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Quick map making 

•  Based on Phased Array technic.  
•  Robust with respect to non stationary noise and time 

dependent RFI. 
•  Simply combining the antenna signals in amplitude with some 

coefficients in front.  
•  Starting from clean/calibrated and ordered data according to 

Right Ascension. 
•  Showing the Quick Map Making formulas for PAON-4 dish 

array with angular resolution ~ 0.25deg.  
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by the mid frequency aperture array (Yahya et al. 2015). Bull et al.
(2015) presented a review of expected results in cosmology from
the on-going or projected intensity mapping experiments.

For the intensity mapping surveys, the interferometer array op-
erating in transit mode seems to be a natural choice. The antennas
of such an array are fixed on the ground during observation, with
the antennae axis in the meridian plane. For dish arrays, the in-
stantaneous field of view is a small circular patch (⇠ 10deg2) on
the sky, while it is a narrow (⇠ 1 � 2deg) strip along the meridian
for cylinders. As the Earth rotates, di�erent areas of the sky pass
through the field of view. As the telescope does not need to track
the celestial target, the mechanical structure of the telescope is very
simple - it is either fixed on the ground, or requires only occasional
adjustments in declination for dish arrays.

In this paper we present the method we have developed for mak-
ing maps of the sky from the transit observations made with such
interferometer arrays, and we discuss the impact of array configura-
tions on the properties of the reconstructed maps. The PAON-4 and
Tianlai Dish Array are briefly introduced in section 2. The section
3 presents an overview of the map making algorithm from full east-
west transit (24 hours) visibilities or interferometric observations.
The map making code itself and associated tools are presented in
appendix A. Here we discuss our results for sky brightness tem-
perature measurements, however, the application of the method can
be extended straightforwardly to the case of polarised sky maps, as
described in Appendix B. Section (4) discusses the application of
the method to the PAON4 telescope, which is a 4 antennae test inter-
ferometer, and the optimisation of the antennae configuration. We
present the expected beam shapes, and the noise power spectrum for
PAON4, compared with a regular 2⇥ 2 array and a single dish tele-
scope. Section 5 present the comparison of beam and noise power
spectrum for several array configurations that we have considered
for the Tianlai 16-dish pathfinder array. The conclusions and future
work plans are presented in 6.

2 THE PAON-4 AND TIANLAI DISH ARRAYS

2.1 The PAON-4 array

The PAON-4 array is a small wide band test interferometer (L-band,
1250-1500 MHz) featuring four 5-meter diameter antenna, installed
at the Nancay radio observatory in France (located at the latitude of
47�22055.1" North and the longitude of 2�11058.7" East). PAON-
4 has been designed and built within the BAORadio 2 project in
France. It has a total collection area of ⇠ 75m2 and 4 dual polar-
isation receivers. The dish pointing can be changed in declination
through computer controlled electric jacks. PAON-4 can observe
the sky in the declination range 12� . � . 60�. At the end of the
survey PAON-4 should be able to provide 3D sky maps (↵, �, ⌫) over
⇠ 5000deg2 of sky and ⇠ 200 MHz with a sensitivity of ⇠ 50 mK
per ⇠ 0.5 ⇥ 0.5 deg2 ⇥ 1MHz pixels (see section 4.3 for a detailed
discussion of PAON-4 noise level).

The 36 visibilities (8 auto-correlations and 28 cross-
correlations) are computed by the BAORadio electronic-acquisition
system and written to disk with ⇠ 1second time resolution. Tests
observations with PAON-4 started in spring 2015 with the aim of
evaluating the use of small dish arrays for intensity mapping and
developing the calibration and map-making procedures for such
instruments.
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Figure 1. PAON-4 interferometer configuration

The physical aperture of the PAON-4 dishes are D = 5m. We
model the primary beam of the dish+feed as (Born & Wolf 1999)

D(�) / 2 J1
�
(De�/�) sin �

�

(De�/�) sin �

where � is the angle with respect to the reflector symmetry axis,
J1(x) is the first order Bessel function, � the wavelength and De�
is the e�ective dish diameter illuminating the feed. Based on test
observations, we have used an e�ciency factor ⌘ = 0.9 for PAON-4,
yielding an e�ective dish diameter De� = ⌘ D of 4.5 meter. The
single dish first null beam width (FNBM) is around 1.22�/De� ⇠
3.25� at 1400MHz.

We studied a number of antenna arrangements before finally
chose the PAON-4 configurations shown in figure 1. In this paper,
we shall compare the results for the following configurations.

(a) The PAON-4 configuration. The configuration actually
adopted for PAON4 is shown in figure 1. Three dishes are arranged
at the vertices of an equilateral triangle with 12 m sides, one of its
side is along the exact North-South line. The fourth dish is inside
the triangle and on its West vertex bisector line, with its center 6
meter away from the West vertex. In addition to the auto-correlation
signal, the PAON-4 configuration has 6 di�erent baselines. There
is no redundancy in baselines and visibilities, except for the auto-
correlation signal.

(b) The 2 ⇥ 2 array. The four dishes are arranged into a 2 ⇥ 2
regular array. The sides of the square are aligned with the north-
south (NS) and east-west (EW) directions, with antennae centers
separated by dsep. We use the same feed response and e�ciency
factor ⌘ = 0.9 as in the case of PAON-4. In addition to the auto-
correlation beam, this configuration has 4 baselines, with a factor
2 redundancy for the NS and EW baselines, and the two diagonal
baselines are also symmetric with respect to the meridian. (more on
the mathematical implication of this property in the next section).

Actually we shall consider two 2 ⇥ 2 arrays:
(b1) a non-compact 2 ⇥ 2 array, with dsep = 14m. This con-

figuration is discussed first to help understand the mathematical
tools introduced in Sec.3, and how the characters of the array and
survey would impact the reconstructed maps. However, the angular
frequency (u, v) plane coverage is incomplete for this case, as it is
in the spherical harmonic (`,m) indices space. This is the reason
behind the stronger mode mixing (frequency dependent beam) in-
troduced by sparse arrays and the need to use compact arrays for
intensity mapping.
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First case 
•  For map rows corresponding to the scan declinations, we use 

only the visibility data from the corresponding scan. Now, 
ci=1, same weight and no phase shift. 

1 First case

For map rows corresponding to the scan declinations, we use only the visibility data from the
corresponding scan. The map pixel would be obtained simply by adding antennae signals with
ci = 1 (same weight and no phase shift). That should correspond more or less to summing all the
visibilities.

We write the combined signal as

S = S1 + S2 + ei
2⇡
� (�6) sin(✓0)S3 + ei

2⇡
� 6 sin(✓0)S4 (1)

Here, the phase ei
2⇡
� (�6) sin(✓0) and ei

2⇡
� 6 sin(✓0) appear due to w-term. For PAON-4 case, center

dish is considered as reference which is marked as the first antenna, so dNS = 0m for the second
antenna which is sat in westward direction corresponding to the first one; dNS = �6m for the
third antenna in southeastward direction; and dNS = 6m for the fourth antenna in northeastward
direction. ✓0 = 0 for zenith direction. We define that ✓0 is negative degree as antennae point to
north direction corresponding to zenith and ✓0 is positive degree as pointing to the south.

Assuming ' = 2⇡
� 6 sin(✓0), then

I = S⇤S

= I1 + I2 + I3 + I4 + V12 + V21 + ei'V13 + e�i'V31 + e�i'V14 + ei'V41

+ei'V23 + e�i'V32 + e�i'V24 + ei'V42 + e�2i'V34 + e2i'V43 (2)

There are 4 auto-correlations (I1, I2, I3, I4), and 6 cross-correlations (V12, V13, V14, V23, V24, V34).
All these terms are present in the I expression. We expect the four auto-correlation to be the same,
or very close, if correctly calibrated. For Vij and Vji, they are complex conjugate relationship
Vij = (Vji)⇤, in other words, we get 2 ⇤ real(Vij) which ensures that the final results I is real.

2 Second case

For interpolated map rows between two sky scans, we combine the visibilities from the two ✓0-
scans. Equal weight |ci| are applied to the two sets for 0.5o interpolation, while the closest ✓0 scan
has higher weight for 0.25o and 0.75o scans. Of course the ci weights/coefficients have phases to
compensate for the phase differences of the sky signals reaching the antennae from declinations
shifted with respect to the antennae pointing directions and existing only in the NS direction.

Now, we write the signals for the two scans at the interpolated pointing (✓0 + ✓),

S?
1 = S1 + S2 + ei

2⇡
� [(�6) sin(✓0)+(�6) sin(✓)]S3 + ei

2⇡
� [6 sin(✓0)+6 sin(✓)]S4 (3)

S?
2 = S0

1 + S0
2 + ei

2⇡
� [(�6) sin(✓00)+(�6) sin(✓0)]S0

3 + ei
2⇡
� [6 sin(✓00)+6 sin(✓0)]S0

4 (4)

Here, the phase e±i 2⇡� 6 sin(✓0) also come from w-term. We assume that the pointing S1 is toward
the north compared with pointing S2, then ✓00 = ✓0 + 1o. The phase e±i 2⇡� 6 sin(✓) is the phase shift
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W-term 

1 First case

For map rows corresponding to the scan declinations, we use only the visibility data from the
corresponding scan. The map pixel would be obtained simply by adding antennae signals with
ci = 1 (same weight and no phase shift). That should correspond more or less to summing all the
visibilities.

We write the combined signal as

S = S1 + S2 + ei
2⇡
� (�6) sin(✓0)S3 + ei

2⇡
� 6 sin(✓0)S4 (1)

Here, the phase ei
2⇡
� (�6) sin(✓0) and ei

2⇡
� 6 sin(✓0) appear due to w-term. For PAON-4 case, center

dish is considered as reference which is marked as the first antenna, so dNS = 0m for the second
antenna which is sat in westward direction corresponding to the first one; dNS = �6m for the
third antenna in southeastward direction; and dNS = 6m for the fourth antenna in northeastward
direction. ✓0 = 0 for zenith direction. We define that ✓0 is negative degree as antennae point to
north direction corresponding to zenith and ✓0 is positive degree as pointing to the south.

Assuming ' = 2⇡
� 6 sin(✓0), then

I = S⇤S

= I1 + I2 + I3 + I4 + V12 + V21 + ei'V13 + e�i'V31 + e�i'V14 + ei'V41

+ei'V23 + e�i'V32 + e�i'V24 + ei'V42 + e�2i'V34 + e2i'V43 (2)

There are 4 auto-correlations (I1, I2, I3, I4), and 6 cross-correlations (V12, V13, V14, V23, V24, V34).
All these terms are present in the I expression. We expect the four auto-correlation to be the same,
or very close, if correctly calibrated. For Vij and Vji, they are complex conjugate relationship
Vij = (Vji)⇤, in other words, we get 2 ⇤ real(Vij) which ensures that the final results I is real.

2 Second case

For interpolated map rows between two sky scans, we combine the visibilities from the two ✓0-
scans. Equal weight |ci| are applied to the two sets for 0.5o interpolation, while the closest ✓0 scan
has higher weight for 0.25o and 0.75o scans. Of course the ci weights/coefficients have phases to
compensate for the phase differences of the sky signals reaching the antennae from declinations
shifted with respect to the antennae pointing directions and existing only in the NS direction.

Now, we write the signals for the two scans at the interpolated pointing (✓0 + ✓),

S?
1 = S1 + S2 + ei

2⇡
� [(�6) sin(✓0)+(�6) sin(✓)]S3 + ei

2⇡
� [6 sin(✓0)+6 sin(✓)]S4 (3)

S?
2 = S0

1 + S0
2 + ei

2⇡
� [(�6) sin(✓00)+(�6) sin(✓0)]S0

3 + ei
2⇡
� [6 sin(✓00)+6 sin(✓0)]S0

4 (4)

Here, the phase e±i 2⇡� 6 sin(✓0) also come from w-term. We assume that the pointing S1 is toward
the north compared with pointing S2, then ✓00 = ✓0 + 1o. The phase e±i 2⇡� 6 sin(✓) is the phase shift

2

We expect the four auto-correlation to be the same. 



Second case  
•  For interpolated map rows between two sky scans, we 

combine the visibilities from the two θ0 - scans.  

W-term phase	shi1	for	interpolated	poin7ng		



•  For θ = 0.5deg, and θ’ = -0.5deg, c1 = c2 = 0.7; 
•  For θ = 0.25deg, and θ’ = -0.75deg, c1 = 0.94; c2 = 0.33; 
•  For θ = 0.75deg, and θ’ = -0.25deg, c1 = 0.33; c2 = 0.87; 



•  For the map rows beyond the edge scan, we use only the 
corresponding edge scan, applying the phase term 
compensating the shift in NS between the sky direction and 
antennae pointing directions.  

•  For θ = ± 0.5deg, c = 0.7; 
•  For θ = ± 0.25deg, c = 0.94; 

Third case  



Quick map making in 1420MHz 
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Quick map making in 1400MHz 



Auto-correlation at 1420MHz 

Blue	:	simulated	from	LAB;	
Red	:	Nov	data; 



Cross-correlation (~6m,0) at 1420MHz 

Black:	simulated	from	LAB;	
Red	:	Nov	data; 



Reconstructed	map	at	1420MHz 



Auto-correlation at 1420MHz 

Blue	:	simulated	from	LAB;	
Red	:	Nov	data; 



Cross-correlation (~6m,0) at 1420MHz 

Blue	:	simulated	from	LAB;	
Red	:	Nov	data; 



Reconstructed	map	at	1400MHz 


