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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 Nançay 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 Nançay, development of the new NEBuLA digitiser board (White 
Rabbit, LAL & Obs. de Paris/Nançay) 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) 
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CRT  (CMU, Pittsburgh)
J. Peterson, K. Bandura …

BAORadio @ CRT-Pittsburgh - 
Nov 2009

Optical digital outputs (2) Input analog channels (4)

USB port

Control FPGA (Cyclone)

ADC + Stratix bloc ADC + Stratix bloc

23

BAORadio ADC board- 2008



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

Site testing in Morocco - Jan 2009 
C. Magneville, C. Yèche, P. Abbon (Irfu-CEA)

CRT meeting at Ifrance, Morocco, June 2009
Jim Rich, Jeff. Peterson 



Fengquan WU

Peter Timbie

Xuelei Chen - Tianlai site, Sep 2015

Visiting electronic and antenna factories in China, Tianlai project meeting,  Feb. 2012

A. Stebbins, Sep 2015



HI-Cluster program at NRT and 
PAON4 

What did we learn from these programs ?



HICluster : search for HI signal from nearby clusters 
❖ Use of the NRT (Nançay large radio-telescope), ~ 7000 m^2, cryogenic receiver, equipped with the 

BAORadio ADC board, to detect HI signals from galaxies in nearby clusters

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

Fig. 4. Left panels: cumulated On/Off f ilt (cyan) and Off/Off f ilt (blue) for po-
larization p0, segmented into two periods of 99 cycles from the observations of
Abell1205. Clear modulations of the spectra are visible with a frequency of the
order of 3-4 MHz. Right panels: a zoom of the left panels clearly shows 500 kHz
modulation. Notice that between the two right panels the modulation phase has
changed by p/2

Fig. 5. Distributions of the difference of power (ON-OFF)
integrated in the frequency band [1420.2,1420.6]MHz (ar-
bitrary unit) around the Milky Way HI line for one polar-
ization (polar. 0) given by the BAORadio system. The blue
dots are obtained with no calibration applied while the red
dots show the effect of the DAB calibration applied for
each cycle (ON, OFF). The use of the DAB calibration in-
creases the sigma of the ON-OFF by a factor approxima-
tively 2.5

3C161 source for the (a) h(On�Off)/Offfilti spectra and the Milky Way 1420 MHz line for (b) hOn/gOn,Offi. The calibration
procedure is described in next section.

We obtain fully compatible final spectra, using the two methods (a), (b) described above to determine frequency response and
compute radiometric calibration coefficients. This will be discussed further in Sec. 4.

3.2. Residual modulations in the final spectra

We observe residual structures in the ON-source or OFF-source spectra, independent of the processing method used (a) or (b). As
shown in Fig. 4 we have observed two regimes of modulation of the spectra. The first one, with a particularly unexpected large
amplitude of & 100 mJy, has a modulation period in frequency of about 3�4MHz. It is attributed to standing waves in the ' 25 m-
long cables connecting NRT front-end electronics and the BAORadio analog chain, combined with a slight impedance mismatch in
the BAORadio analog electronic input stage. The second one, smaller in amplitude with ' 500kHz period structures in frequency,
(see zoom in Fig. 4) is attributed to the standing waves between the large spherical mirror and the horn, located ' 280 m north
of the spherical mirror. Notice that this last modulation had suffered from a sudden p/2 phase shift during a period of cycles.
Unfortunately both kind of modulations not only are non uniform on the total 250 MHz bandwidth but also are time varying.
Different kind of filtering have been tried to analyze the ON or OFF spectra alone without any success and it is the reason why
we have used (ON-OFF) spectra which reduce considerably these modulations as one can appreciate looking at cyan versus blue
spectra in Fig. 4.

3.3. Radiometric calibration

The standard procedure provided by the NRT for calibration is based on the use of noise diodes (DAB) signal injected at the horn
level. Initially, we followed the NRT procedure for relative calibration using the DAB signals, but we have shown that this method
induces additional instabilities, leading to a significant increase of the final signal fluctuations or noise level. Figure 5 shows the
increase of fluctuations where DAB signal is used for relative cycle/cycle signal level calibration. The same effect is observed for
the NRT ACRT signal and discussed in appendix B.4. We have found that the NRT and BAORadio chains are quite stable, even
over durations of a few months, and we have only used the radiometric sources and the Milky Way HI line to determine the absolute
calibration.

3.3.1. Radiometric calibration using 3C161

The radio-continuum source 3C161 has been observed in drift scan mode. During the entire observation time, we have registered
several 3C161 transits with both polarizations. The average of the different transits is shown in Fig. 6.

We have derived the absolute radiometric calibration coefficient Ca for the average spectra
h(On�Off)/Offfilti by comparing the peak value of 3C161 transit, after baseline subtraction, averaged over the 2 polarizations, to
the published emission intensity measurement for 3C161 (Ott et al. 1994; Baars et al. 1977) of 18.58±0.09 Jy for the continuum
flux collected by a circularly-polarized total power receiver centered at 1408 MHz, with a 20 MHz bandwidth ([1398, 1418] MHz).
The quoted error is a systematic error reflecting the 3% difference between the two referenced measurements. It yields

Ca = 22.6±0.6Jy/r.a.u
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35 MHz 5 MHz (zoom)
• wiggles (3-4 MHz , about 30 m 
cable) in the bandpass due to 
standing wave in the cables

• 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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Table 3. Calibration coe�cients used to normalize the power spectra registered for both analysis pipelines and the three Abell clusters and the
3C161 calibrator source.

Source ⌫obs (MHz) ACRT Coe↵. [Jy/r.a.u] BAOelec Coe↵. [Jy/r.a.u]
Abell 85 1346.3 27.3 ± 0.8 11.6 ± 0.3

Abell 1205 1320.8 27.6 ± 0.8 11.8 ± 0.3
Abell 2440 1302.4 27.9 ± 0.8 11.9 ± 0.3

3C161 1408.0 26.4 ± 0.8 11.3 ± 0.3

Fig. 14. Radiometer curve obtained with ACRT and BAOelec data for
the three clusters. For BAOelec we have processed part of the data down
to integration times of 16.7 ms, and the whole dataset at 8.4 s. We
can distinguish the results for Abell 1205 (blue), Abell 85 (green) and
Abell 2440 (purple). The blue solid line represents the expected curve
for a system a↵ected only by white noise. For ACRT data analyzed with
our own pipeline the integration time is fixed to 1 s (one ACRT integra-
tion). The ACRT results are presented for Abell 1205 (red), Abell 85
(brown) and Abell 2440 (orange). The red line represents the curve ob-
tained for all clusters with ACRT data analyzed with standard NAPS
pipeline (ie. Figure 1-top), where the integration time is 40 s (one ACRT
acquisition cycle).

ACRT curve for greater integration time. One possible origin of
the "‘1 sec"’ trend change is the noise generated by the 1 sec
duty cycle of the cryogenic cooling system for the low noise am-
plifier in the chariot. A sigma of 2 mJy has been reached after
1,000 sec. Notice that in case one could remove this spurious
noise, this sigma level would be reached after 150 sec.

The results obtained with BAOelec system for the three clus-
ters so in three di↵erent frequency band suggest that BAOelec
system and analysis pipeline is robust over a large frequency do-
main.

It is worth pointing out that the standard procedure to process
ACRT data, in case of known line search, is to make a polyno-
mial baseline fit on (ON-OFF)/OFF spectra, which allows sup-
pressing the global o↵set due to gain variations and the oscilla-
tion residuals in the spectrum before calculating the sigma. Of
course, the line which is searched for in the spectrum is masked
to protect it from suppression, hence it is necessary to know pre-
cisely both its frequency and width.

In the analysis presented here we do not have precise infor-
mation about the HI signals we are searching for in the clusters.
In the HI intensity mapping this would be even more true as in-

dividual galaxy emission does not hold. Thus we cannot apply
the baseline fit procedure.

5.2. HI signal search

6. Conclusions

We have investigated the capabilities of the BAOelec system
nearly fully digital, based around on a FPGA based ADC board
with optical link to a PC housed inside the NRT chariot (BAO-
elec). During 1 year, we have surveyed the [1250, 1500]MHz
frequency band both by the standard correlator pipeline although
operated for blind line search, and the new pipeline. The RFI
problem has been detailed and the fine time sampling o↵ered by
the full digitization at 500 MHz with repetition rate of 8 kHz
allows for application of median filtering turns out to be very
e�cient even in the non protect band. The stability of the new
system is also very good and far better than the standard correla-
tor which su↵er from the analog signal transportation over 150 m
cables from the chariot to the correlator building. The radiometer
curves for both systems and the three frequency bands centered
on the HI clusters have been presented. After 1000 sec of inte-
gration the BAOelec system has reached a sensitivity of 2 mJy
while the standard correlator saturate around 20 mJy. With BAO-
elec we have investigated integration times below 1 sec which is
the minimal duration of an integration with the standard corre-
lator. It turns out that below this threshold a pure white noise
behavior is recovered which tends to prove that there is an addi-
tional noise with a 1 sec time scale. Possibly the source can be
the cryogenic cooling system of the low noise amplifier.

This quite long campaign of observations has shown that the
BAOelec system is quite e↵ective. This complete measurements
done on electronic test bench and also observation of bright
sources with a prototype of cylinder array at Pittsburgh Univ.
were 2 x 32 dipoles were connected in correlations and with the
FAN antenna array at the NRT (Deschamps et al. 2012). The
concept of "digitization as close as possible to the LNA" is be-
ing discussed for the TianLai undergoing project (?).
Acknowledgements. The observations at Nançay would not have been possible
with-out the help and support of the operators and of the technical sta↵ of the ra-
dio telescope. The Nançay Radio Observatory is the Unité scientifique de Nançay
of the Observatoire de Paris, associated as Unité de service et de recherche (USR)
No. B704 to the French Centre national de la recherche scientifique (CNRS). The
Nançay Observatory also grate- fully acknowledges the financial support of the
Conseil régional of the Région Centre in France.
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21cm 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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R. Ansari - Sep 2011
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✤ PAON : PAraboles à l’Observatoire de Nançay 
✤ PAON-4 : 4 × D=5m 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 < δ < 60 at Nançay
✤ 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 à Bande Large pour l’Astronomie - 

New generation digitiser board that could be deployed close to the 
antennae, over ~ km sized area …

PAON-4 (2014-…)/ NEBuLA-IDROGEN (2016-…)

( paon → peacock )



PAON-4 (PI: J.E. Campagne, J.M. Martin) -  Technical projet leaders: 
F. Rigaud (Mechanics) - D. Charlet (Electronic, Computing, Commissioning)

PAON-4  @ Nançay 

4 x 5m dishes, in compact transit interferometer configuration 
L-band (~ 1250-1500 MHz → 1275 - 1475 MHz)

Data analysis leader : O. Perdereau 
Project manager : D. Charlet
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PAON-4 building: the team …
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PAON4
Synchrotron map @ 400 MHz - Eq. Coordinates (ra,dec)

PAON4 accessible sky region 
38 S < Elevation < 15 N   → 10 <  ! < 60  at Nançay

T=5 K T=60 K

Final&maps�

Cygnus&A�

@1420.4MHz�

@1450MHz�

21mc&emission&from&the&Galacgc&plane�

CygA24h11mai15&is&one&day&24&hours&observaIon,&we&just&&
have&one&transiIon.&Hower,&we&can&add&and&special&phase&&
to&the&visibiliIes&to&simulate&the&case&that&turnning&the&&
antennas&to&other&declinaIons&and&observate.�

Simulated reconstructed map (J. Zhang, PhD 2016) PAON4 reconstructed sky map, early 2015
 (Q. Huang, PhD 2019)



PAON4 : Perturbations due to a bird …

Observations : summer/Fall 2018 , 1250 - 1500 Mhz 

Observations juillet 7! maintenant

29/11/18 8 / 8

Nightly perturbations on one antenna (Winter/Spring 2017) -> bird in the feed ! 
time

Freq The strange case of the antenna no 4

⇠ 80% of integrations were perturbed
only one antenna affected
⇠ 80% of perturbation on antenna no 4
timing correlated with dawns and sunsets
several direct ¨observations¨ failed
until may 2018 ...

21cm IM 21/11/19 14 / 28



“Typical” time-frequency map (auto)

trend : gain variation
with Temperature
corrected for using dedi-
cated (or blind) channel
) long term stability
down to ⇠ ±3� 5%

SATELLITES 

CygA (+Gal.)

RFIs ?

21 cm

Temps (heures)
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Signal
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Typical auto-correlation time-frequency map (water-fall 
plots) over ~24 hours - Gain variation with Temperature 
corrected for using dedicated (or blind) channel - we 
achieve currently stability  ±3 − 5% 

PAON4 : some results from 2018-2019 observations/analysis (I)
Cross-correlation time-frequency map (real
part)

  

Cyg A 
Satellite

fringe rate, phase difference between the 2 channels

�� result from instrument e.g. cable lengths, geometry & source position/motion

21cm IM 21/11/19 12 / 28

Typical cross-correlation time-frequency map over ~24 hours - 

8 R. Ansari et al.

Figure 7. PAON4 acquisitions in summer and fall of 2018, in the (RA,dec) sphere with equatorial projection. Each acquisition is
represented by an horizontal line, blue or red for the two halves (see text). The position of bright sources from NVSS (with the addition
of Perseus A) is shown by open circles. The diameter of the circle represents the source brightness. The underlying image is a projection
of the Haslam 408 MHz synchrotron map, prior to source subtraction, as retrieved from the LAMBDA archive

Figure 8. Top row: Examples of time frequency maps, in normalized units (NAU) obtained from processing PAON4 visibility data
(after gain correction). Time (UT) is along the horizontal axis, spanning about 24 hours, starting from 0h UT on the starting day
(Oct. 13th in this example). The vertical axis corresponds to frequency, varying from 1250 MHz to 1500 MHz, from top to bottom. The
autocorrelation signal 1H is shown on the left, while the cross correlation signal 1H⇥ 3H is shown on the right. The transit of Cyg A can
be seen at about 18h30 UT followed by bright galactic emission. Several satellite transits are also clearly visible, including one just before
the Cyg A transit. Residual RFI and time variation of the stationary wave pattern in g(⌫) before Cyg A transit in the autocorrelation
map are also visible. Bottom row: zoom of the autocorrelation of the 1H channel arround the 21 cm frequency.

right ascension coverage, through a set of 24 hour constant
declination scans. In fall 2016, we carried three mini sur-
veys, observing declination ranges around the Cygnus A and
Cassiopeia A bright radio sources with the FFT firmware.
Details can be found in Table 2 and a more in-depth anal-
ysis can be found in (Huang 2019). As mentioned above,
observations from beginning 2017 until mid 2018 were mo-
tivated by the necessity to identify the source of perturba-
tions. We started the first extended PAON4 survey in July

2018, covering about 20 degrees in declination, between the
declinations of Cas A and Cyg A. More than forty 24-hour
constant declination scans with 0.5 degree step were done
from July to December 2018. The observations were split
into two interleaved independent sets, labelled Scan 2018 A
and Scan 2018 B. In each set, scans are separated by 1 de-
gree step and the scans in B are shifted by 0.5 degrees with
respect to the corresponding A scan. The scan pattern for
Scan 2018 (A & B) data sets is shown in Figure 7. A num-

MNRAS 000, 1–17 (2020)

Galactic 21cm signal - zoom in frequency 

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

https://arxiv.org/abs/1910.07956


CasA transits (top) , 3C196 (bottom) - PAON4 observations (different declinations) - compared with expected signals
 O. Perdereau, J.E. Campagne 

PAON4 : some results from 2018-2019 observations/analysis (II)

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

16 R. Ansari et al.

Figure 15. Comparisons of observed and expected (with a simplified model, see text) visibility variations with right ascension for
scans near Cas A (top) and 3C196 (bottom) declinations, from the Scan 2018 A and B data, for the 1H-2H (left) and 2H-3H (right)
cross-correlations. Each color corresponds to a di↵erent date, and the expected visibilities are shown in cyan.

the need for frequency shifting, and transmitting the digital
streams over optical fibres all the way to the computer clus-
ter a few hundred meters away. The deployment of IDRO-
GEN boards on PAON4 is foreseen in spring 2020, after more
in-depth characterisation of PAON4 in its present configura-
tion. A reduction of the amplitude of the temperature depen-
dent gain variations is also expected because the analogue
chain is simplified and does not have the downconversion
stage. It also has improved passive cooling.

Upgrades of the acquisition system hardware and soft-
ware are also planned with the deployment of IDROGEN
boards and should enable PAON4 to reach ⇠ 25% to 30%
on-sky time which is a significant improvement compared to
the current performance of . 10% (see Section 3). In par-
ticular, GPU support will be added to the TAcq package
for the correlation computing software processor and also to
the FFT processor to increase the system throughput. First
tests will be performed in the current operation mode of
PAON4. At a later stage, the new digitiser boards will be
operated and qualified in the FFT mode. After those tests,
we expect to release a stable version of the TAcq software,
with full support for IDROGEN boards.

8 CONCLUSIONS

A densely packed dish array interferometer is a cost e↵ec-
tive option to build radio instruments to survey large sky
areas in L-band. We have built and operated the PAON4
dish array transit interferometer under very tight budget
constraints. Preliminary results indicate that this type of
instrument together with its associated observing strategy
are e↵ective both in terms of scientific analysis and cost ef-
fectiveness. The study presented here will progress further
to longer integration times in order to demonstrate that the
expected sensitivities at the few mK level can be achieved.

In-depth studies with more data and PAON4 maps will be
published in the coming year. PAON4 does not have redun-
dant baselines, and the additional possibilities o↵ered by the
combination of nearly identical baselines will be explored
with larger instruments. Such studies are being pursued in
parallel with the Tianlai dish array. The next generation
IDROGEN digitizer/signal processor boards are in the final
stage of development and will be suited for a dish interferom-
eter consisting of a few hundred feeds and ⇠ km baselines.
IDROGEN will be deployed for qualification on PAON4 in
2020 and we plan to carry a higher sensitivity survey in
the declination range 30� . . . 60� in 2021. The resulting 3D
maps will be useful to characterize the spectral behaviour
of the galactic foregrounds, including a determination of its
smoothness on the few MHz scale.
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polarization feeds, as a function of the common, nominal
antenna direction in the meridian plane, referred to as the
zenith angle (Z = 90� � elevation). This angle corresponds
to the angle between the antenna axis and the local verti-
cal, or the di↵erence between the observed declination and
the instrument latitude. Negative zenith angles correspond
to the antenna tilted toward the south. One can see that
the phase �12 varies over more than 30�, with a smooth
variation as a function of the zenith angle. The variation
is well explained by a shift in theoretical antenna position,
along the north-south Oy and vertical Oz directions. The
fitted best model, taking into account the baseline shift, is
shown as the red curve. The fit result shows that the two feed
heights di↵er by about ⇠ 55mm for this (1H-2H) baseline,
while the north-south component of this baseline should be
corrected by ⇠ 14mm. Using the 6 baselines, we determined
the corrections to the array geometry, using the zenith de-
pendency of the instrumental phases. We obtain a precision
of ⇠ 2mm using these 17 scans. A shift in the east-west
baseline component would not show as a zenith angle phase
dependency, but rather as a change in the fringe rate. We
have not yet determined baseline corrections along the east-
west Ox direction using the fringe rates, but higher precision
is expected for the determination of the east-west baseline
corrections. The instrumental phases do not change by more
than ±2� despite the fact that the observations were done
over a period spanning more than 8 months. Similar phase
stability is observed for the other baselines.
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Figure 14. Phase calibration and array geometry corrections. In-
strumental phase values �12 determined for di↵erent scans, plot-
ted as a function of the zenith angle (black squares). The red line
represent a model fit, including corrections to the baseline and
the residuals are within ±2�.

6.4 Comparison of observed and expected signals

Figure 15 shows a comparison of observed and expected visi-
bilities for a few scans close to two bright sky sources, Cas A
(⇠1700 Jy) and 3C196 (⇠15 Jy) for the cross-correlation of
two pairs of feeds, 1H-2H and 2H-3H. We gathered data
from scans at several declinations around the source, repre-
sented in di↵erent colors. The visibility amplitude decreases
for scans at more distant declinations with respect to the
source declination. This e↵ect is clearly visible Cas A, but
also for 3C196. The expected signal was rescaled using a
single conversion coe�cient per feed, used for both sources,

computed by adjusting the amplitudes of the expected Cas A
on-source scan of July 17th, 2018. This simplified computa-
tion of expected signals does not take into account pointing
uncertainties, whereas a ⇠ 0.5 deg shift is suggested by our
satellite fits. Nor does it take into account the non-Gaussian
secondary lobes in the beam pattern. The full signal level for
Cas A is expected to be about ⇠ 6000 mK, and ⇠ 60 mK
for 3C196, while the noise level is about ⇠ 20 mK given the
time and frequency binning used here.

Figure 16 shows a region of the reconstructed map at
1400 MHz using PAON4 observations from November 16th
to December, 1st 2016. A map making applying the m-mode
decomposition in harmonic space from transit visibility code,
is used (Huang 2019). A sky map covering the full 24 hour
right ascension, and the declination range 35� . � . 46�

is computed from 11 24-hour constant declination scans
around the Cyg A declination. The extracted map covers
⇠ 18� in declination (32� < � < 50�) and ⇠ 35� in right as-
cension (290� < ↵ < 325�) around the nearby radio galaxy
Cyg A. The emission from Cyg A, the Milky Way syn-
chrotron emission, as well as from the Cygnus X star forming
region, is clearly visible.

148 Data analysis for transit interferometer of PAON-4

Fig. 6.33 PAON-4 reconstructed sky maps using the m-mode decomposition in spherical
harmonics algorithm [217, 257]. Top panel shows the reconstructed sky map from the
calibrated PAON-4 November 2016 data at 1.4 GHz, Cygnus A and the Galactic plane can
be seen clearly. For comparison, the middle panel shows the reconstructed sky map from
simulated visibility data in the same sky region and at the same frequency. Bottom panel:
the zoom-in around Cygnus A, RA from 290� to 325� and Dec from +32� to +50�, the
reconstructed map from PAON-4 observations is shown on the left, while the right hand side
shows the map reconstructed from simulated visibilities.
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Figure 16. Example of a reconstructed map in a ⇠ 35� ⇥ 18�

region around Cyg A, covering the area (32� < � < 50�) in decli-
nation and (290� < ↵ < 325�) in right ascension, from November
2016 data (left). Right panel shows the simulated map.(Huang
2019)

7 FUTURE PROSPECTS

Time-variable systematics in the frequency response led us
to develop a new generation of sampling and signal process-
ing board, IDROGEN/NEBuLA, to perform digitisation as
close to the feeds as possible (see Section 5.2). The IDRO-
GEN board is designed to equip interferometers with sev-
eral hundred feeds, scattered over a few hundred meters.
Clock synchronisation is managed by the implementation of
the White Rabbit8 technology. A first version of this new
board, called NEBuLA (NumEriseur a Bande Large pour
l’Astronomie) was designed and produced in 2016-2017. The
second version, called IDROGEN, is developed as part of
the CNRS/IN2P3 DAQGEN project. This project began in
2017 with the goal of developing generic modules for rapid
acquisition systems for particle and astro-particle projects.

IDROGEN boards will be located in the electronic
boxes on each antenna, sampling the RF signals, relieving

8
https://white-rabbit.web.cern.ch

MNRAS 000, 1–17 (2020)

B01 : comparaison du cross-cor 1H-2H 
(real/imag) et signal attendu ( pointillé)  
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B04 : comparaison du cross-cor 1H-2H 
(real/imag) et signal attendu (pointillé)  

1H-2H - Phase estimée (à l’oeil) sur B01 
Satellite tracks : observed , expected -> 

phase and geometry calibration

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

PAON4 calibration using 
GPS/Galileo satellites

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

Résultats: Dark Side…  

Oscillations très prononcées d’amplitudes bien supérieures à celles de 
observées sur HICluster, et de peak-to-peak ~10MHz également différent de 
HICluster. � Banc de Tests @ LAL 

PAON2 
dB 

MHz 

LAL: bancs de Test 

LNA 
BAO 50: 

Mixer 
BAO 

Agilent 
Synthesizer 
1250MHz 

ADC 
BAO 

20’ int. 

15cm rigid coax 
 2m rigid coax 
 2x1m flexible coax 

 7m flexible coax 

MHz.m100~2 eqcablepp L �'Q

Formule empirique 

Good also to explain the 
500kHz with 66% velocity 
Factor. 300m ~ NRT secondary  
miror to chariot miror.  

13 

Enlève les raies «très fines » 
observées sur HI-Cluster 
causées par l’analogique. 

Motivation pour un nouveau R&D 
« NEBULA » Nançay-LAL-Irfu   

Après LNA et Mixer éventuel:  faire  
digitization et transfert sur fibre 
optique vers le calculateur des 
visibilités. 

left: band pass 
wiggles, observed 
on PAON2, (2014)

Measured in the 
lab, with different 
cable lengths

❖ 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 

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

https://arxiv.org/abs/2007.11129


From NEBuLA to DAQGEN/IDROGEN 
D. Charlet (LAL) , C. Viou (Nançay)

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 & Nançay

• Direct sampling after the LNA + filters (no 
mixer)
• Up to 500 MHz bandwidth 
• designed to be put near the antennae
• 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

21cmCosmology2019 IDROGEN digitization board D.charlet/C.Viou

Status Mezzanine ADC

PCB : 4 Layers

Schedule :

Production of 2 prototypes : October.

Test : mid November.

Production of 6 boards : Beginning of 2020.

21cmCosmology2019 IDROGEN digitization board D.charlet/C.Viou

Status Mezzanine ADC

PCB : 4 Layers

Schedule :

Production of 2 prototypes : October.

Test : mid November.

Production of 6 boards : Beginning of 2020.



White Rabbit clock synchronisation

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 

First version of the IDROGEN 
board (v1)  in 2017/2018 21cmCosmology2019 IDROGEN digitization board D.charlet/C.Viou

IDROGEN / DACGEN History

In collaboration with SYRTE

Observatoire de Paris

Time-Frequency laboratory

 400 fs after 1000 s and 1 km fibre

Derived from Nebula board

White rabbit module 

Power supply tree 



21cmCosmology2019 IDROGEN digitization board D.charlet/C.Viou

Hardware Status

IDROGEN-2 PCB currently in production

2 pre-series board

Test up to end of 2019

10-board production :  beginning of 
February 2020.

5 for PAON IV project (DIMACAV).

1 for CPPM, CENBG (IN2P3)

1 for IPHC (IPHC)

2 for Nançay Observatory

Delivery of boards : May 2020

IDROGEN board (v2)  with 
commercial ADC 

(mezzanine) board -2019 

IDROGEN status (Aug. 2020)

21cmCosmology2019 IDROGEN digitization board D.charlet/C.Viou

Status Mezzanine ADC

PCB : 4 Layers

Schedule :

Production of 2 prototypes : October.

Test : mid November.

Production of 6 boards : Beginning of 2020.

Mezzanine ADC board designed and 
fabricated (2020), will be tested in fall

RF tight boxes/housing made for PAON4

❖ 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 xTCA 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
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3C295 transit , comparison observations with simulated signals

CasA transit , comparison observations with simulated signals (instrument stability) , O. Perdereau, J.E. Campagne 

CasA

29/11/18 18 / 22

3C295

29/11/18 21 / 22

PAON4 : some results from 2018-2019 observations/analysis (II)

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

https://arxiv.org/abs/1910.07956
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B01 : comparaison du cross-cor 1H-2H 
(real/imag) et signal attendu ( pointillé)  
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B04 : comparaison du cross-cor 1H-2H 
(real/imag) et signal attendu (pointillé)  

1H-2H - Phase estimée (à l’oeil) sur B01 

B04 : comparaison du cross-cor 3H-4H 
(real/imag) et signal attendu ( pointillé)  

B01 : comparaison du cross-cor 3H-4H 
(real/imag) et signal attendu (pointillé)  

3H-4H - Phase estimée (à l’oeil) sur B04 
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PAON4 : Using satellites (GPS, Galileo …) for phase & geometry determination

3H-4H (North-South baseline, no fringes for sky sources)

1H-2H (East-West baseline)

PAON4 : some results from 2018-2019 observations/analysis (III)


