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Multifrequency Interferometry,

T'elescope: for' Radio Astronomy:
MITRA

(Rg veda mandala 1 suukta 2 paada 7)

mitra, of holy strength, I call, and foe-destroying varulNa, who
make the oil-fed rite complete”.

-Vedic god of contracts, meetings; modern meaning friend.

- Friend telescope.
I': http://en.wikisource.org/wiki/The Rig Veda/Mandala 1/Hymn: 2
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- Pre African SKA bid (2004): South Africa & Mauritius only

- Post bid (2015): Botswana, Ghana,, Kenya, Madagascar,
Mozambique, Namibia, Zambia and other countries

- Training: students, technicians & engineers RSA HCD
programme

- African VILBI Network A VN
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Motivation

- Developing an base in astronomy, engineering and technology.

- [nvolvement 1n international scientific collaboration.

A major boost to research i radio astronomy in Africa.

- Original output in science and technology from Africa.

- Modularity and cost compared to large dishes
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MITRAS Overall description

- A sensitive high resolution multi-frequency dual polarity
- Frequency range 200 to 800 MHz

- Multiple independent stations of low-cost dipoles

- Baselines: ~metres, ~1-250-500-1000-3000 km-

- Instrument & station: modular & subsets

- Technical specifications function of number of stations
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MITRA: Station outline

- Each station: sufficient sensitivity and resolution built .

- Front-end & the back-end integrates with data acquisition.
- [Local system synchronised, centrally, with other stations.

- The data pipeline: mtra-station & inter-station correlation.
- Intra & inter station hub management

- [naging & spectroscopy:
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Sensitivity 1

- Sky noise ~300-1000 K Galaxy(@150MHz (Golap 1998)

- No cooling of field electronics: science & cost factor

- Mauritius Radio Telescope~250 mJy point source sensitivity per
station for 1024 antennas. (Golap 1998, Pandey 2006, Daiboo
2012). 1 MHz BW, 16 s integration, area ~4000 m*

- MITRA 2™ stage ~128 antennas: aim for < 2.5 Jy
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SenSivity) 2

-The w term
-Convolution & Gridding
-Primary beam

-Phasing

-Bandwidth decorrelation

-lonospheric effects
P Problem in ~low frequency imaging
p Used to advantage here
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Resolution

V A Resolution
MHz 10m 100m 1km 500 km 2500km 5000km
B G e arcseconds---------------—-——- >

50 6.0 123758.9 12375.9 1237.6 5.0 2.5 1.24 0.495 0.248
100 3.0 61879.4 6187.9 618.8 2.5 1.2 0.62 0.248 0.124
20011.5 30939.7 3094.0 309.4 1.2 0.6 0.31 0.124 0.062
300 1.00 20626.5 2062.6 206.3 0.8 0.4 0.21 0.083 0.041
400 0.8 15469.9 1547.00 154.7 0.6 0.3 0.15 0.062 0.031

500 0.6 12375.9 1237.6 123.8 0.5 0.2 0.12 0.050 0.025
600 0.5 10313.2 1031.3 103.1 0.4 0.2 0.10'0.041 0.021
7000.4 8839.9 884.0 88.40.40.20.090.035 0.018

800 0.4 77349 773.5 77.30.30.20.08 0.031 0.015
90010.3 6875.5 687.5 68.80.30.10.070.028 0.014
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uv:coverage

L= xysin H +yy cos H

v=-xysinocos H +yysindsin H + 2y cos0

W =X, c080c0s H —yycososin H 4 zysino

-The w term becomes important for non
local baselines.
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RET levels 45-870 MHz

Christian Monstein 2013
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RFET levels 45-870 MHz

o
o

N
o

6.0 H i
4.0 I I
e

O
o

.9
.q

S
%,
0
e
4

Christian Monstein 2013

gkb@uom.ac.mu United Nations / Japan Workshop on Space Weather"Science and Data Products
from ISWI Instruments!" ICSWSE, Kyushu University, Fukuoka, Japan 2-6 March 2015


mailto:gkb@uom.ac.mu

Extremelywide field imaging with
heterogeneous now coplanar arrays

- Short spacing

- w/n term, sampling & visibility

- Primary beams: size and dependence on position
- Bandwidth decorrelation

- Imaging & CLEANIng etc

- Future problem for the SKA
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MITRA: Science I

- (de Ponticu et al
201 1, Zaarashvili et al 2013)

- The Milky Way, Galactic centre star forming
regions(Yusef-Zadeh et al 2013)

- Galaxies and clusters of galaxies (van Weeren et al
2011)

- Pulsars & Supernova remnants (Stappers et al 2011, Ha
et al 2013)
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MITRA: Science Il

- [Low: brightness wide sournces (IDodson 1997)

- Transient sources (Nithyanasdan et al 201 1, Bannister et al 2011,
Schmidt et al 2013)

- Spectral and recombination line observations (IDe Pree et al 1997)
- Spectral indices of sources(Miley et al 2008)

- Interstellar scmtillation, Jupiter (Rickett et al 2002, Zarka et al
2005, de Pater et al 2003)

- (Judd et al' 1987)
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MITRA: Techrnology I

- Receiver system design (Ginourie 2009, Lutchumon 201 1, Mahadu
2011, Bhoyrub 2012, Chataroo 2012, Armoogum 2013)

- [Data acquisition system design (N. Pirthee 2013)

- Radio Frequency(RF) Electronics
(UOM & DUT projects with collaboration)

- Networking (Conhyea 2007, Armoogum 2013)
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MITRA: Technology 11

- Data Management (Brunner et al 2001, Morgan et al 2013, Grang
et al 2012)

- High Capacity Multi-Parallel-Correlation (Begeman et al 201 1,
Jheengut 2008, Platel 2010, Mondon 2011, N. Pirthee 2013)

- Antenna design (Muthoor 2005, Ramdohee 2007, Mohur 2007,
Boyjpnauth 2008, Nursimhulu 2009, Nunkoo 2009, Prayag 201 1,
Shibchurn 201 3)

- VILBI and e-VILBI (e.g EVN)
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MITRA Preliminary work:
Antenna design Version 1

Prayag, Lallbarry & Beeharry (@ Bras
d'Eau, Mauritius
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MITRA Preliminary worls: %
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MITRA 1.:
new antenna desigr 200-800"MHz
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MH?z

K Bhoyrub & A Chatatroo 2012 Bras d'Eauw, Mauritis
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Shibchurn, [Lallbaree, Bechanry (@, Bras d'Eau, Mauritius, 2012-13
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Dominique Ingala @DUT
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MITRA Preliminary worlk:back end I Mauritins

Back End in Lab: first stage mixing

RF Monitoring

RF from
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- s
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K Bhoyrub, & A Chatanooe Bras d'Ean, Maurtius
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MITRA Preliminary worlk backend Il Mauritius

Back End in Lab: second stage mixing

First stage mixing
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{passive) filter FHL-1A
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MITRA Preliminary wor'back end : Durban

MITRA Back-end Segment
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hoyrubi & A Chatareoe Bras' d'Eau, Mauritiis
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MITRA Preliminary work: receiver channel
(4->16-> 32)
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Muthoor, Ramdohee, Nursihmhulu, Nunkoeo,

Ginounie, [Lutchumon, Mahadu, Chataree, Bhoyrub
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MITRA Preliminary work:
4 channel receiver (4->16)

Figure F29: PCI-ADC card

Muthoor, Ramdohee, Nursihmhulu
Nunkoo, Ginourie, Lutchumon, Mahadu,

R B3 B3

m ’/i;_ﬁ /s 1 Bhoyrub . Chataroo
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K Bhoyrtb & A Chatanoo Bras d'Eau, Mautis
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K Bhoyrub & A Chataroo Bras d'Eau, Mauritius
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MITRA Preliminary work:16 channel complete

recemer.

K Bhoyrub & A
¢ Chataroo Bras d'Eau,
| Mauritius

e e g ———
-

Now. 2xx16 channels

.
it ‘
'r a
‘
- criasmeis 1 ]
¥ ¥ ® !
i i
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MITRA Preliminary work:DUI' receiver roont

S.MacPherson, G. van Vuuren,, D Ingala DU 2013
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Spectrum 28708712 1641
Ref. -200dBm  +RBW: 3kHz  SWT. 868s  Trace: Clear/Write
Att: 0dB VBW: 3kHz  Trig: Free Run Detect: Auto Peak
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Start: 100 MHz Stop: 200 MHz

PR PSS FeSm————I— IS RIS F————

Mode

Spectrum 28/08/12 16:47 1
Ref: -20.0 dBm *RBW: 3kHz  SWT: 8685  Trace: Clear/Write
Att: 0dB VBW: 3kHz  Trig: Free Run Detect: Auto Peak
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-80.0

90.0

100.0
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Freq Stepsize Freq Freq Offset Mode

[Dominique [
gkb@uom.ac.mu United Nations,/ Japan Wor

MITRA Preliminary worlks: back end Durban

Spectrum
Ref. -20.0 dBm
At 0dB

28/08/12 16:45 (I

Trig: Free Run Detect: Auto Peak

=300

0.0

-50.0

0.0

-80.0

-100,0

Start; 200 MHz
~Certer " CF T TSER
Freq i
Spectrum

28/08/12 16:48 NI

Trig: Free Run Detect: Auto Peak

-30.0

-0.0

-50.0

0.0

-100,0}

Start: 600 MHz
Center

Freq

DUT

hop on: Space Weather"Science and Data Products

Spectrum
Ref. -200dBm  »RBW: 3kHz  SWT: 86885
Att: 0dB VBW: 3kHz  Trig: Free Run Detect: Auto Peak

Start: 300 MHz Stop: 400 MH:z
T O T S e
Freq Stepsize Freq Freq Offset Mode

Spectrum 28/08/12 16:49 1l
Ref. -200dBm  sRBW: 3kHz  SWT. 868s  Trace: Clear/Write
Att: 0dB VBW: 3kHz  Trig: Free Run Detect: Auto Peak
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MITRA Preliminary work 4 channel receiver

i U Centaurus A iy Centaunus|a i

Flux voltage /v
Flux voltage / v

14h17
Time in L8T

13h17 14h17 15h17
Time in L5T

| D dirty scan (8 antennas) Cos(left) and Sin(right)
150 MiHz RE 2-channel correlator AIDC card Mahadu & LLutchmon
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MITRA Preliminary work 16 channel receiver

Centaurgs A

Cassiopeia A

Sun Transit

" 23 13h50 00k 00Rh50 1h Lhs0 Ih Ih50

I D dirty smoothed scan (& antennas) 150 MHz RE 2-channel
correlator AIDC card Bhoyrumi & Chataroo April 2012
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MITRA Preliminary worlk 16 antenna arvray Durban

S.MacPherson, G. van Vuuren, D Ingala DU 20113
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MITRA Preliminary worlk 16 antenna array
Mauritins

i3

. i
-
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s
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IMIRAE 2013
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MITRA Preliminary work:
Universal Software Radio) Peripheral Hardware

- Ettus Research

- Open source design

- Programmable FPGA

- PC-USRP USB link

- Daughter boards available: WBX transceiver

- PC mutial data processing

gkb@uoem.ac.mu United Nations / Japan Workshop on Space Weather"Science and Data Products
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MITRA Preliminary work:
Universal Software Radio) Peripheral Sofoware

- Software Defined radio

- Open source GNU Radio

- Processing defined by flow graphs in Python
- Primitives in C++

- Programmes for the FPGA

gkb@uoem.ac.mu United Nations / Japan Workshop on Space Weather"Science and Data Products
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MITRA Preliminary work: USKPIMainboard

-3 Applications Places system ‘)@ 1y ) B8 Tuejul 5,12:58PM @ mrt (b
. - - -
root@mrt-desktop: /fhome/mrt/Desktop

File Edit View Terminal Help
root@mrt-desktop:/home/mrt/Desktop# ./rx _block.py

Warning: Treating daughterboard with invalid EEPROM contents as if it were a "Basic Rx."
Warning: This is almost certainly wrong... Use appropriate burn-*-eeprom utility.

Warning: Treating daughterboard with invalid EEPROM contents as if it were a "Basic Rx."
Warning: This is almost certainly wrong... Use appropriate burn-*-eeprom utility.

toto2

0@ USRP WFM RX
File

Data from USRP [ e
Average

—

Axis Options

1 dB/div

2 dBe/div

5 dB/div
@ 10 dB/div

Amplitude (dB)

2l \, I
v ik o

|
! Ref Level: [Saiiay

I
ol "
A I,\""" e "\I‘"ill',l"| i I|,j|"‘|_w' i e 2 i Hr‘u‘l" W ﬂh' Mt A Wil / i \l ‘|'.|||"'F||,‘ f 20 dB/div
|| |{‘I : 'r"ﬂul \ .[I’J“, III‘ILIH r‘r"l'r"|f”' ! w'ﬂ“lll YRR ) | U |‘|i |

| Autoscale |

T [ root@mrt-desktop: /ho... 'gm USRP WFM RX NE COOC

C Mondon, N Vydelmgum & GK Beeharry Maunitius
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Correlation_Hardware.grc - fhome/pedcontrol/Desktop/GNU-Radio Doc's/Exercises - GNU Radio Companion

MITRA Preliminary work:

USKP control using GNU Radio) Companion

Lo L X =

Double_Channel_Rx % | Correlation_Hardware %

Options
1D: top_block

Generate Options: WX GUI

Variable
ID: samp_rate
Value: 250k

Variable
1D: freq
Value: 800M

Complex to Real [out]

UHD: USRP Source
MbO: Subdev Spec: A:0 B:0
Samp Rate (Sps): 250k
€hO: Center Freq (Hz): B00M
ChO: Gain (dB): 20
‘Ch0: Bandwidth (Hz): 100k
Ch1: Center Freq (Hz): B00M
Chl: Gain (dB): 20
Ch1: Bandwidth (Hz): 100k

WX GUI Scope Sink
Title: Scope 1

| sample Rate: 230k
Trigger Mode: Auto

Y Axis Label: Amplitude

WX GUI Scope Sink
Title: Scope 3

_' Sample Rate: 250k

Trigger Mode: Auto
Y Axis Label: Amplitude

o Multiply o]

WX GUI Scope Sink
Title: Scope 2

n | Sample Rate: 250k
Trigger Mode: Auto

Low Pass Filter
Decimatien: 1
Gain: 1
Sample Rate: 250k
Cutoff Freq: 3k
Transition Width: 100
Window: Hamming
Beta: 6.76

File Sink
[in | File: ...sesirecord_corelated
Unbuffered: Off

find] wx GuI Scope Sink
Title: Scope 4
J-linl| Sample Rate: 250k

Y Axis Label:

Trigger Mode: Auto

I @ ¥ Axis Label: Amplitude

[><]

LIR D)

Blocks

> [Sources]

> [Sinks]

» [operators]

» [ Type Conversions ]
» [ Stream Conversions ]
» [ Misc Conversions ]
» [ Synchronizers ]

» [Level Controls ]

» [Filters]

> [Modulators]

> [Error Correction]
» [Line Coding]

» [vocoders ]

> [Probes]

> [Variables ]

> [Misc]

» [ Digital]

» [ Digital Modulators]
» [OFDM]

» [UHD]

> [NOAA]

» [WX GUI Widgets |
> [Pager]

» [QT GUIWidgets ]
> [Custom]

Complex to Real

COUUIIge TS P e Ui O DO aRE R T e OOy DO 3] LA SIS ) DUUuie_wniamiie v gis

>>>Done
Showing: "/home/pedcontrol/Desktop/GNU-Radio Doc's/Exercises/Double_Channel_RX.grc"

Loading: "/home/pedcontrol/Desktop/GNU-Radio Doc's/Exercises/Correlation_Hardware.grc"
>>> Done

showing: "fhome/pedcontrol/Desktop/GNU-Radio Doc's/Exercises/Correlation_Hardware.grc”
showing: "/home/pedcontrol/Desktop/GNU-Radio Doc's/Exercises/Double_Channel_RX.grc"

Showing: "fhome/pedcontrol/Desktop/GNU-Radio Doc's/Exercises/Correlation_Hardware.grc”

DiIngala Mitechi DUT 2015
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MITRA Preliminary work: 2 USRP detection using: GNU!

Radio) Companion

Double_Channel_RX.grc - fhome/pedcontrol/Desktop/GNU-Radio Doc's/Exercises - GNU Radio Companion

Lo =

Double_cChannel RX %  Correlation_Hardware 3%

Options
1D: top_block
Title: Double C...| Operation
Auther: Doing
Generate Options: WX GUI

Variable
ID: samp_rate
Value: 2M

Variable
1D: freq
Value: 100M

UHD: USRP Source
Mb0: Clock Source: Internal
Mb0: Subdev Spec: A:0 B:0
Samp Rate {Sps): 2M
‘ChO: Center Freq (Hz): 100M
ChO: Gain (dB): 20
ChO: Antenna: RX2
‘Ch0: Bandwidth (Hz): 200k
Chl: Center Freq (Hz): 100M
Ch1: Gain (dB): 20
Ch1: Antenna: RX2
Chl: Bandwidth (Hz): 200k

WX GUI Scope Sink
Title: Scope Plot 1
Sample Rate: 2M
Trigger Mode: Auto
Y Axis Label: Counts

Complex to Real @

Complex to Real o]

WX GUI Scope Sink

finb| Title: Scope Plot 3

Sample Rate: 2M

fin1 Trigger Mode: Auto
¥ Axis Label: Counts

Blocks

» [Sources ]

» [Sinks]

» [Operators ]

» [Type Conversions ]
» [Stream Conversions ]
» [ Misc Conversions ]
* [ Synchronizers ]

» [Level Controls ]

> [Filters]

» [Modulators ]

» [Error Correction]
» [Line Coding]

» [Vocoders]

» [Probes]

» [Variables]

» [Misc]

» [Digital]

» [ Digital Modulators ]
WX GUI Scope Sink
Title: Scope Plot 2 » [OFDM]
Sample Rate: 24 » [UHD]
Trigger Mode: Auto
¥ Auis Label: Counts * [NOAA]

» [ WX GUIwidgets ]
» [Pager]
» [ QT GUI Widgets]
» [Custom ]

showing: "fhome/pedcontrol/Desktop/GNU-Radio Doc's/Exercises/Double_Channel_RX.grc"

Loading: "/home/pedcontrol/Desktop/GNU-Radio Doc's/Exercises/Correlation_Hardware.grc"
>>>Done

showing: "fhome/pedcontrol/Desktop/GNU-Radio Doc's/Exercises/Correlation_Hardware.grc”
Showing: "fhome/pedcontrol/Desktop/GNU-Radio Doc's/Exercises/Double_Channel_RX.grc"
Showing: "/home/pedcontrol/Desktop/GNU-Radio Doc's/Exercises/Correlation_Hardware.grc"

Showing: "/home/pedcontrol/Desktop/GNU-Radio Doc's/Exercises/Double_Channel_RX.grc"

Dilngala Durban
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MITRA Preliminary work: USKPIMainboard

- GNU Radio free open software

- ~1.5-2 months to install in GNU/Linux

- Tried on Slackware, Debian and Ubuntu
- Modified source code “rx block.py”

C Mondon, N Vydelingum & GK Beeharry Mauritius
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MITRA Preliminary worik: Waterfall plot

Waterfall Plot

-10dB

-16dB

-22dB

-28dB

-35dB

L
W
e
T
IE
=

~41dB
-47dB
-53dB

-50dB
229,985 229,899 229,885 230 230,005 230,01 230,015

Frequency (MHz)

N Vydelimgum & GK Beeharry Mauritius
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MITRA Preliminary worlk: FET

Trace Options
FFT Plot a P

[] Peak Hold

W Average

Avg Alpha: 0.0667

[| Persistence

[] Trace A |5tnre|

[] Trace B |Stnre|

Amplitude (dB)

Axis Options
dB/Div:

Ref Level:

230 230,005 230,01
Frequency (MHz)

- R
N Vydelmgum & GK Beeharry Mauritis

Stop
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-Software correlation on CPU (Jheengut)

-ADC card acquisition software CPU (Ginourie)
-ADC card acquisition software GPU (Platel)
-CALLISTO flare detector (Benfifr)

-USRP1 programming (Mondon)

-CPU/GPU EX (LLouis)

-PIC programming (Jaulim)
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MITRA Preliminary worlk: Recent & future

Front end

Construction of 2 groups, with 8 antennas per group (Shibchurn 2012-13)
May be extended to 8 x 8.

Set up of optical fibre network (Armoogum 2012-13)

Back end

Integration of receiver & USRP programming using GNU Radio
companion (Pirtee 2012-13, Prayag)

Receiver system, USRP1 & 2 programming D. G.Ingala (DUT Mtech 2015)
Design & construction of a 16 channel receiver (Bhoyrub & Chataroo 201 1-
2012, Ramtohul 2013-2014 }

Digital back end Prayag MPhil/PhDD 2014-ongoing

GPU EX Ragoomundun Mphil/PhID 2015

gkb@uoem.ac.mu United Nations / Japan Workshop on Space Weather"Science and Data Products
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MITRA Preliminary worlk: RI over optical fibre

Modulator RE opti

cal & Demodulator Optical to RE

Optical fibre 100 MHz to 2.4 GHz

Gain +5 dB

Gain flatness +/- 2 dBover band width

RF mput level range -50 to 0'dB

VSWR 2.1

Noise figure < 25 dB

LLaser diode 1310 nm

Recerver photodiode operating wavelength 1200-1650 nm
Input & output impedance 50

RF mput and output connectors SMA
Optical connectors (Trans./ Rec.) FC/APC

gkb@uoem.ac.mu United Nations / Japan Workshop on Space Weather"Science and Data Products
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MITRA Preliminary worlks: Correlator:

FX FPGA Correlator

ROACH board excellent but very expensive

Preliminary work on low cost FPGA on the USRP board
Virtex 6 board

GPU/CPU + hub management

gkb@uoem.ac.mu United Nations / Japan Workshop on Space Weather"Science and Data Products
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MITRA I update

Durban, South Africa

-Completred system end 2014
-Problem with REI: shift to Pietermaritzburg?

Mauritius

-To itegrate rubidium GPS clock
To do

-Observe, correlate, imagimg, &spectrography.
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MITRA 2 update

at 202000 Ants: |16 Dia: |4 Ellim: |0
. l— Configuration: &C v Station lock

At least 8 groups
of 4x4antennas

[n Mauritius
2015-2015

0000000000

10.0klambida
Display: Ampl. = . | Add Accumulate
At least 8 groups of 4x4antennas..
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MITRA 2 update

-At least 8 groups of 4x4antennas i Mauritius 2015-2016
-1 MPhil/PhID: on digital back end since Dec 2013
-1 new MPhil/PhID on correlatiom imaging on GPU 2015

-1 Hons on comparing DEX on CPUs & GPUs 2014-2015

-1 Hons on phasing. Beam forming(2 beams) in cognate
project 2014-2015

gkb@uoem.ac.mu United Nations / Japan Workshop on Space Weather"Science and Data Products
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Version |
(MUR)

Version 1
(USD)

Version 2
(MUR)

Version 2
(USD)

Relative
sensitivity.

gkb@uoem.ac.mu United Nations / Japan Workshop on Space Weather"Science and Data Products

Cost scenarios

Station Station
512 antennas 1024
antennas
19M 38M
600K ALY
12 M 24 M
400K 800 K
0.7 1.0

Relayive
ensitivity

0.7

0.7

from ISWI Instruments!" ICSWSE, Kyushu University, Fukuoka, Japan 2-6 March 2015
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Peoplein
Mauritius
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People in Durban
South Africa
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Minister: Jeetalh Manritis. 9,08, 2012
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Future oft MITRA

Funding crucial for expansion
International help welcome

Expansion to other countries
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Thanks

United Nation for: Outer Space Affairs
LOC, ICSWSE Kyushu University
MOFA

MEXT

NICT

JSPS

T'ohoku University

Nagoya University,

Fukuolka City

Goyvernment of:Japan
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