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* Development context : a brief historic introduction
* From CRT@Pittsburgh to Tianlai
* PAON : prototype for transit dish array interferometer

* IDROGEN : a new front-end electronic (digitiser / F-
engine) for interferometer arrays and Intensity Mapping

* White Rabbit clock synchronisation technology



= 2006 : Jeff Peterson (@Moriond) proposed to build large cylindrical radio-telescope to carry BAO
redshift survey using the 21cm line ...

+ 2007 : BAORadio project in France to carry R&D on electronics (digital) for CRT and large radio
arrays (LAL-CNRS/IN2P3, Irfu-CEA, Observatoire de Paris collaboration)

# 2007-2009 : development of some of components of the electronic system (digitisation/FFT board,
clock distribution ...) - Tests at Nancay on the NRT

# 2009-2010 : Tests on the CRT prototype at Pittsburgh - Site testing in Morocco (with Fermilab) -
Ifrane meeting in July 2009 ...

» 2011-2012 : FAN (Phased array prototype for the NRT), HICluster program with the NRT, contacts
with NAOC

# 2012-2014 : PAON project initiated . Tianlai project (NAOC), contributions to the instrument design

+ 2015-2016 : PAON4 deployed at Nangay, development of the new NEBuLA digitiser board (White
Rabbit, LAL & Obs. de Paris/Nangay) started - Developments later incorporated into the IDROGEN
board, part of the DAQGEN project

# 2017-2019 : Tianlai (data analysis), PAON4 data analysis , IDROGEN board development
# 2020 : deployment of IDROGEN boards on PAON4 (slightly delayed due to Covid-19)



! ire (ULE
I.@Vﬁ’%ﬂfe INSU 2 I
% Observer & comprend

0.

Observatoire de Paris

LAL - IN2P3/CNRS IRFU - CEA P. Colom
R. Ansari J].M. Martin
J.E. Campagne T. Cacaceres C. Magneville P. Abbon . Borsenb.erger
M. Moniez D. Charlet C Yoche E. Delagnes ]J. Pezzani
A.S. Torrento ~ B- Mansoux ] .Rich H. Deschamps F. Rigaud
D. Breton C. Pailler ].M Legoff C. Flouzat S. Torchinsky
C. Beigheder ~ M. Taurigna = $ P. Kestener C. Viou



] Peters_f’ KaBandura .

e a ‘F‘
. — ,-’ -
- -‘t‘ J.‘;.' f-‘.' ~;;: s ‘.

{ s o oy

"J.--

~

-
s

e —— S

ok -

YV.A.!

ST )

e

TBAER T
2 o
T =

:

Hoi A

bao_ac
> PA.;LLJJB/DQ’DC




| Site testing in Morocco - Jan 2009
(Dave Mc. Ginnis, FNAL - blue jacket)

électronique dans la gamme des fréquences autour du
GHz, utilisés par la téléphonie mobile, rendent ce projet
technologiquement réalisable.

Le CRT va explorer la nature de I'énergie noire avec une
sensibilité dix fois supérieure aux instruments actuels. Il
pourrait étre construit sur un site au Maroc, grace a un
partenariat entre I'université d'Al Akhawayn a Ifrane (Ma-
roc), I'université Carnegie-Mellon et Fermilab (Etats-Unis),
I'lrfu et le LAL (France). Le Maroc constitue un
excellent pays d'accueil pour ce projet car il

allie un bon niveau de développement
technologique et universitaire avec la

possibilité de disposer de régions

peu affectées par les bruits des ra-

Site testing in Morocco - Jan 2009

R M((,R[if meeting‘atlfrance, Morocco, June 2009
C. Magneville, C:Yeche, P. Abbon (Irfu-CEA) g
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HI-Cluster program at NR'1" and
PAON4

What did we learn from these programs ?



HICluster : search for HI signal from nearby clusters

+ Use of the NRT (Nangay large radio-telescope), ~ 7000 m”2, cryogenic receiver, equipped with the
BAORadio ADC board, to detect HI signals from galaxies in nearby clusters

+ QObservations carried from march 2011 to Jan. 2012, toward three clusters A85, A1205, A2440 z~0.06-0.09

e wiggles (3-4 MHz, about 30 m
cable) in the bandpass due to
standing wave in the cables

e Wiggles in the bandpass (500 kHz

~250 m) due to standing wave
between the reflector and the feed

Phase changes with time ...
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Noise/sensitivity (radiometer curve)
I-Cluster BAORadlo & NRT correlator

500 ;"§ """""" ; """""" ; """""" § """""" A CF{T NAPS Hnaly's;i's”_:
200 . BAOeIéc this. work __________ ] N o L Slgnal HI A85 / A1205
S S - - - - 3 . A85 signal + Sum[5 gaussians]
""""""""""""""""""""""""""""""""""""" = 6 ——— T T T T T
S L1 ]
0y 5 A L =
%f * ;_ l\ 2 _;
S b =
2 3 .
g O \ \ ! :
1 \ | [ ] E
o I I g il
-1 ;— I I 000“ H }
i ™
o1 [ T T T S S S 1 -:13344”II13I46”II13I48”II13I50IIII13I52””13I54” 13I56””1:‘;58
1e-05 0.0001 0.001 0.01 0.1 1 0 Freq (MHz)
t_int (s) * 1 . A1205 signal + Sum[9 gaussians]
Té 3 - Tt N ]
v 25F L1s :
b C ]
HICluster e
Q 15F Ly ’ ' "6 E
§ T | X
. & o5 I ' ‘
Enhanced sensitivity by a factor 5-10 ol Hll li | _
compared to standard NRT analysis 05 HH HT ! : | | Il | RE
1k fel |17 p
. - E_ ? Tl .o V I _E
Ansari et al. (2015) - Exp. Astronomy il | | \\ IIIIIIIIIIIIIII S E

-2 M r'y
aI‘XlV:1505:02623 1310 1312 1314 1316 1318 1’__:2623(MHZ) 1322 1324


https://arxiv.org/pdf/1505.02623.pdf

~IO0 M

>

SIS S S

<

St

G
S8
SEASS
AN

St

Q>

210y Intensity mapping dark energy survey instrument
concept - Dense interferometric array
8-12 cylindrical reflectors (CRT)
OR
100-400 parabolic 5-6 meter diameter dishes (RAID)
200-1000 receiver elements - Data flow : 0.1 - 1 TBytes/s
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PAON-4 (2014-...)/ NEBuLA-IDROGEN (2016-...)

* PAON : PAraboles a I’Observatoire de Nancgay

* PAON-4 : 4 x D=bm reflectors, dense array configuration, transit
observation mode

* Total surface ~ 75 m”2, 8 = 4 x 2 (pol) récepteurs , 36 visibilities ~ 2
GBytes/s maximum data flow

* 38 S < Elevation <15 N — 10 < d < 60 at Nancay
+ 250 MHz band , 1250-1450 MHz
* Reconstructed map resolution ~ 1 deg @ 1400 MHz

* Aims: RFI cleaning , Tsys and antennae correlation, test of calibration
and 3D transit mode map making

* Sensitivity level ~50 mK (/ 1deg”2 x 1 MHz pixels) over ~ 5000 deg”2

* NEBuLA /IDROGEN : Numériseur a Bande Large pour I’ Astronomie -
New generation digitiser board that could be deployed close to the
antennae, over ~ km sized area ...



PAON-4 @ Nancay
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4 x 5m dishes, in compact transit interferometer configuration

L-band (~ 1250-1500 MHz — 1275 - 1475 MHz)






PAON4

Synchrotron map @ 400 MHz - Eq. Coordinates (ra,dec)
PAON4 accessible sky region
38 S < Elevation< 15N —10< d<60 at Nangay

PAON4 reconstructed sky map, early 2015
(Q. Huang, PhD 2019)
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Perturbations due to a bird ...
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Nightly perturbations on one antenna (Winter/Spring 2017) -> bird in the feed !

Observations : summer/Fall 2018 , 1250 - 1500 Mhz
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PAON4 : some results from 2018-2019 observations/analysis (I)
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R. Ansari et al, MNRAS 2020 , arXiv:1910.07956


https://arxiv.org/abs/1910.07956

visibility (AU)

PAON4 : some results from 2018-2019 observations/analysis (II)
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CasA transits (top) , 3C196 (bottom) - PAON4 observations (different declinations) - compared with expected signals
O. Perdereau, J.E. Campagne

R. Ansari et al, MNRAS 2020 , arXiv:1910.07956


https://arxiv.org/abs/1910.07956
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PAON4: driftscan of CygA average of all dishes
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Satellite tracks : observed , expected ->
phase and geometry calibration

B01 Galileo 41859 1H2H CrossCorr Predicted Satellite
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PAON4 calibration using

GPS/Galileo satellites

Using Galileo/GPS/Beidou
satellite tracks , we were able to
compute phase calibration, adjust
the geometry (using tracks when
observing at different declinations,
over several months)
phase stability within +/- 3 deg
after correcting for geometry

Phase Phi-12 = f(ZenithAngle)

Phase_12 = 152.1 deg.
DeltaZ_12=5.5cm
DeltaY_12=1.4cm

0
Zenith Angle (deg)

R. Ansari et al, MNRAS 2020 , arXiv:1910.07956


https://arxiv.org/abs/1910.07956

NEBulA / IDROGEN

* Gain drifts with temperature

+ wiggles in the band-pass due to standing waves (cables ...) - seen also with HICluster

See also Tianlai standing wave paper, Jixia Li et al RAA (2020) arXiv:2007.11129

O ! ! ! ! !
fIB 'PAON2 left: band pass V4
O e s SR B 1 wiggles, observed o
” | | on PAONZ2, (2014)
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« Development of a new digitiser board, to be placed as close as possible to the feed
* Shorten cable length, simplify the analog electronics (drop the LO,mixer-frequency shifter)
* Program NEBuLA initiated in 2014 /2015, later became IDROGEN


https://arxiv.org/abs/2007.11129

From NEBuLA to DAQGEN/IDROGEN

212 D. Charlet (LAL) , C. Viou (Nancay) ?S%?E{@m

e Direct sampling after the LNA + filters (no

mixer)

e Up to 500 MHz bandwidth

e designed to be put near the antennae

e optical data output & control / synchronisation

* White Rabbit technology for clock
synchronisation through (optical) ethernet

* board configuration through the optical
ethernet link

* data (waveform or frequency components)
transferred through optical links (10G
ethernet), possibly higher rates in the future

FERHER ((l.lpl' }‘(n’,btin_q"

NEBuLA board (v1) in 2016/2017
clock system, ADC, microcontroler,
White-Rabbit, xTCA interface tested OK

NEBuLA-v2 as the IDROGEN board within the
IN2P3 - DAQGEN project. new FPGA,
ADC as a mezzanine board

IDROGEN board developed by LAL & Nangay



White Rabbit clock synchronisation

(iERN The White Rabbit Project ,._,(
NS

https://white-rabbit.web.cern.ch

* sub-nanosecond accuracy and picoseconds precision of synchronization
# connecting thousands of nodes

+ typical distances of 10 km between network elements

+ Gigabit rate of data transfer

« fully open hardware, firmware and software

« commercial availability from many vendors

Lipinski et al (2011) https://white-rabbit.web.cern.ch/documents/index.html
White Rabbit: a PTP Application for Robust Sub-nanosecond Synchronization

Rizzi et al (2015) https://white-rabbit.web.cern.ch/documents/index.html

Enhanced synchronization accuracy in IEEE1588


https://white-rabbit.web.cern.ch
https://arxiv.org/abs/1910.07956
https://white-rabbit.web.cern.ch/documents/index.html
https://white-rabbit.web.cern.ch/documents/White_Rabbit-a_PTP_application_for_robust_sub-nanosecond_synchronization.pdf
https://white-rabbit.web.cern.ch/documents/index.html
https://white-rabbit.web.cern.ch/documents/White_Rabbit-a_PTP_application_for_robust_sub-nanosecond_synchronization.pdf
https://white-rabbit.web.cern.ch/documents/Enhanced_Synchronization_Accuracy_in_IEEE1588.pdf

IDROGEN : clock stability
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® Derived from Nebula board
® White rabbit module
® Power supply tree

First version of the IDROGEN
board (v1) in 2017/2018

dataGT\site_0_ch_B_Time_Interval_24-11-2017_12.11.11.346.txt
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® In collaboration with SYRTE
® Observatoire de Paris
® Time-Frequency laboratory

® 400 fs after 1000 s and 1 km fibre



IDROGEN status (Aug. 2020)
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Mezzanine ADC board designed anc
fabricated (2020), will be tested in fal
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B IDROGEN board (v2) with

pERe |2

R S Nt e e J commercial ADC
I g (mezzanine) board -2019

RF tight boxes/housing made for PAON4

« A
-

b
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» IDROGEN board v3 (v2.b) being produced for
PAON4 and other users (IN2P3 labs)

+ Firmware development continues

» IDROGEN softwares : acquisition and slow control
(M. Taurigna, C. Cheikali)

» Expect deployment on PAON4 at the end of 2020

A new version of the board, smaller size could be

designed and produced by removing X TCA interface For technical details, see D. Charlet & C. Viou
presentation at the 2019 Orsay workshop

*


https://indico.ijclab.in2p3.fr/event/5761/contributions/18831/attachments/14540/17962/20191022_21cmCosmologyWorkshop2019_IDROGEN_C.Viou.pdf




PAON4 : some results from 2018-2019 observations/analysis (II)
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R. Ansari et al, MNRAS 2020 , arXiv:1910.07956


https://arxiv.org/abs/1910.07956
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PAON4 : some results from 2018-2019 observations/analysis (III)

PAON4 : Using satellites (GPS, Galileo ...) for phase & geometry determination
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