
Transit Interferometery 
data analysis and map 

reconstruction
R. Ansari  

Université Paris-Sud , LAL-CNRS/IN2P3

Tianlai Collaboration Meeting &  
21cm Cosmology Workshop 
Balikun, Xinjiang (China)  

September 2015



• 3D Intensity mapping 

• Transit interferometers: data processing overview 

• Map making , mode mixing 

• Calibration 

• Application to PAON-4
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3D Intensity mapping
2 angles (direction on the sky) 
+ the frequency (redshifted 21 

cm signal) → I(α,δ,ν)

➟Wide band

➟Wide field

3D Intensity mapping

Single dish - Multi-feed / Phased array
or Interferometer array

L-band , 
Resolution ~ 10 arc.min

for cosmology
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Transit 
Interferometers



• Usual radio interferometry : observe a given patch of 
the sky ( ≲ 1 deg) , the telescope tracking compensates 
for the earth rotation - Aim : achieve high resolution 
through long baselines 

• Dense transit interferometric arrays for IM : Fixed (non 
tracking) reflector/feeds, observing in the meridian 
plane - the sky moving in front of the array due to 
earth rotation (E-W or right ascension direction) - Aim: 
achieve large FOV (multi-beam) and high sensitivity.   

• Wide band ( > 100 MHz in L-band) mandatory for 3D 
HI Intensity Mapping



Feed+LNA

Filters/mixer

A/D FFT

Feed+LNA

Filters/mixer

A/D FFT

Feed+LNA

Filters/mixer

A/D FFT

Correlator

⨂ Visibility data
Vij(ν, time)

Beam, RFI, 
polar. response

Complex C(ν) 
gain g(ν)/phase Φ(ν) 
noise - Tsys(time) …

ADC linearity, Aliasing, 
freq. window function … 

Offline
Calibration

Map making
component 
separation



A B C

NFeed 32 256 1024

BandWidth 100 MHz 200 MHz 400 MHz

1⇢2⇢3 6.4 GBytes/sec 100 GBytes/sec 800 GBytes/sec

M 8 64 256

3/M➟ 0.8 GBytes/sec 1.6 GBytes/sec 3.2 GBytes/sec

NVis 528 32896 526336

@4 TFlops ~ 1 ~ 100 ~ 3200

4➟ / M 5 MBytes/sec 50 MBytes/sec 400 MBytes/sec

Processing & bandwidth requirements 
for the correlator

Easy … Challenging … ??
R. Ansari - May 2013



Level 0 (L0)

Level 1 (L1)

- First stage RFI cleaning,
- data quality monitoring 

- data compression, mainly 
through time averaging 

- transfer to TAC

Raw visibility data
[ Vij (ν) ]
(L0 output)

Organized [Compressed], 
Time sliced visibility data

(L1 output)

Visibility data, computed on-site ,
using dedicated hardware (correlator), or  

by software
ancillary / housekeeping data 

✤ T-16DA : ~35-70 GB/day , ~1000 files/day , ~100 TB/year 

✤ T-3Cyl: ~500 GB/day , ~10000 files/day , ~1000 TB/year

L1 output data : 
TOD



(B) Calibration on point 
sources - RFI cleaning

Calibration data (gain,phase)
Beam, Tsys

Cleaned/calibrated [ Vij (ν) ]

Calibration data (gain,phase)
Beam, Tsys

Cleaned/calibrated [ Vij (ν) ]
Array configuration (D) Map making

3D sky maps I(α,δ,ν) 
Synthetized beams

noise maps …

(D) Component separation 
Foreground/signal maps 
and power spectrum …

Level 2 (L2)

Level 3 (L3)
(L2 output)(L2-C output - ASD)

Organized [Compressed], 
Time sliced visibility data

(L1 output)

Calibration data Cleaned/
calibrated [ Vij (ν) ]

Average data (per week/
month/year)

(C) Averaging/ cleaning
ASD



Visibilities  (u,v) 
plane, sky map 

reconstruction



Sky plane I(α, δ)
α

δ

u

v

Fourier Plane F(u, v)
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most sources, the phases vary randomly with a spatial correla-
tion length significantly smaller than the instrument resolution,

I(Θ, λ) = |A(Θ, λ)|2, I ∈ R, A ∈ C (12)
⟨A(Θ, λ)A∗(Θ′, λ)⟩time = 0 for Θ ! Θ′. (13)

A single receiver can be characterized by its angular complex
amplitude response B(Θ, ν) and its position r in a reference
frame. The waveform complex amplitude s measured by the re-
ceiver, for each frequency can be written as a function of the
electromagnetic wave vector kEM(Θ, λ):

s(λ) =
!

dΘ A(Θ, λ)B(Θ, λ)ei(kEM.r). (14)

We set the electromagnetic (EM) phase origin at the center of
the coordinate frame, and the EM wave vector is related to the
wavelength λ through the usual equation |kEM| = 2π/λ. The re-
ceiver beam or antenna lobe L(Θ, λ) corresponds to the receiver
intensity response:

L(Θ, λ) = B(Θ, λ) B∗(Θ, λ). (15)

The visibility signal of two receivers corresponds to the time-
averaged correlation between signals from two receivers. If we
assume a sky signal with random uncorrelated phase, the visi-
bilityV12 signal from two identical receivers, located at the po-
sitions r1 and r2, can simply be written as a function of their
position difference ∆r = r1 − r2

V12(λ) = ⟨s1(λ)s2(λ)∗⟩ =
!

dΘ I(Θ, λ)L(Θ, λ)ei(kEM.∆r). (16)

This expression can be simplified if we consider receivers with
a narrow FOV (L(Θ, λ) ≃ 0 for |Θ| ! 10 deg), and coplanar with
respect to their common axis. If we introduce two Cartesian-like
angular coordinates (α, β) centered on the common receivers
axis, the visibilty would be written as the 2D Fourier transform
of the product of the sky intensity and the receiver beam, for the
angular frequency (u, v)12 = (∆x

λ ,
∆y
λ ):

V12(λ) ≃
!

dαdβ I(α, β) L(α, β) exp
[
i2π

(
α
∆x
λ
+ β
∆y

λ

)]
(17)

where (∆x,∆y) are the two receiver distances on a plane per-
pendicular to the receiver axis. The x and y axes in the re-
ceiver plane are taken parallel to the two (α, β) angular planes.
Furthermore, we introduce the conjugate Fourier variables (u, v)
and the Fourier transforms of the sky intensity and the receiver
beam:

(α, β) −→ (u, v)
I(α, β, λ) −→ I(u, v, λ)
L(α, β, λ) −→ L(u, v, λ).

The visibility can then be interpreted as the weighted sum of the
sky intensity, in an angular wave number domain located around
(u, v)12 = (∆x

λ ,
∆y
λ ). The weight function is given by the receiver-

beam Fourier transform

V12(λ) ≃
!

dudv I(u, v, λ)L
(
u − ∆x
λ
, v − ∆y

λ
, λ

)
. (18)

A single receiver instrument would measure the total power inte-
grated in a spot centered on the origin in the (u, v) or the angular
wave-mode plane. The shape of the spot depends on the receiver

u

v

Small circular antenna

Large circular antenna

 D/
Pair of receivers 

spatial separation 
( x/ , y/ )

( x/ , 0)

u

v

x/ 0x/ 0x/ 0

( x/ , y/ )

(u,v) plane coverage 
(angular wave modes)

Fig. 2. Schematic view of the (u, v) plane coverage by interferometric
measurement.

beam pattern, but its extent would be ∼2πD/λ, where D is the
receiver physical size.

The correlation signal from a pair of receivers would mea-
sure the integrated signal on a similar spot, located around the
central angular wave-mode (u, v)12, determined by the relative
position of the two receivers (see Fig. 2). In an interferometer
with multiple receivers, the area covered by different receiver
pairs in the (u, v) plane might overlap, and some pairs might
measure the same area (same base lines). Several beams can be
formed using different combinations of the correlations from a
set of antenna pairs.

An instrument can thus be characterized by its (u, v) plane
coverage or response R(u, v, λ). For a single dish with a single
receiver in the focal plane, the instrument response is simply the
Fourier transform of the beam. For a single dish with multiple
receivers, either as a focal plane array (FPA) or a multi-horn
system, each beam (b) will have its own response Rb(u, v, λ).
For an interferometer, we can compute a raw instrument re-
sponse Rraw(u, v, λ), which corresponds to (u, v) plane coverage
by all receiver pairs with uniform weighting. Obviously, differ-
ent weighting schemes can be used, changing the effective beam
shape, hence the response Rw(u, v, λ) and the noise behavior. If
the same Fourier angular frequency mode is measured by several
receiver pairs, the raw instrument response might then be larger
that unity. This non-normalized instrument response is used to
compute the projected noise power spectrum in the following
Sect. (3.3). We can also define a normalized instrument response,
Rnorm(u, v, λ) " 1 as

Rnorm(u, v, λ) = R(u, v, λ)/Max(u,v) [R(u, v, λ)] . (19)

This normalized instrument response is the basic ingredient
for computing the effective instrument beam, in particular in
Sect. 4.2.

Detection of the reionization at 21 cm has been an ac-
tive field in the last decade, and different groups have built
instruments to detect a reionization signal around 100 MHz:
LOFAR (Rottering et al. 2006), MWA (Bowman et al. 2007;
Lonsdale et al. 2009), and PAPER (Parsons et al. 2010). Several
authors have studied the instrumental noise and statisti-
cal uncertainties when measuring the reionization signal
power spectrum, and the methods presented here to compute
the instrument response and sensitivities are similar to the
ones developed in these publications (Morales & Hewitt 2004;
Bowman et al. 2006; McQuinn et al. 2006).
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beam pattern, but its extent would be ∼2πD/λ, where D is the
receiver physical size.

The correlation signal from a pair of receivers would mea-
sure the integrated signal on a similar spot, located around the
central angular wave-mode (u, v)12, determined by the relative
position of the two receivers (see Fig. 2). In an interferometer
with multiple receivers, the area covered by different receiver
pairs in the (u, v) plane might overlap, and some pairs might
measure the same area (same base lines). Several beams can be
formed using different combinations of the correlations from a
set of antenna pairs.

An instrument can thus be characterized by its (u, v) plane
coverage or response R(u, v, λ). For a single dish with a single
receiver in the focal plane, the instrument response is simply the
Fourier transform of the beam. For a single dish with multiple
receivers, either as a focal plane array (FPA) or a multi-horn
system, each beam (b) will have its own response Rb(u, v, λ).
For an interferometer, we can compute a raw instrument re-
sponse Rraw(u, v, λ), which corresponds to (u, v) plane coverage
by all receiver pairs with uniform weighting. Obviously, differ-
ent weighting schemes can be used, changing the effective beam
shape, hence the response Rw(u, v, λ) and the noise behavior. If
the same Fourier angular frequency mode is measured by several
receiver pairs, the raw instrument response might then be larger
that unity. This non-normalized instrument response is used to
compute the projected noise power spectrum in the following
Sect. (3.3). We can also define a normalized instrument response,
Rnorm(u, v, λ) " 1 as

Rnorm(u, v, λ) = R(u, v, λ)/Max(u,v) [R(u, v, λ)] . (19)

This normalized instrument response is the basic ingredient
for computing the effective instrument beam, in particular in
Sect. 4.2.

Detection of the reionization at 21 cm has been an ac-
tive field in the last decade, and different groups have built
instruments to detect a reionization signal around 100 MHz:
LOFAR (Rottering et al. 2006), MWA (Bowman et al. 2007;
Lonsdale et al. 2009), and PAPER (Parsons et al. 2010). Several
authors have studied the instrumental noise and statisti-
cal uncertainties when measuring the reionization signal
power spectrum, and the methods presented here to compute
the instrument response and sensitivities are similar to the
ones developed in these publications (Morales & Hewitt 2004;
Bowman et al. 2006; McQuinn et al. 2006).
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Interferometry with long baselines 
sparse sampling of the (u,v), even with 
rotation synthesis - (source tracking) -

dish-size ≪ baselines ⟹
 Visibilities sample the (u,v) plane 

F(u,v) × Beam(u,v)

u

v

High resolution interferometry Dense arrays

Interferometry with dense arrays
in transit mode 

dish-size ~ baselines ⟹
 near complete coverage of the (u,v) 
we need to resolve modes averaged 
in a single visibility measurement



Assuming the instrument response is known 
(beam, gain, stationary noise …) 

We can write the measurement process as a linear 
system 

[ Vij (time) ]  =  [[ A ]] ×  [ I(α,δ) ] + [ n ]
(ν)

[ Vij (time) ]  =  [[ A’ ]] ×  [ F(u,v) ] + [ n ]
(ν)

Set of visibilities 
(vector)

Vector representing 
the sky brightness noise (vector)Matrix encoding 

instrument response, 
scan/tracking …

For each frequency slice

or written in the Fourier plane



Sky : ↵ (RA, East�West, EW)

� (DEC, North� South, NS)

Fourier : (↵, �) �! (u, v)

Sky : I(↵,�) �! F (u, v)

Visibilities : Vij(↵) ! ˜Vij(u)

α

δ

full sky map

Rectangular geometry used 
in the reconstruction, larger 

than the scanned region

Sc
an

ne
d 

re
gi

on

⇣

Ṽij(u)
⌘

= [Au]⇥ (Fu(v)) + (n)
⇣

F̂u(v)
⌘

= [Bu]⇥
⇣

Ṽij(u)
⌘

n

F̂u(v)
o

! F̂ (u, v)

F̂ (u, v) ! F̂W (u, v) = F̂ (u, v)⇥W (u, v)

F̂W (u, v) �! Î(↵, �) (FFT)

Similar  relations  hold  in 
spherical  geometry,  where  the 
Fourier transform is replaced by 
spherical  harmonic transforms 

→ F(l,m)

See Jiao Zhang 
presentation

Note: The method is applicable to reconstruct polarisation maps I,Q,U,V (but 
needs computation of correlation between the two polarisations 

Transit interferometer: map making



Different maps can be made depending on the 
acceptable noise level 

Estimated F(u,v) or F(l,m) have different uncertainties 
for each mode and are correlated

k⊥

P(
k⊥

) /
 T

(k
⊥
)

Pnoise

Transfer function
T(k)

k⊥

P(
k⊥

) /
 T

(k
⊥
)

Transfer function
T(k)

Pnoise

Weight function can be applied to the reconstructed F(u,v) or 
F(l,m) to control the noise level and mode mixing

Estimate the sky Fourier amplitude (or Sph. Harmon. coeff) by solving 
(inverting) the linear system  

[ Vij (time) ]  =  [[ A’ ]] ×  [ F(u,v) ] + [ n ]
for each frequency slice (ν)



Foregrounds & 
mode mixing



Synchrotron map @ 400 MHz - Eq. Coordinates (ra,dec)
(45 N ± 25 deg)  → 20 <  δ < 60  in Xinjiang (45 N)

T=5 K T=60 K
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Foreground removal

•Exploit frequency smoothness 
and power law (∝ ν^β) 
behavior of  foregrounds 
(synchrotron/radio sources)  

•power law / polynomial / 
foreground model fit & 
subtraction 

•Mode mixing, bias, error 
propagation …

21 cm LSS + 
foregrounds

power law 
subtracted 

21 cm LSS signal18
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column cut is the cut of center column of these two beams.

Beam frequency dependency - circular 
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Calibration



Time (Tsid)

Re
al

[V
is

]

•Determine g(ν) using auto-
correlation + filetring

•Determine phase difference 
using fringes 

•Determine / check beam and 
array geometry using the fringes 

•Determine gain (fringe 
amplitude) & Tsys (fluctuations 
before / after transit 

Envelope → beam shape / 
effective dish size

Time of maximum - dish pointing  error
tmax

Fringe rate : EW baseline

Phase calibration
Imag[Vis]=0 at tmax

Amplitude → Abs. calibration

Fluctuations → Tsys



Application to PAON4  
preliminary results
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PAON-2  ➞
installed September  2012

25

PAON Test Interferometer  
(J.M.Martin, J.E. Campagne)

PAON-4 
(F. Rigaud)

installation Nov 2013 - 
June 2014 

4 D=5m dishes 



PAON-4 Test Interferometer  
November 2014



PAON-4 configuration at Nançay -   
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a:the reconst map for case 2: 21 scana:the reconst map for case 2: 21 scan
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b:the reconst map for case 2: 31 scanb:the reconst map for case 2: 31 scan
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a:the reconst map for case 1: with autocorrelationa:the reconst map for case 1: with autocorrelation

00
0.

12
0.

12
0.

25
0.

25
0.

37
0.

37
0.

5
0.

5

00 100100 200200 300300 400400 500500 600600

00
2020
4040
6060
8080

100100
120120
140140
160160
180180
200200

b:the reconst map for case 1: without autocorrelationb:the reconst map for case 1: without autocorrelation
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reconstruction by

 Jiao Zhang (Spring 2014)



PAON-4 preliminary 
analysis



Correct(data((2)�

Note(that(we(need(to(rotate(the(fringe(a(lible.�

PAON4 data, fringe analysis by Qizhi Huang 
Extract array geometry, Tsys …

(June 2015)



Phase(delay/difference((2)�

1H-3H� 1V-3V�

2H-3H� 2H-3H�

Phase calibration

System(temperature�
•  Consider(the(alignments(of(the(antennas,(I(correct(
the(amplitude(of(the(fringe,(and(then(calculate(the(
system(temperature�

Different(alignments(will(lead((
to(a(smaller(amplitude�

Antenna(geometry�

10.376�

10.373�

East-West(baseline(of((
Antenna(pair(1-2(

Antenna(1-2�

E-W baseline 

Gain / Tsys

PAON4 analysis by Qizhi Huang (June 2015)



PAON-4 sysytem 
stability (gain/phase)



Stability	
  of	
  the	
  gain	
  

• The	
  auto	
  correla3on	
  can	
  be	
  express	
  as	
  

where	
  	
  	
  	
  	
  	
  	
  	
  is	
  the	
  response	
  of	
  the	
  electric	
  system	
  
with	
  frequencies.	
  Base	
  on	
  dozens	
  of	
  observa3on	
  
data,	
  we	
  can	
  find	
  that	
  	
  	
  	
  	
  	
  	
  	
  is	
  reasonable	
  stable	
  
over	
  days	
  and	
  to	
  different	
  sources.

PAON4 analysis by Qizhi Huang (July/September 2015)



Stability	
  of	
  the	
  gain	
  

PAON4 analysis by Qizhi Huang (July/September 2015)



PAON4 analysis by Qizhi Huang (July/September 2015)



Check&the&phase&fidng&(1)�
•  Phase& delay& is&most& due& to& the& different& lengths& of&
the&cables.&&

•  However,& also& because& the& lengths& of& the& cables&
won’t& change,& phase& delays& of& different& channels&
should&have&a&stable&rela-on.&&

•  Obviously,&we&should&have:&&
•  Finally,&we&find&our&phase&fidngs&sa-sfy&this&rela-on.�

Pij � Pik = Pkj

Blue:&2VU3V&
Red:&&(1VU2V)U(1VU3V)�

Blue:&2HU3H&
Red:&&(1HU2H)U(1HU3H)�

PAON4- Qizhi Huang- Sep 2015



•  Total&phase:&

•  The&phase&due&to&the&EastUWest&baseline:&

•  Therefore,&the&theore-cal&image&of&&&&&&&&&&&&&&will&be:&
&

�ew,ij =
2⇡

c
· ⌫ · Lew,ij · sin(✓)

�

tot,ij

=

2⇡

c
· ⌫ · [L

ew,ij

sin(✓)� L
ns,ij

cos(✓)] +��

ij

�ew,ij

Check&the&phase&fidng&(2)�

PAON4- Qizhi Huang- Sep 2015



•  Here,&we&use&total&phase&to&minus&the&addi-onal&phase&due&to&the&
cable&and&the&phase&due&to&NorthUSouth&baseline,&then&we&can&find&
that&our&fidngs&are&coincident&wih&the&theore-cal&image&above.&

�ew,ij�
tot,ij

Check&the&phase&fidng&(2)�

PAON4- Qizhi Huang- Sep 2015



• Parallel (multi-thread) Map making software operational 
(J. Zhang, R.A. J.E. campage, C. Magneville) 

• Despite many problems, some encouraging preliminary 
results on PAON-4 concerning the calibration  (Q. Huang + 
C. Pailler, D. Charlet, J.E. Campagne, C. Magneville …)

• Still a lot of work to be done on PAON-4 and many 
problems to be solved 

• Expecting application to Tianlai data soon

• new NEBULA digitization board should be ready in 2016 


