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✤ Overview of Data flow and data processing 

✤ Map making for wide field transit interferometers 

✤ Application to PAON-4 & Tianlai 

✤ Calibration, application to PAON-4 data

✤ Technical considerations , Simulations



Tianlai data processing overview



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 , ~24-288 files/day , ~100 TB/year 

✤ T-3Cyl: ~1200-2500 GB/day , ~240-2880 files/day , ~3500 TB/year

L1 output data : 



Raw visibility data
[ Vij (ν) ] (A) RFI cleaning, time 

dependent gain/noise 
monitoring …

Cleaned/compressed 
visibility data[ Vij (ν) ]

Cleaned/compressed 
visibility data[ Vij (ν) ]

(B) Calibration on point 
sources

Calibration data (gain,phase)
Beam, Tsys

Cleaned/calibrated [ Vij (ν) ]

Calibration data (gain,phase)
Beam, Tsys

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

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

noise maps …

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

(L1 output)

Level 2 (L2)

(L2-A output)

Level 3 (L3)
(L2 output)(L2-B output)



✤ (A) : Cleaning raw visibility data (RFI removal, time dependent 
gain / Tsys monitoring, data compression (rebinning in time) 

✤ (B) : Relative gain/phase calibration using single bright point 
sources - should be then extended to the use of multiple point 
sources. Will also provide single dish+feed beam response and 
Tsys

✤ (C) : Map making - 3D intensity map reconstruction 

L1,L2 processings 



✤ Snap shots using (u,v) plane formalism of linear combination of 
visibilities (for each frequency) 

✤ Full map reconstruction in spherical geometry [ J. Zhang, S. Zuo]
✤ Foreground subtraction in angular/frequency domain 
✤ and power spectrum computation from the cleaned maps
✤ Or, direct power spectrum computation from visibilities ?

Map making - Power spectrum



Spherical Harmonics Map 
reconstruction applied to Tianlai & 
PAON-4  - Jiao Zhang (NAOC & LAL)
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ABSTRACT
The spherical harmonics m-mode decomposition is a powerful sky map reconstruction method
suitable for radio interferometers operating in transit mode. It can be applied to various
configurations, including dish arrays and cylinders. We describe the computation of the
instrument response function, the point spread function (PSF), transfer function, the noise
covariance matrix and noise power spectrum. The analysis in this paper is focused on dish
arrays operating in transit mode. We show that arrays with regular spacing have more
pronounced side lobes as well as structures in their noise power spectrum, compared to
arrays with irregular spacing, specially in the north-south direction. A good knowledge of the
noise power spectrum C

noise(`) is essential for intensity mapping experiments as non uniform
C

noise(`) is a potential problem for the measurement of the HI power spectrum. Di�erent
configurations have been studied to optimise the PAON-4 and Tianlai dish array layouts. We
present their expected performance and their sensitivities to the 21 cm emission of the Milky
Way and local extragalactic HI clumps.

Key words: techniques: interferometric – methods: data analysis – methods: numerical
– cosmology: observations – (cosmology:) large-scale structure of Universe – radio lines:
galaxies

1 INTRODUCTION

Measurement of the neutral hydrogen (HI ) distribution through its
21 cm line radiation is a powerful method for studying the statistical
properties of Large Scale Structure (LSS) in the Universe, comple-
mentary to optical surveys. However, given the very faint radio
brigthness of typical HI clumps, detection of individual galaxies in
21 cm at cosmological distances (z & 1) requires very large col-
lecting areas, around ⇠ km2. Moreover, extracting cosmological
information from LSS requires the observation of large volumes of
universe to probe long wavelength modes with su�cient precision
in order to be competitive with the optical galaxy surveys. In recent
years, the intensity mapping technique has been suggested as an
e�cient and economical way to map large volumes of the universe
using the HI 21 cm emission. Such cosmological surveys would
be especially suitable for late time cosmological studies (z . 3), in
particular for constraining dark energy through the Baryon Acoustic

? E-mail:ansari@lal.in2p3.fr

Oscillations (BAO) and Redshift Space Distortions (RSD) measure-
ments (Peterson et al. 2006; Chang et al. 2008; Ansari et al. 2009;
Ansari et al. 2012b; Seo et al. 2010). In this scheme, the inte-
grated radio emission of many HI clumps in cells of ⇠ 103 Mpc3

is measured without detection of individual galaxies. Large wide-
field radio telescopes, with an angular resolution of a fraction of
a degree and a frequency resolution of . 1MHz and sensitivities
of . 1 mK per resolution element would be needed to observe the
LSS, especially the BAO features.

Several groups throughout the world are aiming to carrying
such surveys. A number of projects with single dishes (possibly
equipped with multi-beam receivers) and interferometer arrays have
been proposed. Single dish intensity mapping surveys have been car-
ried out on existing telescopes such as the Green Bank Telescope
(GBT) (Chang et al. 2010; Switzer et al. 2013; Masui et al. 2013) and
construction of dedicated instruments are being planned such as the
BINGO (BAO from Integrated Neutral Gas Observations) project
which is a single dish radio telescope equipped with an array of
feeds in the focal plane (Battye et al. 2013; Dickinson 2014). The
interferometer arrays include CHIME (Canadian Hydrogen Map-
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Abstract In this paper, we apply our sky map reconstruction method for transit type in-

terferometers to the Tianlai cylinder array. The method is based on the spherical harmonic

decomposition, and can be applied to cylindrical array as well as dish arrays and we can

compute the instrument response, synthesised beam, transfer function and the noise power

spectrum. We consider cylinder arrays with feed spacing larger than half wavelength, and as

expected, we find that the arrays with regular spacing have grating lobes which produce spu-

rious images in the reconstructed maps. We show that this problem can be overcome, using

arrays with different feed spacing on each cylinder. We present the reconstructed maps, and

study the performance in terms of noise power spectrum, transfer function and beams for

both regular and irregular feed spacing configurations.

Key words: Cosmology: observation, HI intensity mapping; Method: transit telescope; map

making

1 INTRODUCTION

The determination of the neutral hydrogen (HI ) distribution from 21cm line observation is an important

method to study the statistical properties of Large Scale Structures in the Universe. The intensity mapping

technic is an efficient and economical way to map the universe using the (HI ) 21cm emission, which

is suitable for late time cosmological studies ((z . 3)), specially for constraining dark energy models

through baryon acoustic oscillation (BAO) features (Peterson et al. 2006; Chang et al. 2008; Ansari et al.

2009; Ansari et al. 2012; Seo et al. 2010; Gong et al. 2011). So that large wide-field and wide band radio

telescopes would be needed to achieve rapidly the observation of large volumes of the universe. Several

Map Making Paper II - J. Zhang et al (2016), accepted for publication in 
RAA (May 2016, submitted in April)  



Full East-West scan means we could perform Fourier transform 
on the set of                  to obtain the             for each m-mode�
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Npixel and the L matrix size, The determination of the unknown sky
I (n̂) is then the solution of a standard inverse linear problem. There
are however two di�culties for solving the above equation. First,
the dimension of the matrix L is very large, typically 105 ⇥ 106

for the current generation of experiment, and can reach 106 ⇥ 107

for the next generation experiments which are being planned, if
the intensity mapping method proves successful. Indeed, the sky
brightness unknown vector will have a size of 105 for a resolution
of a fraction of a degree, determining the number of columns of
the L matrix. CHIME and Tianlai will have ⇠ 103 baselines and
& 103 time samples over 24 hours of observations, leading to& 106

rows for the L. Secondly, for many array configurations and sky
observation strategies, the linear problem is under-determined and
a solution can not be unambiguously determined.

As already shown by ?, by working in the space of spherical
harmonic coe�cients and taking advantage of the full circle transit
observation strategy foreseen for the intensity mapping experiments,
the problem can be reduced to a much smaller set of independent
linear systems, one for each spherical m-mode. The beam pattern
associated to each visibility measurement (pair of antenna) is a
complex function ( L

i j

(n̂, t) 2 C ), and the baseline enters its
expression through the phase factor. Its time dependence for transit
observations is discussed below. Expanding in spherical harmonics
and omitting the time dependence of the beam,

I (n̂) =

+1X

`=0

+X̀

m=�`
Ì ,m Y`,m (n̂) (11)
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0 (16)

The spherical harmonics Y`,m are defined through the Legen-
dre associated polynomials P

m

` (n̂) for which we use the normali-
sation convention of ?

Y`,m (n̂) =

s
(2` + 1)

4⇡
(` � m)!
(` + m)!

P

m

` (cos ✓)e

im'

The sky brightness temperature is real, for which the spherical
harmonic coe�cients satisfy the following symmetry relations,

I (n̂) 2 R! I

⇤ = I �! I(`,�m) = (�1)m I⇤(`,m).

Given the orthogonality of Spherical Harmonics when inte-
grated over the whole sky, we can express the visibility for a given
time t as a sum over the spherical harmonics coe�cients. Expanding
both I (n̂) and L

i j

(n̂, t) in spherical harmonics, use the orthogonal-
ity and the above symmetry relation, we obtain

V
i j

(t) =

"

I (n̂) L

i j

(n̂, t) d n̂ (17)

=

+1X

m=�1

+1X

`= |m |
(�1)m I(`,m) L

i j

(`,�m, t) (18)

Notice that we have exchanged the order of the two sums, over `
and m. The spherical harmonics coe�cients of the rotated/shifted
beams can be written as:

L
i j

(`,m, t) = L0
i j

(`,m) e

�im↵p (t ) (19)

where L0
i j

(`,m) denotes the beam spherical harmonics coe�cients
for the reference (t = 0) pointing, i.e the antenna axis pointing
toward ↵ = 0 right ascension. In the following, we will omit the
0 superscript in the beam coe�cients. L

i j

(`,m) denotes simply
the beam for the reference right ascension ↵

p

= 0. The recorded
visibilities as a function of right ascension ↵

p

can then be expressed
as:

V
i j

(↵
p

) =
+1X

m=�1

+1X

`= |m |
(�1)m I(`,m) L

i j

(`,�m) e

im↵p (20)

We recognise the expression as a Fourier transform for the periodic
functionV

i j

(↵
p

); as the feed response vanishes for large enough `
(L

i j

(`,m) ! 0 for ` > `max), we can write the following relation
satisfied by the visibility Fourier coe�cients Ṽ

i j

(m), computed
from a set a regularly time sampled visibility measurements.

Ṽ
i j

(m) =
+`maxX

`= |m |
(�1)m I(`,m)L

i j

(`,�m) (21)

The m-mode of the visibility for both positive and negative m (±m)
is given by sky spherical harmonics coe�cients of the same m,

V
i j

(↵
p

) (0 6 ↵
p

< 2⇡) �! Ṽ
i j

(m) (22)

Ṽ
i j

(m) =
+`maxX

`= |m |
(�1)m I(`,m)L

i j

(`,�m) (23)

Ṽ⇤
i j

(�m) =
+`maxX

`= |m |
I(`,m)L⇤

i j

(`,m) (24)

The full linear system of Eq. (??) can thus be decomposed into
a set of much smaller (103 ⇥ 103) independent linear system, one
for each m, with mmax = `max. The beam matrix L has indeed a
block diagonal structure in the harmonic space. Grouping all array
baselines together in a vector, and taking into account the noise
contribution, the visibility measurement equation in the Fourier
space can be written in matrix form as:f

Ṽ
g
m

= L
m

⇥ [I(`)]
m

+ [ñ]
m

(25)

The sky spherical harmonics coe�cient for a given m and for m 
`  `max are grouped in the sky vector [I(`)]

m

. We will consider
only positive m values (0  m  `max) for the linear systems
defined above, the two visibility measurements for ±m of equations
?? and ?? will be represented by two rows of the matrix L

m

. This
matrix will thus have `max columns and 2 ⇥ nbeams rows. The total
number of beams nbeams will be more precisely defined in the next
paragraph. The [ñ]

m

represent the noise contribution vector to the
m-mode visibilities, corresponding to the Fourier transform of time
domain noise.

For dish arrays, the instantaneous field of view is a small frac-
tion of the whole sky, and a circular strip of sky along one of the
latitude line can be obtained by carrying out transit observation for
24 sidereal hours continuously. By changing the elevation angle
of the dish pointing, strips with di�erent central declination can
be obtained. For dish arrays, the e�ective number of beams would
be equal to the number of di�erent baselines times the number of
constant elevation scans,

nbeams = N

b

⇥ n�p .

MNRAS 000, ??–?? (2016)

L	

for all m modes�

The$full$problem$of$all$$$$$$$$$$$$$$$could$be$separated$into$a$set$of$independent$
problems$for$each$m.�
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Npixel and the L matrix size, The determination of the unknown sky
I (n̂) is then the solution of a standard inverse linear problem. There
are however two di�culties for solving the above equation. First,
the dimension of the matrix L is very large, typically 105 ⇥ 106

for the current generation of experiment, and can reach 106 ⇥ 107

for the next generation experiments which are being planned, if
the intensity mapping method proves successful. Indeed, the sky
brightness unknown vector will have a size of 105 for a resolution
of a fraction of a degree, determining the number of columns of
the L matrix. CHIME and Tianlai will have ⇠ 103 baselines and
& 103 time samples over 24 hours of observations, leading to& 106

rows for the L. Secondly, for many array configurations and sky
observation strategies, the linear problem is under-determined and
a solution can not be unambiguously determined.

As already shown by ?, by working in the space of spherical
harmonic coe�cients and taking advantage of the full circle transit
observation strategy foreseen for the intensity mapping experiments,
the problem can be reduced to a much smaller set of independent
linear systems, one for each spherical m-mode. The beam pattern
associated to each visibility measurement (pair of antenna) is a
complex function ( L

i j

(n̂, t) 2 C ), and the baseline enters its
expression through the phase factor. Its time dependence for transit
observations is discussed below. Expanding in spherical harmonics
and omitting the time dependence of the beam,
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The spherical harmonics Y`,m are defined through the Legen-
dre associated polynomials P

m

` (n̂) for which we use the normali-
sation convention of ?

Y`,m (n̂) =

s
(2` + 1)

4⇡
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The sky brightness temperature is real, for which the spherical
harmonic coe�cients satisfy the following symmetry relations,

I (n̂) 2 R! I

⇤ = I �! I(`,�m) = (�1)m I⇤(`,m).

Given the orthogonality of Spherical Harmonics when inte-
grated over the whole sky, we can express the visibility for a given
time t as a sum over the spherical harmonics coe�cients. Expanding
both I (n̂) and L

i j

(n̂, t) in spherical harmonics, use the orthogonal-
ity and the above symmetry relation, we obtain

V
i j

(t) =

"

I (n̂) L
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(n̂, t) d n̂ (17)

=

+1X

m=�1

+1X
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(�1)m I(`,m) L
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Notice that we have exchanged the order of the two sums, over `
and m. The spherical harmonics coe�cients of the rotated/shifted
beams can be written as:

L
i j

(`,m, t) = L0
i j

(`,m) e

�im↵p (t ) (19)

where L0
i j

(`,m) denotes the beam spherical harmonics coe�cients
for the reference (t = 0) pointing, i.e the antenna axis pointing
toward ↵ = 0 right ascension. In the following, we will omit the
0 superscript in the beam coe�cients. L

i j

(`,m) denotes simply
the beam for the reference right ascension ↵

p

= 0. The recorded
visibilities as a function of right ascension ↵

p

can then be expressed
as:

V
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) =
+1X

m=�1
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(�1)m I(`,m) L
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We recognise the expression as a Fourier transform for the periodic
functionV

i j

(↵
p

); as the feed response vanishes for large enough `
(L

i j

(`,m) ! 0 for ` > `max), we can write the following relation
satisfied by the visibility Fourier coe�cients Ṽ

i j

(m), computed
from a set a regularly time sampled visibility measurements.

Ṽ
i j

(m) =
+`maxX

`= |m |
(�1)m I(`,m)L
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(`,�m) (21)

The m-mode of the visibility for both positive and negative m (±m)
is given by sky spherical harmonics coe�cients of the same m,
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I(`,m)L⇤
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(`,m) (24)

The full linear system of Eq. (??) can thus be decomposed into
a set of much smaller (103 ⇥ 103) independent linear system, one
for each m, with mmax = `max. The beam matrix L has indeed a
block diagonal structure in the harmonic space. Grouping all array
baselines together in a vector, and taking into account the noise
contribution, the visibility measurement equation in the Fourier
space can be written in matrix form as:f

Ṽ
g
m

= L
m

⇥ [I(`)]
m

+ [ñ]
m

(25)

The sky spherical harmonics coe�cient for a given m and for m 
`  `max are grouped in the sky vector [I(`)]

m

. We will consider
only positive m values (0  m  `max) for the linear systems
defined above, the two visibility measurements for ±m of equations
?? and ?? will be represented by two rows of the matrix L

m

. This
matrix will thus have `max columns and 2 ⇥ nbeams rows. The total
number of beams nbeams will be more precisely defined in the next
paragraph. The [ñ]

m

represent the noise contribution vector to the
m-mode visibilities, corresponding to the Fourier transform of time
domain noise.

For dish arrays, the instantaneous field of view is a small frac-
tion of the whole sky, and a circular strip of sky along one of the
latitude line can be obtained by carrying out transit observation for
24 sidereal hours continuously. By changing the elevation angle
of the dish pointing, strips with di�erent central declination can
be obtained. For dish arrays, the e�ective number of beams would
be equal to the number of di�erent baselines times the number of
constant elevation scans,

nbeams = N

b

⇥ n�p .
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pattern for this baseline L

i j

(n̂, t). Indeed, discretising the time and
the angular directions on the sky and using [] to denote vectors,
we can write the vector of visibilities for all baselines and for

all observation times as a function of the unknown discretised sky
[I (n̂)] and the noise vector:f

V
i j

(t)
g
= L

i j

(t) ⇥ [I (n̂)] +
f
n

i j

(t)
g

(10)

The beam matrix L encodes both the array response and the sky
scan strategy, L

i j

(t) ⇠ D

⇤
i

(n̂, t)D

j

(n̂, t)e

ik ·�ri j . Considering the
visibilities for a single narrow frequency band, the L matrix has
Npixel columns, and N

t

(number of time sample) ⇥N

b

(number of
baseline) rows. Npixel corresponds to the total number of pixels in
sky. If far sidelobes can be neglected, one can use a partial map
of the sky, limited to the observed region, hence decreasing the
Npixel and the L matrix size, The determination of the unknown sky
I (n̂) is then the solution of a standard inverse linear problem. There
are however two di�culties for solving the above equation. First,
the dimension of the matrix L is very large, typically 105 ⇥ 106

for the current generation of experiment, and can reach 106 ⇥ 107

for the next generation experiments which are being planned, if
the intensity mapping method proves successful. Indeed, the sky
brightness unknown vector will have a size of 105 for a resolution
of a fraction of a degree, determining the number of columns of
the L matrix. CHIME and Tianlai will have ⇠ 103 baselines and
& 103 time samples over 24 hours of observations, leading to& 106

rows for the L. Secondly, for many array configurations and sky
observation strategies, the linear problem is under-determined and
a solution can not be unambiguously determined.

As already shown by Shaw et al. (2014), by working in the
space of spherical harmonic coe�cients and taking advantage of
the full circle transit observation strategy foreseen for the intensity
mapping experiments, the problem can be reduced to a much smaller
set of independent linear systems, one for each spherical m-mode.
The beam pattern associated to each visibility measurement (pair
of antenna) is a complex function ( L

i j

(n̂, t) 2 C ), and the baseline
enters its expression through the phase factor. Its time dependence
for transit observations is discussed below. Expanding in spherical
harmonics and omitting the time dependence of the beam,
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0 (16)

The spherical harmonics Y`,m are defined through the Legen-
dre associated polynomials P

m

` (n̂) for which we use the normali-
sation convention of Driscoll & Healy (1994)

Y`,m (n̂) =

s
(2` + 1)
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The sky brightness temperature is real, for which the spherical
harmonic coe�cients satisfy the following symmetry relations,

I (n̂) 2 R! I

⇤ = I �! I(`,�m) = (�1)m I⇤(`,m).

Given the orthogonality of Spherical Harmonics when inte-
grated over the whole sky, we can express the visibility for a given
time t as a sum over the spherical harmonics coe�cients. Expanding
both I (n̂) and L

i j

(n̂, t) in spherical harmonics, use the orthogonal-
ity and the above symmetry relation, we obtain

V
i j

(t) =

"

I (n̂) L

i j

(n̂, t) d n̂ (17)

=

+1X

m=�1

+1X

`= |m |
(�1)m I(`,m) L

i j

(`,�m, t) (18)

Notice that we have exchanged the order of the two sums, over `
and m. The spherical harmonics coe�cients of the rotated/shifted
beams can be written as:

L
i j

(`,m, t) = L0
i j

(`,m) e

�im↵p (t ) (19)

where L0
i j

(`,m) denotes the beam spherical harmonics coe�cients
for the reference (t = 0) pointing, i.e the antenna axis pointing
toward ↵ = 0 right ascension. In the following, we will omit the
0 superscript in the beam coe�cients. L

i j

(`,m) denotes simply
the beam for the reference right ascension ↵

p

= 0. The recorded
visibilities as a function of right ascension ↵

p

can then be expressed
as:

V
i j

(↵
p

) =
+1X

m=�1

+1X

`= |m |
(�1)m I(`,m) L

i j

(`,�m) e

im↵p (20)

We recognise the expression as a Fourier transform for the periodic
functionV

i j

(↵
p

); as the feed response vanishes for large enough `
(L

i j

(`,m) ! 0 for ` > `max), we can write the following relation
satisfied by the visibility Fourier coe�cients Ṽ

i j

(m), computed
from a set a regularly time sampled visibility measurements.

Ṽ
i j

(m) =
+`maxX

`= |m |
(�1)m I(`,m)L

i j

(`,�m) (21)

The m-mode of the visibility for both positive and negative m (±m)
is given by sky spherical harmonics coe�cients of the same m,

V
i j

(↵
p

) (0 6 ↵
p

< 2⇡) �! Ṽ
i j

(m) (22)

Ṽ
i j

(m) =

+`maxX

`= |m |
(�1)m I(`,m)L

i j

(`,�m) (23)

Ṽ⇤
i j

(�m) =

+`maxX

`= |m |
I(`,m)L⇤

i j

(`,m) (24)

The full linear system of Eq. (10) can thus be decomposed into
a set of much smaller (103 ⇥ 103) independent linear system, one
for each m, with mmax = `max. The beam matrix L has indeed a
block diagonal structure in the harmonic space. Grouping all array
baselines together in a vector, and taking into account the noise
contribution, the visibility measurement equation in the Fourier
space can be written in matrix form as:f

Ṽ
g
m

= L
m

⇥ [I(`)]
m

+ [ñ]
m

(25)

The sky spherical harmonics coe�cient for a given m and for m 
`  `max are grouped in the sky vector [I(`)]

m

. We will consider

MNRAS 000, 1–17 (2016)

Hm�Inversion�

Transit interferometer : map making�
Slide by J. Zhang

See also R. Shaw et al. 
Apj 2014, 2015



Instrument response and transfer function	

•  Reconstruction matrix Rm ≡ (HmLm) ：the estimated 

sky spherical harmonics coefficient               are related to the 

true sky ones 

•  Core response matrix R :	�	

•  Transfer function	

or	

��Some basic analysis in        space 
Slide by J. Zhang



Error variance matrix and noise power spectrum	

•  Pure noise visibilities	�	�!  noise covariance matrix 

•  Hm matrix and noise covariance matrix  !	�	�for each m mode, 

the covariance matrix Covm             of the estimator 	

•  Error variance matrix and noise power spectrum	

��Some basic analysis in        space 
Slide by J. Zhang



Error variance matrix

PAON-4 2x2 square array Single dish D＝15m

Application to PAON-4 and Tianlai dish array

4x4 square array Circular array
mid-latitude survey

Circular array
polar cap survey

Slide by J. Zhang



Reconstructed beam or PSF for Tianlai dish array

Application to PAON-4 and Tianlai dish array

4x4 square array Circular array
With autocorrelation

Circular array
Without autocorrelation

Slide by J. Zhang



Reconstructed sky map for mid-latitude

• Top: the input map in the latitude range 20◦ < δ < 70◦ obtained by applying high pass filter 
to the LAB map

• Center: the reconstructed map in the range 30◦ < δ < 60◦ with filters 
• Bottom: the difference between (1) and (2) in the range 30◦ < δ < 60◦

Application to PAON-4 and Tianlai dish array Slide by J. Zhang



Reconstructed sky map for polar region

• Left : the input polar cap map after a high pass filtering with a radius of 20◦ 
• Center : the reconstructed map for polar cap survey with a radius of 16◦ 
• Right : The difference between left and center with a radius of 16◦

Application to PAON-4 and Tianlai dish array Slide by J. Zhang



Application to PAON-4 and Tianlai dish array 

noise power spectrum�

14 J. Zhang et al.
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Figure 11. Comparison of Tianlai 16-dish circular array with auto-correlation (centre panel) with a square 4 ⇥ 4 array (left panel). The beam for the Tianlai
16-dish circular array, without auto-correlation signals is shown on the right panel. 4.4 ⇥ 4.4 deg2 high resolution area extracted from the reconstructed maps,
centred on a point source position. The colour-scale should be interpreted as the ratio of the reconstructed pixel values to the single pixel value in the input
map representing the point source.
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Figure 12. The error variance matrix for 16-dish array surveys. Left: the square 4 ⇥ 4 array mid-latitude survey; Centre: the Tianlai 16-dish circular array
mid-latitude survey; Right: the Tianlai 16-dish circular array polar cap survey. The scale indicated by the colour-bar corresponds to �noise = 1 mK
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Figure 13. The transfer function for the 16-dish square (top) and circu-
lar (bottom) configurations. The curves corresponds to three observations
frequencies: 1420 MHz (blue), 1250 MHz (green), 1200 MHz(red).

map resembles the high-pass filtered map except at the borders,
beyond the surveyed region at � . 75�. We see that the map recon-
struction, transfer function and noise power spectrum computation
is correctly handled in the polar region, as well as in the mid-latitude,
while higher sensitivities could be obtained in the polar cap area
thanks to longer per pixel integration time.
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Figure 14. Comparison of the noise power spectrumC

noise (`) at 1420 MHz.
The blue and red curves correspond respectively to the square and circular
array mid-latitude surveys, and the purple curve to the circular array polar
cap survey.

5.2 Tianlai 16-dish array sensitivity

Figure 17 shows the comparison of the Milky May 21-cm power
spectrum with the Tianlai 16-dish and PAON-4 noise power spectra.
The 21-cm power spectrum is derived from the LAB (for ` < 750)
survey and GALFA survey data (Peek et al. 2011) survey (for ` >
750). We have rescaled the angular power spectra with sky coverage
fraction, i.e. what is plotted is Cmap(`)⇤ (1/ f

sky

), where Cmap(`) is
the map raw, uncorrected angular power spectrum. The blue curve
in Fig. 17 is the noise power spectrum for PAON-4, and the magenta

MNRAS 000, 1–17 (2016)

Slide by J. Zhang



Dish array sensitivity
Application to PAON-4 and Tianlai dish array Slide by J. Zhang



Reconstructed sky map for cylinder array
spurious images 

Application to Tianlai cylinder array

32x3 feed
dsep=0.4m 32x3 feed

dsep=0.8m

31,32,33 feed
dsepɽ 0.4m

31,32,33 feed
dsepɽ 0.8m

Slide by J. Zhang



Error variance matrix for cylinder irregular array
Application to Tianlai cylinder array

Transfer function and noise power spectrum

Slide by J. Zhang



Calibration (PAON-4 & Tianlai)

Analysis mostly done 
by Q. Huang, but also T. 

Etourneau …



PAON-2  ➞
September  2012

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

PAON-4 test interferometer



Extraction of array characteristics 
from cross-correlations

• Fit fringes (real & imaginary part) on all antenna 
pairs (6 cross-correlations for each polarization) 

• Extract array geometry (baselines), effective 
diameters for each antenna, the phase difference 
term due to electronics, cables ... ΔΦij

• Extract also the antenna alignment (antenna axis 
direction) 

( Qizhi Huang )

From Q. Huang presentation
https://indico.lal.in2p3.fr/event/2912/contribution/5/material/slides/0.pdf

https://indico.lal.in2p3.fr/event/2912/contribution/3/material/slides/0.pdf
https://indico.lal.in2p3.fr/event/2912/contribution/3/material/slides/0.pdf


Array geometry (baselines) determined from fringes in 
full agreement with on ground measurements of the 

antenna position (1)

Antenna(geometry�

10.376�

10.373�

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

Antenna(1-2�

From Q. Huang presentation
https://indico.lal.in2p3.fr/event/2912/contribution/5/material/slides/0.pdf

Data&I&use&here�

•  7&scans&around&Cygnus&A&
•  Date&of&these&scans:&CygA665S1dec15,&CygA365S7dec15,&

CygA465S5dec15,&CygA565S2dec15,&CygA765S30nov15,&
CygA865S3dec15,&CygA965S6dec15&

•  Center&declina9ons&of&each&scans:&
&&&&&&&&&&37.7,&38.7,&39.7,&40.7,&41.7,&42.7,&43.7&degree&
•  Declina9on&range&of&the&whole&data:&7&degree&
•  Right&Ascension&range:&360&degree�

https://indico.lal.in2p3.fr/event/2912/contribution/3/material/slides/0.pdf
https://indico.lal.in2p3.fr/event/2912/contribution/3/material/slides/0.pdf


PAON-4 array geometry, Tsys from calibration 

Array geometry (baselines) determined from 
fringes in full agreement with on ground 

measurements of the antenna position (II)

East-West(baseline�

Antenna(1-3� Antenna(1-4�

Antenna(2-3� Antenna(2-4�

From Q. Huang presentation
https://indico.lal.in2p3.fr/event/2912/contribution/5/material/slides/0.pdf

8Thursday, July 16, 15

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�

From Q. Huang presentation
https://indico.lal.in2p3.fr/event/2912/contribution/5/material/slides/0.pdf

Antenna axis misalignment up to ~ 1 degree - This seems to 
be due to the feed positionning - We need to correct feed 

positions - Need to be taken into account for system System 
temperature Tsys determination from fringes 

9Thursday, July 16, 15

From Q. Huang presentation
https://indico.lal.in2p3.fr/event/2912/contribution/5/material/slides/0.pdf

Analysis by Q. Huang
NAOC & LAL

Tsys (ν)
Lew (ν)

https://indico.lal.in2p3.fr/event/2912/contribution/3/material/slides/0.pdf
https://indico.lal.in2p3.fr/event/2912/contribution/3/material/slides/0.pdf


Data&I&use&here�

•  7&scans&around&Cygnus&A&
•  Date&of&these&scans:&CygA665S1dec15,&CygA365S7dec15,&

CygA465S5dec15,&CygA565S2dec15,&CygA765S30nov15,&
CygA865S3dec15,&CygA965S6dec15&

•  Center&declina9ons&of&each&scans:&
&&&&&&&&&&37.7,&38.7,&39.7,&40.7,&41.7,&42.7,&43.7&degree&
•  Declina9on&range&of&the&whole&data:&7&degree&
•  Right&Ascension&range:&360&degree�

Gain & phase calibration, Map 
making from PAON-4 data

( Qizhi Huang )

November-December 2015 
CygA data



Calibrate'gain'2:'�
•  Same'thing'but'different'data'set'(different'day)'comparing'

with'the'page'above.�

G(t)

1dec�

CygA�

evening�

morning�

a`eroon�

evening�
a`ernoon�

evening�

morning�

a`ernoon�

We'can'see'that,'the'gain'decreases'from'morning'to'a`ernoon,'and'increases'in'the'evening.'
Corresponding'to'the'temperature.'In'higher'temperature,'gain'is'lower.�

11May�

1Dec.�

''11'May'is'in'midKlate'spring,''
the'temperature'changes'
a'liNle'large'from'dayJme'
to'night.'
'''While'1'Dec.'is'in'winter,''
the'temperature'changes'less,'
then'the'gain'is'smoother''
than'that'in'May.�

Analysis & slide by Q. Huang
NAOC & LAL



Phase&calibra9on�

Cygnus&X�
Cygnus&A�

Total&phase&from&
the&observa9on&data�

AYer&calibra9ng&&
the&addi9onal&phase�

AYer&calibra9ng&&
the&addi9onal&phase&and&&
phase&from&North2South&baseline,&&
just&leave&the&phase&from&the&&
East2West&baseline�

Here&I&show&2H3H&for&example�

Analysis & slide by Q. Huang
NAOC & LAL



FWHM~1.6&degree&
compare&to&&
1.22*0.2/10.7=1.3&degree�

LAB 21 cm survey 

PAON4 Cygnus-A @ 1450 MHz 

PAON4 Cygnus-A @ 1420.4 MHz 
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PAON4 CygA @ 1450 MHz 

PAON4 CygA @ 1420.4 MHz 
R. Ansari - Dec 2015

Map from visibilities (single scan) I
Slide by  Qizhi Huang (LAL/NAOC PhD)
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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.�

Map from visibilities (single scan) II
Slide by  Qizhi Huang (LAL/NAOC PhD)
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R. Ansari - Dec 2015



Make'map�

7dx360d,''1420.4MHz'(you'also'find'the'large'image'in'.jpe)'

'

The'same'sky'region'of'LAB'data�

1420.4MHz�

I'use'7'scans'to'make'this'map.''

For'each'scan,'I'get'200'mock'lines'by'add'a'phase'exp(i*2pi/l*Lns*sin(delta)),''

delta=1'degree'for'200'pixel.�

LAB'has'removed'the'CygA�

1420.4MHz�

Map from 7 PAON-4 scans of CygA at 1420 MHz (I)

Analysis & slide by Q. Huang
NAOC & LAL

7 x 360 deg^2 map



Make'map�

1422MHz�

Cygnus'X,'cause'the'second'peak�

PAON4,'galacJc'anJcenter,'1420.4MHz�

LAB,'galacJc'anJcenter,'1420.4MHz�

When'we'observe'the'CygA,'we'will'usually'see'two'peak,'
one'is'the'CygA,'the'other'is'the'so'called'Cygnus'X.'
I'make'the'map'at'1422MHz'where'HI'emission'is'weak,''
we'can'see'the'structure'of'the'Cygnus'X.�

Map from 7 PAON-4 scans of CygA at 1420 MHz (II)
Analysis & slide by Q. Huang

NAOC & LAL7 x 40 deg^2 map



Map&making&using&Jiao’s&program&(2)�

lmax=500�
Cygnus&A�

0�90�180� 270�

+30�

230�

+60�

260�
Equatorial&coordinate&system�

Analysis by Q. Huang & J. Zhang (NAOC & LAL)



5 Map Making

Eliminate the bad channels, I use all the good channels to make the map.

Figure 7: Left: single dish map. Right: tianlai dish array map

Figure 7 shows the comparison of the maps from single dish and tianlai dish array respectively, we

can see that thailai dish array improves the resolution from 4◦ (single dish) to 0.7◦ (synthetic beam)

Figure 8: 1D map of 24 hours observation at Dec = +40.73◦

Figure 8 show the whole Dec = +40.73◦ circle (1D). Because it is to hard to see the whole circle

in 2D by eyes, I zoom in the sky region around Cygnus A with field of view 60◦ (figure 9).

Figure 9: Map making using tianlai dish array data of good channels. Top: vmin to vmax. Bottom:
vmax=130K

8
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Figure 9: Map making using tianlai dish array data of good channels. Top: vmin to vmax. Bottom:
vmax=130K
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Calibration & map with Tianlai Dish array

• Q. Huang applied similar methods to  Tianlai 16 dish array
• Compatible phase calibration from ky (sources) and noise source

Cygnus A map (1D - single dish) Cygnus A map (1D - 16-dish)



✤ Initial calibration: use bright source transit to determine array 
geometry, beam, gain & phase [ Q. Huang ]

✤ Antenna beam determination using a dedicated measurements 
(drone ?) 

✤  Array gain & phase calibration/monitoring using the noise 
source 

✤ Gain & phase calibration and monitoring using the known sky 
(Radio sources & Synchrotron) 

✤ 2 N unknown ( or N complex ) - N (N+1)/2 complex constraints x 
number of time samples - But NOT (?) a linear fit … 

✤ Should be computed for each frequency, and freq. behaviour 
should be checked against a model.

Calibration 



Technical considerations, 
Simulations



✤ Tianlai 16-Dish Array (T-16DA) 
‣ 2 x 16 = 32 receivers, 1000 freq. channels, 528 visibilities
‣ ~ 4MB/sec visibility data (averaged @ 1 sec. time interval) 
‣ 350 GB/day  ➟ 1000-1500 TB L0 data / year 
‣ ~ 288 x 5 min time slice files / day (1.2 GB/file) - or 24 x 1 h time 

slice files (15 GB/file)

✤ Tianlai 3-Cylinder Array (T-3Cyl) 
‣ 2 x 3 x 92 = 192 receivers, 1000 freq. channels, 18 528 visibilities
‣ ~ 140 MB/sec visibility data (averaged @ 1 sec. time interval) 
‣ 12 TB/day ,  ➟ 35 PB L0 data / year
‣ ~ 10x288 x 5 min time slice files / day (4.2 GB/file) - or 10x24 x 1 h 

time slice files (50 GB/file)

Level 0 (L0) output data (on site)



L1:  NAOC (Beijing)

• L0 output : Visibility data Vij(ν) computed on-line (in HW)
• Organize data sets as time sliced files , grouped with 
auxiliary (housekeeping) data
• Perform a first step, simple RFI mitigation 
• Data compression, mainly through time averaging after 
RFI cleaning (factor 5-10)
• L1 output data :
‣ T-16DA : 35-50 GB/day, ~100 files/day , ~100 TB/ year
‣ T-3Cyl : ~1000 GB/day, ~1000 files/ day , 2-5 PB / year

• Transfer raw data (L1 output) to TAC 



TAC : Tianlai Archive and Analysis Center
Fermilab (Batavia, IL)  

• L2-A: second stage RFI cleaning, gain/noise monitoring
• L2-B: phase/gain calibration
• L2-C: 3D map making 
• L3 : Component separation, power spectrum estimation
• TAC: 
‣ data organization and data access services 
‣ computation ressources for L2 &L3 ( ~ few x 10 CPU-cores / MB/sec 
L1 data rate) 



✤ HDF5 for visibilty data 

✤ Maps (HEALPix …) in FITS or HDF5 ?  

✤ Source catalog in FITS or HDF5 ?

✤ We need to setup a ‘Data Base’ to track the data files (visibilty) 
and other instrument related files 

File format, file organisation 



Visibility array structure

X : frequency 

Y 
: P

ai
r n

um
be

r 

Z : Time 

Might be broken in 
part according to 
frequency or pair 

number 

Vij(ν, t)

X : time 

Y 
: P

ai
r n

um
be

r 

Z : Frequency 

Vij(t, ν)

Should we 
rearrange the 

visibility data at 
some stage of the 

processing ?



✤ Full sky signal simulation tools , or 3D maps 

✤ Foreground (synchrotron) model / maps 

✤ Comprehensive known Radio Source catalog  

✤ Simulate Visibility time streams ( which is part of the map 
making software)

✤ Include calibration error models (beam, geometry) 

✤ Noise & RFI model 

✤ reconstruct maps, apply component separation …

Simulations


