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Image	Based

FHD	(Sullivan+	2012)
CLEAN	-like

Redundancy	Based	

Omnical (Zheng+	2014)
HERAcal



10

The Calibration Schools
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Image	Based

FHD	(Sullivan+	2012)
CLEAN	-like

Redundancy	Based	

Omnical (Zheng+	2014)
HERAcal

+	Works	on	all arrays

- Need	a	Sky	Model

+	Sky	Model	Free

- Redundant	Array
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A Case for Redundant Calibration
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The missing source problem
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𝑐"# =			𝑔"∗	𝑔#		×		𝑣"#
Incorrect Calibration	Solutions

Image	Ghosts [Grobler+2016,	Wijnholds+	2016]

Epoch	of	Reionization	Contamination
[Nichole	Barry+	2016]
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EoR Machines
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Google	Maps

Reionization.org

ASTRON

James	Aguirre
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Redundant Calibration Schemes
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𝑐"# =			𝑔"∗	𝑔#		×		𝑣"#

Logcal Lincal

[Wieringa 1992] [Liu+	2010]
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Sky Dependency 
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[R.	Joseph+	in	prep.]
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Sky Dependency - Logcal
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Source	Location

[R.	Joseph+	in	prep.]
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Source	Location
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Sky Dependency - Lincal

Science at Low Frequencies IV 2017



19

Redundant Degeneracies
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Fitting internal consistency.

𝑐"# =			𝑔"∗	𝑔#		×		𝑣"#

Complex	numbers	are	a	pain.	:	(
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Hybrid Calibration
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No True Redundancy

Positions offsets Beam variations

Redundant Sky	Model

No	Perfect	Sky	Model [Sievers 2017]
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Generalized Calibration
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SKA Partial Coherence

Hybrid MWA

Optimally combine all the information we have?

http://skatelescope.org

Google	Maps
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Calibration Symbiosis
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Wenyang Li (Brown University) 
[in the ApJ sausage machine]

FHD + Omnical and             Omnical + FHD
Comparing Redundant and Sky Model Based Interferometric Calibration 5

Figure 3. 30 minutes averaged gain solutions of tile 1024 (left column) and tile 1064 (right column) from zenith pointing, east-west
polarization. Upper: Gain amplitude; Middle: Gain phase. Lower: fractional di↵erence between FHD solution and OMNICAL solutions with
degeneracy projected. Blue: FHD solutions; Red: OMNICAL solutions after projecting degeneracy. The fractional di↵erence in the lower
plots is calculated by dividing the amplitude of the complex di↵erence between the two by the amplitude of FHD solutions.

tive constant, and simultaneously dividing yij by the
square of that constant does not change the amplitude of
g⇤i gjyij . We correct the amplitude degeneracy parameter
by multiplying each OMNICAL gain by e�, where

� =
1

Ntiles
(
X

i

⌘FHD
i �

X

i

⌘OMNICAL
i ) (10)

To illustrate phase degeneracies, we evaluate Equation
11, which is the phase part of Equation 1:

�ij = �i � �j + ✓ij , (11)

where �ij ⌘ arg(vij), ✓ij ⌘ arg(yij). We can add a

linear field ~� · ~ri +  to �i, and simultaneously subtract
~� · (~ri � ~rj) from ✓ij , to get a new set of solutions as
defined in Equation 12:

(
�0i = �i + ~� · ~ri +  

✓0ij = ✓ij � ~� · (~ri � ~rj)
(12)

Under this transformation, �ij in Equation 11 is invari-
ant, as Equation 13 shows (Zheng et al. 2017).

�0i � �0j + ✓0ij = (�i + ~� · ~ri +  )� (�j + ~� · ~rj +  )

+ (✓ij � ~� · (~ri � ~rj))

= �i � �j + ✓ij
(13)

Here ~ri is the ideal position of tile i, i.e., tile positions
with perfect redundancy.
We assume all tiles are coplanar, ~ri is a 2D vector, thus

~� is 2D. The absolute phase parameter is given by  , and
the two rephasing parameters are given by the 2D vector
~�.
We define � i ⌘ arg(gFHD

i /gOMNICAL
i ). Equation

14 shows the relation between calibration solutions and
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ABSTRACT

We present the first results of redundant calibration on MWA Phase II observations, as well as sky
model based calibration. In Phase II, the MWA installed 71 antenna tiles in two highly redundant
hexagonal layouts. In this paper, we apply the publicly available package OMNICAL, developed for
instrument calibration using redundant baselines, on data from the two hexagons. We also produce
sky-based calibration solutions with the publicly available analysis package Fast Holographic Decon-
volution (FHD). The principal results consist of three sections. (1) We report the success of OMNICAL
on observations of ORBCOMM satellites, showing substantial agreement between redundant visibility
measurements after calibration. (2) We further compare OMNICAL results with FHD sky model cali-
bration on observations of the EoR0 field, and we find the evidence that these two di↵erent calibration
schemes give consistent results. (3) We explore improved calibration by combining OMNICAL and FHD.
We evaluate the di↵erent calibration solutions by looking at visibility redundancy and power spectra,
and suggest future directions for combining these two calibration schemes.
Keywords: dark ages, reionization, first stars; instrumentation: interferometers; methods: data anal-

ysis; techniques: interferometric
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1. INTRODUCTION

21 cm observations of the Epoch of Reionization (EoR)
have the potential to reveal a wealth of information about
the formation of the first stars and galaxies by measur-
ing the three dimensional power spectrum and full to-
mographic maps of the neutral IGM (Morales & Wyithe
2010; Furlanetto 2016). However, these observations are
technically very challenging due to bright astrophysical
foregrounds and the chromatic nature of radio interfer-
ometers.
In the last two years it has become apparent that pre-

cision instrument calibration is crucial for disentangling
the faint cosmological signal from the bright foregrounds
(Barry et al. 2016; Trott &Wayth 2016; Patil et al. 2016).
Current precision calibration e↵orts for EoR observations
fall into two camps: sky based calibration using deep
foreground catalogs and forward modelling of the instru-
ment visibilities (Beardsley et al. 2016; Patil et al. 2016;
Carroll et al. 2016; Procopio et al. 2017; Hurley-Walker
et al. 2017; Intema et al. 2016), and redundant calibra-
tion that foregoes a sky model but requires the tiles be
placed on a precise grid (Liu et al. 2010; Zheng et al.
2014; Wieringa 1992). To date it has been impossible
to directly compare the e�cacy the two calibration ap-
proaches on real data. Redundant arrays have very poor
point spread functions (PSFs; or array beam), and are
thus hard to calibrate with sky based approaches; and
arrays with good imaging performance do not have the
baseline layouts necessary for redundant calibration.
Using new observations with the MWA II we report

on the first direct comparison of sky and redundant cal-
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2018 Resolutions
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Sky Dependency Redundant Calibration
Position offset impact on Redundant Calibration
Expand Hybrid Calibration [Sievers 2017]

Less Bugs…….
More fresh air
Eat healthy
Exercise more
Be more mindful.


