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Outline: LOFAR (Ionospheric) Calibration

e LOFAR hardware review

 LOFAR processing software

e Sensitivity and sources

e SPAM to MIM (and more calibration terms)

e Refraction
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LOFAR:
The Low Frequency Array

oo © Aperture array technology
- digital processing

# » Low Band (LBA)
- normally 30 to 80 MHz
e - can do 10 to 80 MHz
 High Band (HBA)
' ¥ - 120 to 240 MHz

“ « 3" input unused

e Core (2 km diameter)

 Remote (inside NL)

* International (outside NL) Current LOFAR
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259 e 2 km diameter
ol oV
| e e Micky Mouse design

b 4 e Station Beam FWHM

XA - 87 6.6 53 2.6°
- 30 75 120240 MHz

e Synthesized beam

* Core area will be a nature reserve B 29
« 96 LBA antennas (48 observing at a time) & 2 800 300 200 100

24 HBA tes - 30 75 120 240 MHz

EOE

(AR

NEA A MBA MEA HEA EA

A 1A HBs rEA HEA tEA
e A e

HEA ML

Inter tile distance: 0.6 m
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Remote

8 » Up to 130 km baselines
{ » Circular-pair half-design
e Station Beam FWHM

- 8.7 6.6 3.7 19°

- 30 75 120240 MHz

e Synthesized beam

* 48 HBA tiles & 96 LBA (only 48 at a
time used for observation) - 20 8 5 3

* Station field rotation as_gvell - 30 75 120240 MHz

Final HBA distribution discussed

LOFAR REMOTE station
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: International
¢ © ~1000 km baselines
 Original station design
. Station Beam FWHM
- B 9940 25 1.2°
- 30 75 120240 MHz
e Synthesized beam
- 1.7 0.7 04 0.2”

* 96 LBA and 96 HBA tiles
- Station rotation also applied - 30 75 120240 MHz

Platform for cabinet

HBA field

e m——n T e e LBAfleld

220
Jze2l
3HE
312
3882

g3
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Rollout
e 2008 Jun: BlueGene L replaced with BlueGene P

e 2008 Jul: Remote station installation began

e 2008 Aug—Sep: Intl. station installation begins

e 2008 Oct: Core station 1nstallation begins

e 2009 Apr: LOFAR Phase 1, major commissioning phase

- Global Sky Model observations (coordinate reference system)
- Million Source Shallow Survey (all-sky < 3 months)

- LOFAR Long Baseline Working Group astrometry survey

- Tied-array mode, CR, etc.

- Magnetism KSP commissioning and 1nitial science?

e 2010 Mid: LOFAR Phase 2, all antennas 1n place

e >~2010: E-LOFAR (?2?)
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Frequency Selection

e Station A/D converters form 100 MHz or 80 MHz bands
e These are divided 1nto 512 subbands (IFs) of about 200 kHz

e Station beams can send back an arbitrary subset of these
subbands

- Frequency coverage not required to be contiguous

- Calibration will work best 1n full production system with
wide frequency coverage

e Upto , for 16 (8, 4) bit samples, with a
combined bandwidth of up to

- But some fraction of that will be taken up by calibration beams

e (Correlator creates 256 channels within each subband, so final
channel resolution 1s < 1 kHz
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Data Rates And Processing

* Theoretical data rate out of correlator (full processing) in GB/s
for the standard 16 bit sample mode

- Baselines Dutch International
- LBA 1 9
- HBA 17

e Data rates would grow by a factor of 4 for the 4 bit sample
mode 1f LOFAR can deal with the data rate

e Currently each subband (IF) 1s processed semi-independently

- RFI flagging and coarse calibration

- Possible frequency averaging to lower effective data rate
during calibration
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Outline: LOFAR (Ionospheric) Calibration

 LOFAR hardware review

e LOFAR processing software

e Sensitivity and sources

 SPAM to MIM (and more calibration terms)

e Refraction
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Interferometry Processing Path

e Current pipeline system for

& Central Processing ASTRON . - S
imaging working in
_WAN On-line : Storage Ofi-line GI. Onin g en
6.0 ; e Can already deal with
u 0 [ | e modestly large number of
3 bselines
T — — 4+ Current software really
only works (tested) for
* BG/L Data reception, transpose, correlation, beam-forming, de-dispersion bas elines < 2 km
* Storage system Short term storage of data, ~1 PByte, >100Gbps I/O
e Offline cluster Calibration, data products, off-line analysis, ~1000 nodes o Huge amount Of WOI’k tO be
ASTRON 5 Magnetism KSP, 23 Apr 2008 done by April neXt year for
LAD presentation by M. Wise new stations
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Meqlrees

e Not officially part of LOFAR

* But being used for much of the LOFAR
development and commissioning

e Ease of installation now greatly improved

e Rapidly expanding userbase

e (CasaCore and Python

o B
R

: = o Used in CA and NL for focal-plane array
=+ calibration

SHAT QBB OH LR O

 Heavily used for SKA simulations

6| |
86

# - 27 feb 2006: creation (starting from
# - 02 apr 2006: completely reworked it

# Copyright: The MeqTree Founda

from Timba.TDL import *

a|
Bl

http://www.astron.nl/meqwiki

Bonn MeqTrees Seminar presentations available at
http://usg.lofar.org/wiki/doku.php?id=documents:minutes:2008:2008-05-26 meqtrees seminar /g
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BBS (Blackboard Selfcal)

Standard Imaglng

BBS SelfCal ASTRON

Recent progress

* Distributed BBS available
* Solution based flagging

*  BBS ported to RuG cluster

* First version of CIMAGER Release
of PyBDSM package

Next quarter
BBS global solver complete

*  GSM implementation design
+  MIM implementation design

+  Mosaicing designValidation of
CIMAGER

+ Solving for:

» Subtract sources

« HDF5 data cube format

GLOW presentation by Vogt

 Main LOFAR pipeline software

4 HBA tiles, 24 hrs, 36 subbands, 125-175 MHz

— Instrumental parameters

— Direction-dependent sky
parameters (beam, ionosphere)

— Source parameters

(point and gaussian)

- Apply corrections for instrumental parameters
» Distributed; can solve globally (almost done)
+  Multi-threaded

ASTRON 12 Magnetism KSF, 23 Apr 2008

LAD presentation by M. Wise

e C++ and Python, casacore based (eventually)

e Clmager runs 1n parallel environment

e Cluster calibration software --- fits calibration terms using
information from many subbands (IFs) simultaneously
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Outline: LOFAR (Ionospheric) Calibration

 LOFAR hardware review

 LOFAR processing software

* Sensitivity and sources

e SPAM to MIM (and more calibration terms)

e Refraction
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User Sensitivity: /

Stokes I, 3.57 MHz bandwidth, 3600 s integration time ® Full (1nternational)

].O 0 E rrrr[rrrr o lz(ljcl)gl rrr[rrr1 g LOFAR about 2 tlIIleS
: 207 0Pt 1 better than NL LOFAR
Nl ,  Dutch LOFAR or | » HBA sensitivity
10 E—ﬂ Inpe.‘rnatlonal AR E roughly flat
: - 1 * LBA system peaks
é 02 ; ‘e around 56 MHz
4 = L. .
= E g & O 1 * Noise increases rapidly
— D il .
2 i 1  tolow frequencies
-3 L ||
10 E & s A AA Ag
B #’
3 o s o 0é "
e O 0 g OO0 i
10—4 | 1 1 | I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1
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v[MHz] )§
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Calibration Sensitivity: /

Stokes I, 0.85 MHz bandwidth, 10 s integration time

].O 1 :i ol I T 11 I | L L | L l L I: ¢ 10 S iS apprOXimate
5 . . 2009 Apr : timescale for
[ A * mid 2010 {  1onospheric changes
_— -
s S o  Several beams, MHz of
— 4 LUFAR LOTI¢ = . .
) £ 4 <% Dutch LOFAR : bal}dw1§1th ded1catec} to
S - _ % 4 International LOFAR{  calibration observations
L . I
> [ 4o 1 * HBA sensitivity
2,107t B a =  roughly flat
2 : il
< ; r . <« <1 * LBA system peaks
I £ . g % % 3round 56 MHz
5 @ o 06 ® . : :
1072 | . - o3 * Noise increases rapidly
E | | ? - | 1 to low frequencies
0 50 100 150 200 250 - But so may flux density ...
v[MHz]
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Single Pol Selfcal Noise Level

Single Pol, 0.85 MHz bandwidth, 10 s int ti ti .
mee e = I B |z| la:lnl“flll T 1 |S|II|] leger llolnl lln—]e ¢ Selfcal eqUJValent ﬂux

i C'ovree 1 density for a single
101 LB —|  station (ear) naturally
F 4 . 2009 Apr : large.r.t}.lan image
- T a . 3 » mid 2010 T sensitivity
E B D & 4 & il .
5 s % * Inclusion of longer
L 100k " o LOFAR Core - baselines assumes that
E ; Pnuttecrkrll aLt(i)g Izl\ .aR | LOFARE sufficient flux der.lSity
0 - {  can be found at high
= I p : gd & resolution
b « A & &
10-! & 2 & Lo ‘__
I O o o 00O D:
» = ]
i L1 1 | I 1 1 | I L1 1 1 I L1 1 1 I L1 1 1 1

0 o0 100 150 200 250

v[MHZ ] )@
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Selfcal for Different LOFAR Stations (Ears)

Single Pol, 0.85 MHz bandwidth, 10 s integration time

Single Pol, 0.85 MHz bandwidth, 10 s integration time Single Pol, 0.85 MHz bandwidth, 10 s integration time
17 17T 177 IIIIIIIIIIIIIIII llllllllll IIIIIIIIIIIIIIII llllllllll llllllllllllllllllll
[ & ore [ A Remote 7 E: International
101:—5 — 101:—5 — 101 | =
2 + 2009 Apr 1 - a + 2009 Apr . + 2009 Apr
— & 4 * mid 2010 1 = [ @ & * mid 2010 - * mid 2010
E = ® 4 & . E = A & E =
S 4~k g 40 : a B
Q 100 | = 4 Q2 10° = 4 2 10°F N |
2 : Dutch LOFAR ] B : Dutch LOFAR S E o :
— International LOF‘AR: — International LOF‘AR: — International LOFAR:
2 4 3 22 :
0= £ 5 s 080 o 10° d . 44l & 107F E
O - 0 o g oo = N A A AL A:
o 8 & = bm
- - O .
IIlIllIIIIIIllIIllII IIIIIIII |l|l||llll|llll| IIIIIIII IIIIIlIllIlIIIIlIIIl
0 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250
v[MHz] v[MHz] v[MHz]
e Noise level (generally) decreases going to the more distant stations,
as they have more collecting area
e But flux density rapidly drops off for long baselines
°

LBA system (< 100 MHz) difficult to calibrate for 1000 km baselines

- Very few ~several Jy sources at that resolution

- Need many short baselines to every International LOFAR station Ag(
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Global Sky Model

o not

- At most resolutions calibrators will be resolved

- Fields of view are huge, with strong, distant sidelobes, so
there are no 1solated sources

- Catalog of > millions of sources
- Brightness, shape, polarization, rotation measure, ...

- Coordinate reference system

- More flux density for calibration

- More lines of sight through 1onosphere ﬁg«
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Outline: LOFAR (Ionospheric) Calibration

 LOFAR hardware review

 LOFAR processing software

e Sensitivity and sources

e SPAM to MIM (and more calibration terms)

e Refraction
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SPAM: Source Peeling &
Atmospheric I\/Iodellng

(generalized selfcal © Jan Noordam)

Recipe:

¢ Obtain ionospheric phase
info through peeling

¢+ Model fit ionospheric phases @ monty pﬁh;,n
with thin screen at fixed height

¢ Predict ionospheric phases for arbitrary
viewing directions while imaging
Repeat if necessary

SPAM 1s the PhD dissertation work of Huib Intema, Leiden

Slides taken from Huib's 2008 May LIONS presentation ﬁ LOFAR
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(Il) Fit ionospheric phases with thin screen
at fixed height

¢ Thin layer phase screen at 200 km heigth
¢+ Kolmogorov turbulent medium with [w( Hmf

+ Optimised set of Karhunen-Loeve base “functlons
(van der Tol et al., 2007, IEEE proceedings)

1 =65, Tohase — 22337 deg

Altitude [km]

Alatitude [deg|
phase |deg

10 10° b 0.0 0.2
Electron density [cni?) Alengirude [deg]
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Image analysis: quiet Ionospnere
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BBS Calibration Development Stages

- 2-D 1onosphere model now, fits phases

- Easily extended to 3-D model (extra ~ 2 weeks of
development time)

- LOFAR use of SPAM intended as temporary solution to get
LOFAR going while more complicated algorithms are coded

- SPAM requires 1nitial calibration from somewhere ...
. TEC

e Minimum Ionosphere Model (MIM, Noordam et al.)

- Telescope-based MIM of Noordam fully generalized, and easy
to transform results for application of calibration

- 3-D 1onosphere-based MIM of Anderson more complicated to

apply to observations, but easier to apply ionos}g\beric physics
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Calibration Details (Future Development)

e Clock offsets (1 param) e Station position offsets (3 param)

- LOFAR is a VLBI instrument - Weather fronts, ocean loading,
and so on produce significant

) , station position offsets even
- lonospheric delay (vim) on Dutch baselines

- Faraday refraction (Mim) e Instrumental terms

- Ionospheric absorption (derived) - Complex station/tile/dipole
- lonospheric refraction (derived) gaIns (several param + model)

e Jonospheric Terms

 Also changes station position for - Beamformer sawtooth
(u,v,w) calculation depending on j
frequency - Beamformer delays
* Troposphere - Dipole/Tile/Station delay and
- Delay (standard model or MIM) phase otfsets
- Pressure information from station weather - Reception location depends on
data may be good enough for modeling, incidence angle (extra station position
but must be calculated over wide-field shift) §
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Outline: LOFAR (Ionospheric) Calibration

 LOFAR hardware review
 LOFAR processing software

e Sensitivity and sources
« SPAM to MIM (and more calibration terms)
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Ionospheric Refraction
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- 20 MHz -
n U MR7Z —
O 4 _
o 240 MHz I
ap - |
q) — -
Dt ]
o3[ 5
ap - i
c | ]
< T =
5K 1
= [ y
O ™ —
& L J
O 1 B =
m = —
O T=,_I.__L L | 1 L\l-_-‘—_[__l__“l‘—_t— |
20 40 60 80

Elevation Angle [degrees]
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e In addition to 1onospheric

delay and Faraday rotation,
refraction 1s important at
low frequencies

Strongly increases toward
lower frequencies

Substantial fraction of beam
FWHM at low elevations

- Can have a significant
impact on gain
calibration

To first order interferometer

delays are insensitive to this,
but ...
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Extra Delay from Refraction

100 km Baseline 1000 km Baseline

10 i [ I I I I I I I I | I | [ | 1 | \l | | | I I | | I | | |
— 20 MHz - b 20 MHz -
<k 30 MHz - < 30 MHz -
. B 50 MHz = — 8 | 50 MHz ~
S 1 ] L k \\ ]
R 240 MHz - s ! 240 MHz -
~ 6f 1 —~ 6 | 1
g Ol ] g [ |
= [ - 2 -
) |\ J 0 I i
R ) s L0 )
“_— L ] — i ]
a L\ ! = L I
s L 1 -0 I
s 2 - 85 2 -
% 5 ! % L I
5 [ 1 & [ 1

oL gty S W L -

20 40 60 80 20
Elevation Angle [degrees] Elevation Angle [degrees]

e To higher order, 1onospheric refraction 1s important

* Bent path delay does not follow standard 1onospheric path
delay v~ relationship --- extra calibration challenge
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Station Position Shift by Refraction
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e Ray path outside of Earth's atmosphere 1s different
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* (u,v) coordinates are different from simple geometric prediction

e Fractional (u,v) difference can be many percent, even on short
baselines
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@ LOFAR
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Need to Bring In Ionospheric Scientists

e More work here than we can
deal with

lonospheric and Imaging Research

* Need help inverting
e e 1 i en o s s e it measurements to electron
content

- Refraction, absorption, etc.

e LIONS working with different
1onospheric groups

sion technigue.

determine the ctron ¢

- LOFAR calibration will eventually use
realtime GPS-based 3-D 1onosphere
models from MIDAS

* Special joint session at URSI
GA on Thursday afternoon
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Final Thoughts
(Or, Other Random Topics for Discussion)

- Any hope of adopting common basic libraries (casacore)?

- FITS-IDI needs some updating for aperture arrays (phased
arrays and focal-plane arrays). Please contact me if you are
interested 1n working out some of the details.

- LOFAR also re-examining our image storage format

- LOFAR will probably use HDF5 internally, not FITS or
alps++ measurement sets.

e But we are aiming to adhere to a common information content,
and will be able to produce standard (FITS?) files
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