

1-3 m

6 ≤ n ≤ 8

1.25Gbps + 1.25Gbps on SFP+ LR fiber 

  

  

    

4xSFP+
to

QSFP+

4xSFP+
to

QSFP+

MR
1

MR
2

MR
3

MR
4

MR
5
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Interferometer
NenuFAR-40MR

Instantaneous
UV coverage

29/03/2018 9h10 TU

PSF @ 85 MHz
23' x 41'

First Sky-map (uncalibrated)

Cas A

Cyg A

Calibration on-going …
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The Low-Frequency Radiotelescope NenuFAR

● Gui:

– Monitoring

– Observation settings and submission

– Fault detection

– Maintenance

● Real-time command, monitoring and recording
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● Gui:

– Monitoring

– Observation settings and submission

– Fault detection

– Maintenance

● Real-time command, monitoring and recording
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● Gui:

– Monitoring

– Observation settings and submission

– Fault detection

– Maintenance

● Real-time command, monitoring and recording
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● Gui:

– Monitoring

– Observation settings and submission

– Fault detection

– Maintenance

● Real-time command, monitoring and recording
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The Low-Frequency Radiotelescope NenuFAR

LOFAR 

FR606

Up and running (52 MR,                          988 Ant.)

Funding secured, TBB in 2019 (+16 = 72 MR, 1368 Ant.)

To Be Built this summer (+4 = 56 MR,  1064 Ant.)

Funding secured, TBB in 2019 (6 MRD)

No funding yet…                                    1938 Ant.

Deployment progression
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The Low-Frequency Radiotelescope NenuFAR

Cosmic Dawn, exoplanets/stars, pulsars, transients (GW, FRB...), galaxies, ISM, Heliosphere, ...

CMB

Dark
Ages

First sources
(stars ?)

réionisat
ion

First 
Galaxies

(cosmic dawn)

NenuFAR

[Koopmans et al. 2015 ; 
Semelin et al., 2015]

[Bowman et al. ,
Nature 2018]

[Zarka et al. 2015 ; Greißmeier 2018 ;  Hallinan et al. 2007]

What Science with NenuFAR ?
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Questions ?
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