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Electronic MultBeam Radio
Astronomy ConcEpt
(EMBRACE)

* EMBRACE is an AAmid Pathfinder for SKA
* Largely funded within EC FP6 Project SKADS (2005-09)
* For EMBRACE:

* ASTRON: Project Leader, overall architecture, antennas,

iIndustrialization,...
* Nancay:. Beamformer Chip, Monitoring and Control Software
* MPI Bonn and INAF Medicina: design of multiplexing circuits for
RF reception, down conversion, command/control, power supply
* Two demonstrators built. One at Westerbork (144 tiles) and one at

Nancay (64 tiles currently)
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EMBRACE@Nancay

* 4608 Vivaldi antenna elements

* Single polarization (second polarization antennas are
there for a total of 9216 elements, but only one
polarization has a complete signal chain)

* 4 level hierarchical analog beamforming/signal summing
* Beamformer chip:

- 4 inputs, 2 outputs (2 independent beams)
- 45° phase steps

* Analog summing output from 3 beamformer chips
* Analog summing of 6 inputs = 1 tile (72 elements)
* 15m cable - Analog summing of 4 inputs = 1 tileset

* Down conversion - 32 inputs to LOFAR backend
(16 A-beam, and 16 B-beam)
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EMBRACE@Westerbork

* 10368 Vivaldi antenna elements
(4032 currently connected end-to-end)

* Single polarization (second polarization antennas are there for
a total of 20736 elements, but only one polarization has a
complete signal chain)

* 3 & 4 level hierarchical analog beamforming/signal summing

* Beamformer chip:

- 4 inputs, 2 outputs (2 independent beams)
- 45° phase steps

* Analog summing output from 3 beamformer chips
* Analog summing of 6 inputs = 1 tile (72 elements)
* For 2" RF beam: analog summing of 4 tiles

* Down conversion - 180 inputs to LOFAR backend
70 currently connected: 56 A-beam and 14 B-beam
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EMBRACE@Nancay

* 500 — 1500 MHz

— But high pass filter at 900 MHz to avoid digital television
* 70 m* (10.5m X 10.5m)

* |nstantaneous RF band: 100 MHz
* Maximum instantaneous beam formed:

— 36 MHz x 2 directions (single polarization)

— 186 “beamlets” each of 195.3 kHz bandwidth

— le. 3 “lanes” for high speed data from RSP

— Can trade off beam width vs. number of beams
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EMBRACE@Westerbork

* 500 — 1500 MHz

— But high pass filter at 900 MHz to avoid digital television
* 161 m*(12.7m X 12.7m)

— Currently 63m’
* Instantaneous RF band: 100 MHz
* Maximum instantaneous beam formed:

— 48.4 MHz x 2 directions (single polarization)

— 248 “beamlets” each of 195.3 kHz bandwidth

— Ie. 4 “lanes” for high speed data from RSP

— Can trade off beam width vs. number of beams
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A1 3 beamchips on a
Hexboard
4 (12 elements)




6 hexboards
in a tile
(72 elements)




Two coaxial outputs per tile
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6 hexboards
in a tile
(72 elements)




4 tiles
In a tileset
(288 elements)
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Control and Down Conversion

« Last stage analog summing of four tiles

« 2-stage mixing to convert RF down to
150 MHz +/- 50MHz

* Ethernet protocol for beamformer chip
parameters and housekeeping

48V DC

 RF + Digital Commands + Power
ALL ON THE SAME COAX!

CDC cards designed by
MPIfR/INAF-IRA/ASTRON
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L OFAR Backend

* Output from CDC
goes to LOFAR
Receiver Unit (RCU)
boards for digitization

* And then to LOFAR
Remote Station
Processing (RSP)
boards for digital
beamforming
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High Speed Data
Acquisition

g Ul 4 § GBmEWEEw
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System Control and Data

* Enormous flexibility with the dense array
— Multi-beam
— Instantaneous reconfiguration
— Real time calibration

— Multiple observing mode possibilities with tradeoff
between bandwidth, number of beams, field of view
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System Control and Data

 Extension of LOFAR Local Control Unit
Software

— More complex task with EMBRACE especially
regarding beamformer chip control

e Station Control Unit software
— Python modules

— User Interface simple, but highly adaptive using
python scripts

— Statistics saved in FITS files
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Statior. _ _ ..

EMBRACE Monitoring & Control
| -

Source coordinates Source coordinates Interferers coordinates
Subband A y Subband
frequency frequency
>

Array geometry Array geometry

Tile array g Con t.l’ ol
Subband Oytput mode
To be processed Time stamp A
|
¥ External >
N cells of Compute Compute Compute »|  correlator
combined tiles Subbands Cross Beams Interface ,
2 RF beams Statistics Correlations Statistics *
Antenna data
From RCU .
Separate Select Form
2N X zﬁo Ms]s Subbands Subbands Beams
12 b.
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S
Ease of Use

torchinsky@scu-desktop: ~fscripts

Track a source with a python script and a few,
optional, command line arguments
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Ease of Use

artemis@andante: ~'EMERACE

SAUARE KILOMETRE ARRAY

ARTEMIS is also easy to use!
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Some results
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Phase Calibration using GPS

e GPS BIIA-nN:

e Strong carrier at 1227.6MHz
* Narrow band

 GPS BIIF-1:

e Strong carrier at 1175.6 MHz
* Wider band (~7 MHz)
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GPS BIIF-2 spectrum

100 dB/|

90

uncalibrated power / dB
[e4]
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70 dB'|

RCU O
RCU 1
RCU 2
e BEU 3
— RCU 4
— RCUS5
-- RCUG6
-- RCU7
-- RCU8 1
-- RCUS
-- RCU 10
-- RCU11
wwe  RCL 12
RCU 13
RCU 14
RCU 15

EMBRACE@Nancay
|

1120MHz =~
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Without Phase Calibration

Timeline for integrated power at 1175.7MHz +/-0.0MHz

e Drift Scan
 Subband statistics
~* 100 MHz band per tileset

 Each tileset pointing
differently (or not properly)

90

oo
(=)
T

oo
iy
T

integrated uncalibrated power

O R R e ke

RCU 12
RCU 13

EMBRACE@Nancay

0 500 1000 1500 2000 2500 3000
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With Phase Calibration

SAUARE KILOMETRE ARRAY

integrated uncalibrated power / dB

Timeline for integrated power at 1175.7MHz +/-0.0MHz

— RCUO
— RCU1
= RCU.2
— RCU3 |4
— RCU 4
— RCUS
-- RCUG
-- RCU7
-- RCUS8
-- RCU9
-- RCU10
-- RCU1l
--- RCU 12 []
RCU 13
RCU 14
RCU 15

EMBRACE@Nancay
|

500 1000

1500

2000

time / seconds since 2011-10-01 11:21:30

* Tilesets are together
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Drift Scan of GPS BIIF-1

108 d B GPSBIIF-1 Drift Scan 2011-10-01 with Beamlet Statistics at 1175.6MHz +/-0.0MHz
— Digital Beam#1 direction X

105

EMBRACE@Nancay

— Digital Beam#1 direction Y |

100

[le]
L%
T

librated power / dB

1175.6MHz

90 |-

integrated uncalibrated power
e of maxXximum

85

expect

80 d B 500 1000 1500 2000
time / secon ds since 2011-10-01 09:21:30 UT

* digital beam formed with 2 directions (EMBRACE beamlets)
e Second direction is 4 time minutes ahead in the path of the satellite
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Drift Scan of Cas-A

%10 Cassiopeia A transit drift scan 2011-07-28

<]

=1171 .4 tHz

Awe. over 5 beamlets (=1 MHz) Tirne: sigyrial

Eazeling polyfit {Srd arder)

1000 2000 3000 4000  S000 2 BO00 7000 8000 9000 10000

Tirne T51

* Gaussian main lobe
 FWHM 1.476°
e 1.2\/D =1.486°
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Marmalised signal with gaussian fit

0.3

0.25

0.z

015

MNormalized units

0.1

0.05
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Azimuth offset: -0.16"
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Drift Scan of Cyg-A

&
w10 Cyogrns & drift with Milky Way background subtracted

29 T T

23

2.5

51 1 L st T i B

23 1 1 1 1

0 2000 4000 Ga0g gong
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Bazeline subtracted Cygnus A drift with gaussian fit

-1 1

HPBW: 1.4608"

4400 4600 4300 5000 5200 5400 5600 5300 G000 G200 G400
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Satellite Tracking with digital beams

SAUARE KILOMETRE ARRAY

GPSBIIA 25 Timeline for mtegrated power at 1227.6MHz +,r’ O OMHz
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Satellite Tracking with digital beams

] 05 d B GPSBIIR-11: Timeline for integrated power at 1227.6MHz +/-0.0MHz
I T I T T T T T
8 | |
i I I

— Digital Beam#1 direction X

— Digital Beam#1 direction Y

b
100 | Y
o T

fracking by AZEL

tracking by 8ZEL
tracking py AZEL

Phase calibration at
beginning only

|
EMBRACE@Nangay

1227.6MHz

e | L | L L L L L
80 d B ) 1000 2000 3000 4000 5000 6000
time / secon ds since 2011-12-09 11:22:31 UT 7000 Secs
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ms

8000 secs

7000

E@Nancay
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GPSBIIA-25: Timeline for integrated power at 1227.6MHz +/-0.0MHz
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Variation with elevation angle

GPSBIIA-25: Tim

eline for integrated power at 1227.6MHz +/-0.0MHz, plotted with inverse Elevation Ang!l%
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Cas-A drift and Track -

CasA Timeline for mtegrated power at 1175. GMHZ +/-0.0MHz

86 dB : : Slmultaneous On/Off

Phase calibration
I done earlier, GPS at 1227 GMHZ

33 dB S|m|Ia|;0!305|t|onm EMBRACE@ Nanc;ay

time / secon ds since 2011-12-08 17:06:43 UT
8000 secs
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Control Images Faworites Telescope History
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Cas-A drift and Track

» VVariation while tracking ~1dB
* Repeatable

* Gain variation? Pointing?

» Can make a pointing model

EMBRACE@Nancay

But pointing is sufficiently good for ...
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Scanned Tile Beam pattern SLIA
measured on Afristar Satellite SQUARE KILOMETRE ARRAY

EMBRACE@Westerbork

South « m — North
South « m — North

-1 -0.5 0 0.5 1

-1 -0.5 0 0.5 1
West « | — East West < | —s East

Model Measurement
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Fringes of Cas A

° Experimental settings
°* 3x3 array

e 1254 MHz

* 30 s integration

* 195 kHz bandwidth

* Initial conclusions
* Confirms A/T
* (Correlation offsets
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(=1 Vg
Measuring Pulsars (1) S

SAUARE KILOMETRE ARRAY .

The Challenge:

Current nr. of tiles is insufficient to detect m)y pulsars on the fly. They
are hidden in the system noise. Therefore we have to increase
sensitivity by increasing the BT product.

* And some requirements:
- Stable phase coherent system
- Tracking software for analog and digital beam
- Calibration of analog and digital beam
- Real-time correlation of large bandwidths
- Real-time Storage of processed data
- Real-time alignment of output data (slip detection)
- Post processing software

Conclusion:
Every part of the system must function to detect pulsars!
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Some figures:

* Measuring mode: Real-time dump to file

* Correlation mode: Auto correlation of all tiles

e Station Output Bandwidth: 12 MHz (62 sub bands)

* Output data rate: 776 Mb/s

°* Measurement Time: 13 hours

* Integration time: 0.3 ms

°* Number of tiles: 25 (4x4 and 3x3)
EMBRACE@Westerbork
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Some figures:

* Measuring mode: Real-time dump to file

* Correlation mode: Auto correlation of all tiles

e Station Output Bandwidth: 12 MHz (62 sub bands)

* Output data rate: 776 Mb/s

°* Measurement Time: 13 hours

* Integration time: 0.3 ms

°* Number of tiles: 25 (4x4 and 3x3)
EMBRACE@Westerbork
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EMBRACE first pulsar result
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Embrace | Vi T W PSR B0329+54
Pulsar |

‘First Light
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SKA-AAVP Workshop, Dwingeloo 12-16 December 2011 EMBRACE Steve Torchinsky 48



EMBRACE dual beam result

Pulsar B0329+54

Frequency (MHz)
Peak SNR
10 20
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Pulsar detection Setup details

EMBRACE
multi—beam
tile
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Beam update interval =4 s
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NBEAMLETS=62

T{ut = 328#5
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Some Issues:
The subbands of the LOFAR back end are too large to do H1.

- Make smaller sub bands by implementing real-time FFT in
CAPTURE®

Output data rate of 62 subbands make huge data files.

- Correlate and Integrate real time all 124 E-beam lets in
CAPTURE®

- Return results to the measurement CAPTURE® class in
MATLAB/OCTAVE

EMBRACE@Westerbork
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Some figures:

* Measuring mode: FFT network mode

* Correlation mode: Autocorrelation of 4x4 tiles
e Station Output Bandwidth: 12 MHz (62 subbands)

* Qutput data rate: 776 Mb/s

* Resolution bandwidth: 4 kHz

* Integration time: 14 s

* Postprocessing: gain compensation,

removal of polyphase filter

EMBRACE@Westerbork
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EMBRACE@Westerbork
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Future plans (partial list)

Phase calibration database
Pointing model

Characterize system

. understand the tracking wobble
. Tsys, effective area, etc

Multiple digital beams in multiple RF beams

M42 — high spectral resolution HI observation

M33 — mapping extragalactic HI

Regular observations (semi weekly): pulsars, CasA, CygA, TauA
. demonstrate EMBRACE as a facility instrument (reliability)

Long term observations of Cas-A

« Measure 1% / year flux change
. Demonstrate long term stability of EMBRACE and flux calibration

Science Data Model - EMBRACE as a testbed
. Use MeqgTree for EMBRACE calibration
Fringes between EMBRACE@Nancay and EMBRACE@Westerbork

. Validate dense aperture array for radio astronomy

(-l Vg
o 4

SAUARE KILOMETRE ARRAY .
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Science Data Model v2

* Collaboration with Obs Paris - LERMA
(F. Viallefond)

— Evolution of the ALMA SDM

— SDMv1 currently used on ALMA and EVLA

— Mathematics of “categories”

— Naturally object oriented

— XML and Schema

— See CALIM2011 and ADASS2011 for more detalls:

http://www?2.skatelescope.org/indico/conferenceOtherViews.py?view=standard&confld=171
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Science Data Model v2 - Goals

* Generalised model for any radio telescope
* Single dish
* Aperture synthesis
- (eg. ALMA, EVLA, PdB, ...)
* VLBI
* Aperture plane phased arrays (eg. EMBRACE)

* Focal Plane Arrays
- Feed clusters (eg. Parkes, Arecibo, Effelsberg, ...)
- Phased array feeds (eg. ASKAP, APERTIF)

SKA-AAVP Workshop, Dwingeloo 12-16 December 2011 EMBRACE Steve Torchinsky



SDMv2 Main Features

® Can be easily pruned for a specific instrument

® Can be applied to any instrument of any complexity
or simplicity

® cg. future radio telescopes: ASKAP, APERTIF, EMBRACE,
ALMA, EVLA, VLBI, etc

® cg. for SKA: It will be composed of multiple
technologies, but all can produce data in SDMv2

SKA-AAVP Workshop, Dwingeloo 12-16 December 2011 EMBRACE Steve Torchinsky
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