Performance of SAGECal calibration
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Abstract
In this paper, we investigate the accuracy of SAGECal calibration using real models of the sky for the North Celestial Pole
(NCP) and 3C196 windows, and compare the results between these two sky models in order to determine a suitable sky window
for Epoch of Reionization (EoR) signal detection. The 3C196 window has a bright source at the phase center and many weak
sources around it. The NCP window does not have such a bright source, but have only weak sources. The accuracy for estimation of
foreground effect for the case of 3C196 is better than that of NCP due to its high signal to noise ratio. On the other hand, residuals
after removal of foreground in the real space for 3C196 are higher due to its brightness. According to these results, we conclude that
NCP sky window can provide more accurate removal of foregrounds, and 3C196 sky window can provide more accurate estimation
of sky noise effect which includes ionospheric and beam effects.

I.

I NTRODUCTION

The detection of signals from the Epoch of Reionization (EoR) is a very challenging task due to the need for removing
huge foreground contamination’s which hide the sought after signal. Therefore, accurate calibration accomplishing the removal
of foreground contamination is needed.
As crucial aspects of calibration, two issues can be considered. First one is accuracy since the signal from EoR is so weak
compared with foreground. In fact, the amplitude of foreground emission is higher by 4–5 orders of amplitude of the EoR signal
in the frequency range for EoR experiment [1]. Therefore the foreground removal must be careful and rigorous. Second one is
computational cost because of the need to process huge amounts of data. Calibration is basically the Maximum Likelihood (ML)
estimation of all components of sky and instrumental systematic errors and calibration is performed using iterative techniques
such as the Levenberg–Marquardt [2], [3] algorithm (LMA) or trust region methods [4]. Therefore, the computational cost is
much higher compared with a linear estimation problem.
The Space Alternating Generalized Expectation Maximization (SAGE) algorithm [5], [6], [7] is one of the improved methods
for calibration, which gives not only lower computational cost but also faster convergence speed than traditional calibration.
Even if we use the calibration method which has lower computational cost, however, the time needed for data analysis is still
bigger because of huge amount of data. Therefore, by knowing the better sky window to observe to extract the EoR signal, we
can cut down significant amounts of observing time.
In order to do this, we have done extensive simulations of the NCP and 3C196 windows where we have simulated
interferometric observations for LOFAR telescope. Realistic sky models were used and errors due to ionosphere and beam
shape were simulated. Finally, we have used SAGECal to perform calibration of these observations and analyzed the results.
II.

S IMULATION AND C ALIBRATION

The details of the observational parameters used in the simulation is given in Table I. In Fig. 1, we show the sky models used
in the simulations. Note that we have simulated more sources than what we use in calibration. The weak sources not included
in calibration also act as an additional source of noise [8].
Assume that we observe K radio sources by a radio interferometer which has N antennas for both skies. Each antenna p
receives fully polarized signals from each source which have two orthogonal polarization feeds ~ei = [eX , eY ]Ti as well. The
NCP
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Frequency
Number of stations
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Fig. 1.
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Sources in the (a) NCP and (b) 3C196 windows. Sources that are included in the calibration as well as additional sources are shown.

induced voltage at each antennas can be written by
~vp =

K
X

Jpi~ei + ~np ,

(1)

i=1

where the 2 × 2 Jones matrices Jpi represents the contamination by sky noise or instrumental noise and ~n represents the
measurement noise. After that, we need to take correlation between each two antennas, since each voltage has geometric delay
depending on the location of the antennas on the earth. Because the each signal are uncorrelated, the correlated voltages between
p-th antenna and q-th antenna, called as visibility, is written by
Vpq =

K
X

Jpi Ci JH
qi + Npq ,

(2)

i=1

where Ci ≡ E{~ei ⊗ ~eH
i } is the coherency matrix which provides us the polarization information of the i–th source. Then, the
vectorized formula of Eq. (2) can be written as,
vpq = vec(Vpq ) =

K
X

J∗qi ⊗ Jpi vec(Ci ) + vec(Npq )

(3)

i=1

T
T
T
Ignoring the auto-correlations, p = q, and stacking up all cross-correlations as y = [v12
, v13
, . . . , v(N
−1)N ]. Then the
measurement equation can be written as


J2i (θ) Ci JH
1i (θ)
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X
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si (θ) + n,
si (θ) ≡ 
y=
(4)
..
.


.
i=1
JN i (θ) Ci JH
(N −1)i (θ)

The number of elements in y and n is at least 2N (N − 1).
We have simulated the values of Jpi for all p,i to model realistic ionospheric and beam errors. We have also added noise.
Afterwords, we have calibrated the data (only along the directions of the calibrators) using SAGECal. The details of the calibration
algorithms can be found in [6], [7], [8].
III.

C OMPARISON NCP WINDOW WITH 3C196 WINDOW

In this section, we compare error level after SAGECal calibration for both sky models. In order to do that, we define three
errors. We show the comparison of errors between NCP and 3C196 window in Fig. 2.

1)

Error in Jones matrices First one is the error between estimated Jones matrices and input Jones matrices. That can
be calculated as the subtractions between input Jones matrices and estimated Jones matrices (after removing unitary
ambiguities [9]) and normalized mean square error (NMSE) which is written by
NMSEi ≡

2)

N
1 X || Jpi − J̃pi ||2
.
N p=1
||Jpi ||2

The left top panel of Fig. 2 shows NMSE. We find that stronger sources basically provide more accurate (small variance)
solutions. That is because stronger sources have higher SNR. According to this strategy and looking at upper left panel,
estimation of Jones matrices for NCP is at least 10 times larger than 3C196 window, of course, because of lower SNR.
It means that 3C196 window is better to study the effects contained in Jones matrices.
Error along the direction of calibrators Second one is the residual in the image space after SAGECal for each
calibrators. Since SAGECal removes the calibrators in the uv-space, we have to make images (using casa). Then we
measure the intensities at each source position, Ĉi and calculate percentage of residuals which is written by
on source errori =

3)

(5)

Ĉi
× 100
Ci

[%] .

(6)

Focusing on the on source error shown at left bottom panel in Fig. 2, the ratio of removed intensity for 3C196 is also
smaller than NCP (see in lower panel of bottom panel in Fig. 2) due to better estimation of Jones matrices. However,
averaged residual value for 3C196 is roughly few times larger than NCP because of its brightness.
Off–source error Third one is also the residuals on the real space images after SAGECal but directions away from
calibrators. This error describes the removal error of leakage from calibrators due to sky noise and instrumental noise.
Hence, we measure the intensity along a direction which any calibrator does not exist and make a histogram of intensities.
The variance of this histogram is called off source error. We treat these three errors as an indicator of accuracy.
We show the off source error at right in Fig. 2 by histograms. Upper panel describes the case of NCP. The histogram
with black line represents the input measurement noise on the map which has σn2 = 1 mJy/pixel. Red unshaded spread
histogram is the noise on the map before calibration which is roughly twice larger than measurement noise because of
leakage from calibrators. Then the red shaded histogram which do completely correspond to the black one is the noise
after calibration. For NCP, the leakage from extragalactic foreground can be removed at least lower than measurement
noise level. On the other hand, the blue unshaded histogram in right lower panel of Fig. 2 has slightly larger variance
than black histogram. It means that the leakage in the case of 3C196 can be hardly removed due to large contamination
from the brightest calibrator which can be seen as a few ten times larger noise than measurement noise (see blue
unshaded histogram in the right lower panel of Fig. 2).

According to the on source error and off source error, NCP window seems to be better to eliminate extragalactic foreground
and leakage. This fact means that it is better suited for us to study background emission, such as signals from reionization epoch.
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Fig. 2. Left panels: The comparison the error of NCP (red line) with 3C196 (blue line). Upper and lower panel show the NMSE and the on source error. Right
panels: The comparison of the noise on the map. Top and bottom panel describe the case of NCP and 3C196. Black line represents the input noise. Shaded and
unshaded histogram shows the noise on the map before and after calibration, respectively. Broad unshaded histogram is caused by the leakage from extragalactic
foreground due to sky and instrumental noise.

