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ABSTRACT

A team of Brazilian scientists are co-coordinating efforts to develop the Brazilian
Decimetric Array (BDA) which is a 38-element radio telescope employing modern radio
interferometric techniques and working in the frequency range of 1.2-6.0 GHz. The final
baseline of the interferometer will be 2.27 km in the East-West and 1.17 km in the South
directions, respectively. This instrument will obtain radio images from the sun with a spatial
resolution ~ 4x6 arc seconds. A prototype of the BDA interferometer (PBDA), consisting of
five antennas having base lines up to 220 meters in the East-West direction, operating from 1.2
— 1.7 GHz has been successfully put into operation for solar and non-solar observations at
Cachoeira Paulista - CP — INPE (Latitude 45° 00’ 20” West and Longitude 22° 41’ 19” South)
in the months of November — December 2004. The 6™ antenna is currently being installed. Both,
hardware and software were successfully tested for almost one year using observations of strong
southern declination radio sources like Cygnus-A and the Crab Nebula. One dimensional
brightness temperature maps of the sun at 1.6 GHz have also been obtained. In this report we
give details of the procedures for amplitude and phase calibrations, estimated minimum flux
detectable/beam, dependence of spatial resolutions on length of base lines, and a brief
description of the hardware and its specifications. The estimated sensitivity of the PBDA
consisting of 5 antennas of 4 m diameter each, is of about 3.5 Jy/beam for 1 minute of
integration time for galactic and extragalactic observations at 1.4 GHz In case of the Sun, the
estimated sensivities/beam for time resolution of 100 ms is around 880 SFU/beam (1 SFU =
10000 Jy). The BDA, when completed, will be open to the entire scientific community for use
for both solar and non-solar observations and studies of space weather phenomena.
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1- INTRODUCTION

Scientists and engineers of INPE's Interplanetary Physics Group have, in the past,
developed radio telescopes of international standards using available Brazilian technology.
These telescopes are the Millimeter spectroscopes known as the Variable Frequency Millimeter
Wave Radiometer, in operation since 1988 (Sawant et al., 1992a; Sawant et al., 1994; Cecatto,
1996), and the Digital Decimetric Brazilian Solar Spectroscope with a 9-meter polar mount
antenna, in regular operation since 1990, at the INPE campus, The Brazilian Solar Spectroscope
— BSS (Sawant et al., 1990; Sawant et al., 1991; Fernandes, 1992; Sawant et al., 1992b; Sawant
et al., 1993; Sawant et al., 1996; Fernandes, 1997; Sawant et al., 2000a; Sawant et al., 2001;
Fernandes et al., 2000a). The group has also initiated a Space Weather Prediction program using
spectral tomography techniques in 1997 (Saito et al., 1996; Rosa et al., 1997; Rosa et al., 2000a,
2000b). Realizing the importance of imaging spectroscopy to solar terrestrial relationships and
forecasting of space weather to the Brazilian space science program, a team of
scientists/engineers initiated the design and planning of the Brazilian Decimetric Array project
in 1996 (Sawant et al., 2000b, 2000c; Sawant et al., 2002; Sawant et al., 2003; Cecatto et al.,
2004; Sawant et al., 2004; Faria et al., 2004; Sawant et al., 2007).

The Brazilian Decimetric Array (BDA), which is under development, will have high
spatial and time resolutions of ~ 5 sec of arc (at 5.6 GHz) and 100 ms respectively. It is planned
to employ modern technology at low cost to build the BDA. The BDA will have the capability
of observing both solar and non-solar phenomena in the following protected radio bands viz.
1.2 - 1.7, 2.8 and 5.6 GHz. The sensitivity estimates show that the BDA will have an rms of 3
mJy at 21 cm for a system temperature of 50 K. The final version of the BDA will be an
interferometric array consisting of 38 parabolic antennas of 4 meters diameter each with a
compact “T” shaped array at the centre having 32 antennas. The array will be located at
Cachoeira Paulista (45° 00’ 20” West and 22° 41’ 19” South).

The BDA will produce high spatial and time resolution images of radio sources with high
dynamic range. The BDA will provide solar radio images to be used in a spectral tomography
technique being developed for application to space weather forecasting. Using extensive
Interplanetary scintillation (IPS) observations from the 4 station solar wind observatory at
Toyokawa, Japan coupled with a tomographic mapping technique, some work has already been
carried out in studying long lasting (> 24 hours) low density anomalies observed at 1 AU
(Janardhan et al., 2005; Janardhan 2006). The analysis of such data will lead to a better
understanding of the fundamental problems in solar physics and space weather. The BDA will
also be very useful for galactic and extra-galactic investigations of the Southern hemisphere sky
which is not accessible to VLA.

Here we describe in brief, the various phases of the development of the PBDA. Various
aspects of the development of the prototype of the BDA consisting of a 5 element interferometer
will be described along with details of electronic sub-systems such as front end, phase locked
receivers, tracking system of alt—-azimuth mounts of the 4 meter diameter paraboloid mesh type
antennas, the digital correlator backend, the configuration of the PBDA antennas, amplitude and
phase calibration, solar and non-solar observations and an example of one dimensional
brightness distribution of the Sun on December 11", 2004 at 1.6 GHz (Sawant et al., 2005) and
its day-to-day variation at local noon (Ramesh et al., 2007).

1.1 - BDA Phases | and I1.

The development of the prototype of the BDA project (Phase-I) began in December 2001
at the Brazilian National Space Research Institute campus at Sdo José dos Campos, Brazil with
base lines up to 32 meters. The main objective of the development of the prototype of the BDA
(PBDA) project, consisting of a five element interferometer, was to develop the various
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electrical, mechanical and electronic subsystems required and test them under operational
conditions. The development of the PBDA would also help in optimizing and estimating the
cost of various subsystems for mass production required for the subsequent stages. The PBDA
was successfully completed in 2003 as shown in Figure 1.1. At the same time infrastructure like
the required computing system and internet connectivity, civil, electrical engineering, protection
against lightning and other facilities were developed in the site at Cachoeira Paulista. The 5
element PBDA interferometer was transferred to Cachoeira Paulista and set up with increased
baselines of up to 220 meters in East-West direction as shown in Figure 1.2. Digital systems
were interfaced in the month of December 2004 and solar and non-solar observations were
carried out for about 45 hours during the period of November 22 — December 12, 2004. By
2009, we intend to add more 21 antennas (Phase-I1) providing a maximum baseline of 256 m in
East-West and 162 m in the South directions, respectively and constituting the “T” shape
central portion of the array. In addition to this, topographic investigations were carried out over
the whole area for setting up of the all 38 antennas of the final configuration of the BDA,
distributed over distances of 2268-1170 m in East-West and South directions respectively. A
number of private companies were involved in the development of the PBDA and efforts have
been made to involve the same companies for further development of the BDA project and its
annual maintenance. Regular operation and routine maintenance will be carried out by members
and operators of the BDA team.

FIGURE 1.1 — Prototype of 5 element of BDA at INPE-S&o Jose dos Campos. The trailer is
used as the control room.



FIGURE 1.2 - Prototype of 5 element of BDA at INPE-Cachoeira Paulista with increased base
lines of up to 220 m in the East—West direction.

1.2 - Science with BDA

1.2.1 - Solar Physics

In the decimetric range two types of solar radio emissions are observed: i) a broadband
emission due to gyrosynchrotron processes and ii) a group of narrow band fine structures due to
various plasma mechanisms. Various fine structures lasting for couple of minutes are linked
either with the pre-phase or impulsive phase of the solar flares. The first phase of the BDA
(BDA-I) will provide positional information for long-lasting intense flares. This will enable
decimetric activity to be associated with X-ray activity more accurately and hence will enable
one to investigate, in a better way, the following problems: a) location of the acceleration region
and process of particles acceleration (Sawant et al., 1990), b) chromospheric evaporation
(Aschwanden et al., 1995), c) transport of energetic particles, and d) plasma emission
mechanisms for various fine structures (Fernandes et al., 2000a, 2000b; Cecatto et al., 2003;
Rosa et al., 1997, Rosa et al., 2002; Bastian et al., 1999; Ramaty e Mandzhavidze, 2000).

1.2.2 - Galactic and Extra-Galactic Studies

One can investigate the variability of Quasars and BL Lacertae objects as well as the
classical Gigahertz Peaked-Spectrum (GPS) and Compact Steep-Spectrum (CSS) sources. With
the high sensitivity and spatial resolution of the BDA one can study the morphology of extended
radio sources like for example Centauris A and the Galactic Center. One can also study HI
emission from extragalactic sources (ex. Galaxies with high star formation rate) as well as high
velocity clouds in our galaxy. The BDA will be used to survey the radio sources in southern
hemisphere and for continuum and line emission studies in the frequency range of (1 — 6) GHz.
In our Galaxy giant molecular clouds are good sources to be investigated. The BDA will enable
one to explore and study the dynamical properties of these clouds, particularly the dense
component of the giant molecular clouds associated with extensive and compact HII regions.

10



The BDA will be adapted to investigate molecular lines of OH, as well as other molecular lines,
in the our galaxy and also in the direction of comets and ultra-compacts HII regions.

Galactic foregrounds are a major issue in Cosmic Microwave Background (CMB)
anisotropy and polarization studies and BDA observations can be used to delineate the
foreground contaminants emission between 1.2 and 5.0 GHz. In particular, the Galactic
emission in the frequency range between ~ 1 to 20 GHz is poorly known. We propose to
coordinate joint and complementary observations using the GEM (Galactic Emission Mapping)
telescope and BDA to investigate the diffuse Galactic emission and, specially, the so-called
anomalous dust emission, in the frequency interval between 1 and 5 GHz.

11



2 - ELECTRONIC/ELECTRICAL / MECHANICAL SUB-SYSTEMS
2.1 - Front-end

Front-end consists of a dual polarized log-periodic feeder, a low noise amplifier (LNA) a
high pass filter and a mesh type parabolic dish antenna of 4 meter diameter with an f/d ratio of
0.38.

2.2 - Low Noise Amplifires

The LNA operating in the frequency range of (1.2 — 1.7) GHz has been developed by
using the Mini Circuits Lab chips T01217N having a noise figure ~1.5 dB a gain of ~25 db with
a VSWR ~1.2 and with intermodulation of -30 dB. Each amplifier is put into thick metal boxes.
The surface of the bottom plate of the metal box is used as heat sink. Two LNAs followed by
high pass filters are connected to two ports of the log periodic antenna. Out puts of these filters
are combined by combiner and sent to the receiver for down conversion. Two pin holes on the
top plate allow for air circulation so as to avoid condensation caused by rapid fluctuations of the
outside atmospheric temperature. Figure 2.1 shows the variation of gain and VSWR over the
entire frequency range. The BDA site is in a valley thereby reducing RFI In addition to this a
HP - 1000, high pass filter is connected after the amplifier and attenuates the signal below 1000
MHz, in particular, 900 MHz — the carrier frequency of mobile phones.

24 May 2ZBBZ 18:35: 54

CHZ 521 log MAG 18 dB- REF © dB 4 24.419 dB

PRm 7 | L “legd iz
#3881 mA2

25 173 B
1 g Gaz

|3

L

FIGURE 2.1 — Frequency vs. gain measurement (lower red curve) and VSWR (upper blue
curve).
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2.3 - Log-periodic dual polarized feeder (1.2 - 1.7) GHz

Crossed log-periodic dual polarized feeds have been developed at INPE for the 4 m mesh
type parabolic dish, for prime focus mounting. The edge taper angle for the parabolic reflector
having an f/d = 0.38 is given by

@=2xarctan(l+ (4 xf/d)) (2.1)

Electromagnetic waves are received by the antenna reflector surface and re-directed
towards the focus. In the process, EM waves arriving at the focus undergo an amplitude
variation (edge taper), depending on (the distance of the reflector from the focus). The primary
beam response at the edge of the dish is added to the edge taper and is specified as the total
taper loss. p, fand added edge taper loss, are related by the equation:

p =T+ cos’(y/2) (2.2)
edge taper = cos?(y /2) (2.3)
Using above equations one gets ¥ = 66.7 and 3.09 dB edge taper.

Radiation diagram for cosine squared type of the feeder optimum value of ¥
corresponds to 8 dB below the peak of the radiation diagram.

In view of reducing side lobes with illumination in H plane ~ 5 dB, with understanding
that free space attenuation is ~3.1 dB. Designed log-periodic antenna is having directivity 7.3
dbi with following factor of antenna

Scaling factor T = 0.90

Relative space o = 0.06

In order to operate in the desired frequency range, 8 elements are used in the feeder. In
view of simplicity of production, the same diameter tubes are used for all elements. This affects
the performance of the antenna very little. A Broad band balun is coupled to smallest element
where antenna is illuminated. Other elements are adjusted so that phase difference between
them is 180°. These progressive phase inversions, direct the radiation pattern towards the
smallest element. Eight dipoles consisting of two orthogonally separated elements are mounted
in this manner with feeds as described above and shown in Figure 2.2. Five feeders, inserted in
fibre glass radomes to prevent water from entering, were developed and tested at the focus of
each antenna as shown in Figures 2.3 and 2.4.

2.4 - Measurement of radiation pattern

Measurements of radiation diagram were carried out in the Satellite Integration
Laboratory of the INPE. The front-end was installed in a partially opened anechoic chamber so
that it can receive the signals from a log - periodic antenna mounted on a 30 meter high tower,
at the distance of 80 meter from anechoic chamber. This log periodic antenna was connected to
a variable frequency transmitter. Tests were carried out at 1.2, 1.45 and 1.7 GHz. Figures 2.5
and 2.6 show the radiation patterns in the E and H planes for two polarizations. One can note
that the attenuation in radiation diagrams for E and H planes are 15 dB and 5 dB as expected for
¥ = 66,7°. In the operating frequency band (1.2 — 1.7) GHz, values of stationary waves for
ports 1 and 2 are less than 1.8, and the gain is ~7.0 = 0.8 dbi, with the cross talk being ~25 dB.

13
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FIGURE 2.2 — Design of dual polarized crossed log-periodic antenna operating in the frequency
range of 1.2 - 1.7 GHz.
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FIGURE 2.3 — The radome with the feeder inside. Ports 1and 2 of the feeder are connected to
the LNA and high pass filter.

FIGURA 2.4 — Feeders with their respective radomes.
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FIGURE 2.5 — Radiation diagram of the crossed polarized log-periodic feeder in the E planes

for 4 antennas at 1.2 GHz.

16



——363]7J8pUNTIUE- VA L TH  2VH
——3§8) 7 IapunTiue-1va L H bPH
GOV TIOPUNTIUR- L VA LT H 2EH

seusjuy —_ - —_

] B BUuBlUY 100PINO ——388} JepunTiue-1vQa'L H LEH

afiuey 1584 ey _ . R

1171 NI : . 1§81 Jepun_lue-1vQg'L H g2H
GLLL w—yB 81T J8PUNTIUB- 1 YA L H FCH
ro8L ———360)d8puUnTiue-1 QL  H 2tH
'S8°LL ——389) JopuUNTIUE-LVYA L H FLH
(6sa) shejlan0

YiptMm weeg

(Baq) zy taddn-o

O8LOLLDO9LDSLOPLDELOZLDLLIAOL D6 08 OL 092 0S OF Q€ 02 OF O OL- 02- 0€- 0P~ 0S- 09- 0L~ 08- 06- OOL-IL L3S LDELDPLISLDIOLDLLEDIBE-
: N

i ___
A \ I |
\ \ N il
..“ ”/ k\ ‘/ _ \ _ i
f-a et oe-
N NI TS . 7_ s ,
i i N ilf i
Y g N N T NN L AR / <L
: N | YA , / (‘ lxllw\m_\‘\ V /, il o
) A y , AL Q@
NEATTTINNCN [ 7S | N AN N T

I,M,.l.”..\\\\;...\\ , J il ’«uﬂnnquxsll\nlvm“\x v m
o) N 4 # NN ”~ ~*
AT _/ i) nvu&\\. / oz- c
I A o
I o
\ o}
\ / @

/ o~
\\ e’

Sy
. T T T t t a

QuopN :lod Xy SUON :jod x| 1s81 |suueyd
ou i8g
AVLNOZIHOH OM\O(N_IGT_O& vYNI3S 401e48d0O
v0:SL ‘ewllL
o I V1HOd - + YNILNY 01-120-60 :018d
ZHD 00002t : Aosusnbaiy 440 ‘uoneiqgtied L°L - 2L VOIAOIH3d-2907 YNILNY pusfie seg :9|ld

FIGURE 2.6 — Radiation diagram of the crossed polarized log-periodic feeder in the H planes

for 4 antennas at 1.2 GHz.
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3- ALT-AZ MOUNT FOR 4 M DIAMETER PARABOLOIDAL ANTENNA

The antenna tracking system is the difficult and expensive part of the Brazilian
Decimetric Array. The mechanical part of the alt-azimuth mount for the 4 meter paraboloidal
mesh type antenna has been designed by Prof. Govind Swarup (1990, 1991) and is shown in
Figure 3.1. AST-400 TECSAT 4 m diameter parabola is used and mounted on a mechanical
tower with alt-azimuth mount designed by S&K Engineering Company (SKE) of Mumbai,
India. The wind load factor, at various antenna positions, has also been taken into account
during the design phase. All calculations have been provided by SKE for alt-azimuth/polar
mounting. In addition to that, Prof. Swarup and SKE developed one antenna in India and it was
tested by Brazilian and GMRT scientists, and given below are the technical specifications of the
antenna. Characteristics of all subsystems were decided by taking into account wind pressure
with different velocities and directions during antenna movements. It should also be noted that
reduction of the self made noise of the electrical / electronic system was the major factors in
deciding their specification.

3.1 - Technical specifications of alt-azimuth mount

1. Diameter of reflector 4000 mm
2. Focal length 1700 mm
3. f/dratio 0.38
4. h/d ratio 0.147
5. Maximum wind speed 120 km/hr
6. Operational wind speed 60 km/hr
7. Reflector weights 148 kg
8. Weight of supporting structure 60 kg
9. Porosity of the dish 0.33
10. Maximum pointing error < 1 arc.min.
11. Limit switches Non contacting type
12. Encoders 12/ 16 bit
13. Steerability, speeds, motor capacity, gear ratio and torques, etc. (Table 3.1).
TABLE 3.1 - Stearability, speeds, motor capacity, gear ratio and torques.

Item H.A slew H.A. Track Declination Azimuth Elevation
Antenna speed 20°/min 15%hr. 20%min 30°min 20%min
Design torque 300 kgm 200 kg m 200 kg m 200 kg m
Pinion ratio 10:1 10:1 10:1 10:1 10:1
Gear box ratio 100:1 100:1 100:1 100:1 100:1
Gear box output 36 kg m 24 kgm 24 kgm 24 kgm
torque
Motor speed 60 RPM 0.7 RPM 60 RPM 60 RPM 90 RPM
Motor torque 45 kg.cm 30 kg cm 30 kg cm 30 kg cm

(630 0z in) (420 0z in) (420 oz in) (420 0z in) -2 Nos.
Conter-weight 300 kg @ 150 kg @ Nill 70 kg-2 Nos.@

1200 mm 550 mm 850mm
Encoder 12 bit 12 bit 12 bit 12 bit
Limit. Switches 2 Nos. 2 Nos. 2 Nos. 2 Nos. 2 Nos.
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END VIEW

ELEVATION
24 | DISH 1 | 208Kg 024
23| BACK UP STRUCTURE 1 | 785Kd 023
22 | EL.SHAFT 1 | 23.5Kg 022
21 | AZ. ENCODER 1 021
20 | EL. POTENSOMETER 1 020
19 | EL. ENCODER ] 019
18 | CWT. BLOCK 2 |140.0kg 018
17 | EL. MOTOR 1 4.0kg | 017
16 | EL.COUPLING 1 |4.0kg |016
15| EL. GEAR BOX. 1 |25.0kg | 015
14| EL.PINNION 1 | 1.5kg |014
13| EL.BULL GEAR 1 |p0.0kg | 013
12| CWT.ARM 2 [2.0kg |012
11 | EL.BEARING HOUSING&BEARING| 2 | 40.0kg| 011
10 | YOKE 1 |58.0kg | 010
9 | AZ. MOTOR 1 | 4.0kg| 009
AZ. COUPLING 1 | 4.0kg | 008
7 | GEAR BOX 1 ]25.0kg | 007
6 | AZ.BEARING 1 |i1.5kq | 006
5 | AZ.BULL GEAR 1 |100.0kg| 005
4 | BEARING BOTTOM PLATE 1 |70.0kg | 004
3 | TOWER 1 |100.0kg| 003
2 | FOUNDATION ] 002
1 | ALT.AZ.MOUNT 1 001
SR.NQ. TITLE QTY.| WT. | DRG.NO.

TITLE | ALT.AZ.MOUNT:—ASSEMBLY

DRG.
NO. SK/TIFR/INPE-001

DATE 8.11.1999
SR.NO 1/24

FIGURE 3.1 - Mechanical alt-azimuth mount and description of the various parts for the 4 / 5
meter diameter antenna.
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3.2 - Specifications of motors

o AC brushless, synchronous motors having fast response to signals, less noisy.

) RPM between 0.6 and 600.

o Operating conditions - open field temperature 6° — 40° C, humidity between 60% and
100%, heavy showers with thunderstorms.

o Load on the motor is 3 Nm. Output and coupled reduction box with reduction ratio of
1/100, with out put of motor 300 N m.

) Capable of with standing torque of 600 Nm due to operational wind velocity ~ 60 km/h.

3.3 - Tracking system

Tracking system (Figure 3.2) has been designed by a private company known as Inteltek
Automation Pvt. Ltd. — Pune jointly with engineers and scientists of GMRT — NCRA - TIFR -
Pune — India.

Two servo motors are used to control each dish's tracking movements, to drive the
azimuth and elevation axes. The designers of the positioning system on this project chose a
Baldor NextMove-BX motion controller for the task, together with a combination of Baldor
drives and brushless AC servo motors. Operating at just 0.6 RPM, the motors drive the loads
through a combination of reduction and spur gearing to provide a positioning resolution of just
2.5 arc sec, at operating wind speeds of up to 60 km/hour.

The Next Move-BX motion controller is well suited to this task because of its
combination of facilities, including dual axis capability, ruggedness for easy mounting
underneath the antenna dish, and its built-in Mint motion language. Each of the 5 NextMove-
BX units is linked to a host PC using a multi-drop RS-485 network. Running custom position
control software, the PC transmits new position commands to the remote motion controllers at
intervals of typically 60 seconds. The motion controllers’ Mint application programs then
autonomously provides interpolated movement commands to drive the azimuth and elevation
servo motors, which ultimately move the axes at around one thousandth of a revolution per
minute following gear reduction ratios of 800:1.

The first prototype alt-azimuth mount dish for this project was developed and tested in the
month of May - June 2001 at NCRA- TIFR - Pune in India., with technical help provided by
experts from the NCRA, who have extensive experience in this field. The measured accuracy of
the positioning and tracking was less than 3 minutes of arc. While developing the prototype of
five element interferometer, in Brazil, the type of gear and the gear ratios have been increased
so as to further reduce the backlash. These modifications in the mechanical system have
improved the pointing and tracking accuracy even for first phase of the BDA. In addition to that
error correction measures will be incorporated in the system, which it is hoped, will further
improve the accuracy, for the next phases of deployment.

Software consists of following main features for 5 antennas: man machine interface,
networking (RS — 485), motion control software, auto mode, edit mode, diagnostic mode,
manual mode, alarms, common control and remote control. This is based on MCS - 48 for
controlling movements of the both axis following the commands of NEXT Move. Same time it
will respond the command received from control tower by RS — 485 communication system.
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FIGURE 3.2 - Schematic of the electronic antenna tracking control system.
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4 -

RECEIVER

The PBDA has been set up in the city of Cachoeira Paulista and consists of five
4m alt-azimuth mounted parabolic antennas. Each antenna has its own amplifier
directly connected to a feeder followed by HP - 1000 filter at the prime focus of the
antenna. Observations can be carried out in the frequency range of 1.2 — 1.7 GHz. The
out put of the LNA after the filter is sent to the receiver kept in the upper part of the
supporting tower of the antenna. Here, after down conversion input frequency is
converted to 70 MHz. This 70 MHz IF is sent to the control room located at a distance
of ~125 m by shilded coaxial cable.In the control room 70 MHz is down converted to (0
- 2.5) MHz base band. This output is used to generate sine and cosine quadrature
outputs.

Local oscillators at frequencies of 2050 — 2500 MHz, 906.5 MHz and 70 MHz,
for triple down conversions of the input frequency are sychronised in phase and are
generated at each of the antennas from a standard Rubidium clock of 10 MHz. A
common 10 MHz, LO refrence signal is sent to all antennas. A dual-band based
synthesiser unit at the antenna base, generates LO1 (2050 — 2500 MHz), LO2 (906.5
MHz) and in the control room LO3 (72.5 MHz). After the first down conversion, the
signal is passed through a commercial band pass filter (BPF) (center frequency =
836.5MHz and usable bandwidth of 25 MHz) after which LO2 down converts the signal
to the 70 MHz band. Finally, after passing through a BPF (center frequency = 70 MHz,
3dB BW = 5.35 MHz, 40 dB BW = 9.35 MHz) the LO3 downconverts the signal to the
2.5 MHz band.

The sysnthesiser chips have RF (RF1 or RF2) and IF sections. The quoted rms integrated
phase noise error (100 Hz to 100 kHz) for each section, are i) RF1 and RF2 sections: 1.2/1.0
deg, and ii) IF section: 0.4 deg, respectively. These are indicative figures and are not actual
temperature stability. The phase noise in RF bands at 1 MHz offset, is -130 dBc/Hz and — 131
dBc/Hz, respectively. In the IF band it is — 104 dBc/Hz at 100 kHz offset. The chip is capable of
operation between — 40°C and + 85°C.

For convenience the receiver is divided into 4 blocks. Figure 4.1 shows the function and
location of each block where as Figure 4.2 shows details of the each block, with input output
frequency and their gains and other parameters, such as loss in the cables while sending and
receiving signals. In these figures, apart from indicating functions of the various blocks the gain
of the amplfiers, the frequency conversions, the characteristics of filters etc. are also mentioned.
Also, the locations of each block are indicated.

Figures 4.3 and 4.4 show, respectively, the location of the receivers parts kept in the
tower of the antenna and in the container — control room. Table 4.1 indicates the main
components of PBDA receiver and their functions. Frequencies and required power levels for
down convesions are shown in Table 4.2,
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(1.2 -1.7)GHz
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Block 4 : 10MHz and 70MHz’'s Cables

FIGURE 4.1 — Block diagram of the PLO type receiver operating in the frequency range 1 - 6 GHz, including the signal distribution of LO to the 38 antennas.
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FIGURE 4.2 — Details of the figure 4.1.



FIGURE 4.3 — Photo of the receiver part in the tower of the antenna. The input frequency is 1.6 GHz and
the output frequency is 70 MHz.

o e

FIGURE 4.4 — Photo of the 5 receivers in the control room. The input frequency is 70 MHz and the
output frequency is 2.5 MHz.

25



TABLE 4.1 — Main receiver components indicated in the block diagram.

Shortform Function Location Function
. - Prime focus of the ~ Noise Figure 1.5 dB amplifier
LNA Low Noise Amplifier antenna with gain ~25dB (1.2 - 1.7) GHz
DWNC1 DoWN Converter #1 Base of the antenna Double down conversion to IF of
(70 £ 2.5) MHz
AMP-70 Amplifier at 70 MHz Container Amplifier IF
. Down conversion of 70 MHz to
DWNC?2 DoWN Converter #2 Container
(0 - 2,5 MHz) base band
OL1/OL2 Local Osc!llator#ll Base of the antenna Generate signals of L01_and LO2
Local Oscillator #2 for double down conversion
OoL3 Local Oscillator #3 Container Generate signal of LO3
AMP-906 Amplifier at 906,5 MHz Base of the antenna  Amplifier of LO1 and LO2 signals
DIVP-70  Power Divider at 70 MHz ~ Container Amplifier of 70 MHz IF and 5
way divider
Rubidium clock at 10 MHz signal
REF 10 MHz  REFerence of 10 MHz Container sent to the frequency synthesizer

to generate LO1, LO2 and LO3

TABLE 4.2 — Frequencies and required power levels for the down conversions.

Signal Component Frequency MHz Power in dBm
LO1 DWNC1 2436.0 -5.8
LO2 DWNC1 906.5 -10.5
LO3 DWNC?2 70.0 0*
REF 10 MHz LO1/LO2, LO3 10.0 ASD

Initial testing of 2 elements of the BDA interferometer were done, in additive and
multiplicative mode by observing the Sun, at 1.5 GHz, with a baseline of 24 m using an
analogue multiplier. Fringes with expected separation ~1.91 minutes in time were obtained for
the first time on 8" Feb. 2003. The efficiency of the analogue correlator obtained was 66% as

expected.

4.1 - Electronic system for programming frequency synthesizer up to distances of 400 m

A communication system between control PC and frequency synthesizer and vice-versa up to
distances of 400 meter by using three MAX 3491 chips connected by cable (generally used for
internet connections) was developed as shown in Figure 4.5. From parallel port of the control
PC, command signals are sent to the frequency synthesizer to generate the desired frequency. A
similar system is connected to the parallel port of the frequency synthesizer. Two-way
communication is establish between them, as shown in Figure 4.6
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FIGURE 4.5 — Configuration of chip MAX3491 communicating with frequency synthesizer.

Container Antenna
RS422
MAX 3491 P MAX 3491
MAX 3491 » MAX 3491
MAX 3491 << MAX 3491
Parallel Parallel
Port Port
v
PC
SINT

FIGURE 4.6 — System for remotely controlling frequency synthesizer.

4.2 - Estimated sensitivity of PBDA, in units of flux density

According to Walker [1989], the sensitivity of an array of N identical antennas is,

2k T n, 1)

n AYN, 7Av

where k is the Boltzmann constant, T is the system temperature, 7, is a factor corresponding to
loss in various stages of the antenna/receiver system, 7 is the aperture efficiency, A is the
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physical area of each antenna, Ny = N, x (Na-1)/2 [where N, and N, are the number of antennas
and baselines, respectively], z- integration time, Av - final I.F. bandwidth.

With T = (Ta? + T, Teys + ¥ Tys )M (4.2)

where T, is the antenna temperature due to source contribution, Ty is a sum of several noise
contributions which are microwave and galactic backgrounds emission, Tysk, atmospheric
emission, Tgy, ground radiation scattering into the feed, Tgyn, loss in the feed, To, injected
calibration signal emission, Ty, and receiver noise temperature including the contributions from
the second and following stages, T (Tna + temperature of secondary stages). We know that
NFina = 1.5 (Tina ~ 150 K) and Gy na = 23 db. Assuming upper limits for Tpaek = 25 K, Tgy = 25
K (Kraus, 1986, p. 7-1, assuming 50% aperture efficiency), and other contributions are
negligible we obtain

Tsys = Trec + 50 K, with Trec = TLNA + 1/GLNA TRF (43)
Where, Trr encloses temperature contributions from all receiver electronics other than LNA.

Since LNA has a high gain (23 dB) we can assume T =~ Ty na = 150 K. Hence, Tgys = 150
+ 50 = 200 K.

If we are observing a weak extra-galactic source then, Tes >> To, T ~ Tyys/ \/E , and we
obtain:

Al'= 2K Tosmo/ (N AJ2N, A V) (4.4)

An example that can be taken is Cygnus-A whose flux density at 1.6 GHz is
approximately 1400 Jy which means a T, ~ 3.5 K.

In this case, assuming natural weighting and using k = 1.38 x 102 J/K, 17, ~ 2, 7=0.5, A
= 12.6 m*, N, = 10, Av = 2.5 MHz., we obtain an upper limit of Al = 25 Jy/beam, using 5
antennas with 1 second time integration. Now, in case we use 6 antennas the upper limit falls to
Al = 20 Jy/beam.

For a strong source, like the Sun, T << T,, then from (1) and (2) we get T ~ T,

Al=2k Tp/ (n AN 7AYV) (4.5)

However, for PBDA 4 m dish we have a FWHM = 3.28°. In this case the Sun has a
diameter of ~ 0.5 degree, which can be considered a point source. Therefore, we have T, = Tg x
Qsourcel Qantenna = 2.32 X 102 x Tg. Taking Tg = 63.8 x 10° K at 1.6 GHz (according Zirin et al,
1991), then T, = 1480 K, and using expression (2) with T, = 200 K given above we obtain T ~
1580 K.

Finally, for observations of the Sun at 1.6 GHz using 5 antennas with Av = 2.5 MHz and
0.1 sec time integration as well as previously calculated parameters we estimate (1) an upper
limit of Al ~ 880 Jy/beam = 0.088 SFU/beam. A value of Al ~ 720 Jy/beam = 0.072 SFU/beam
is obtained in the case we use 6 antennas.
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5- DIGITAL SYSTEM
5.1 - Introduction

In its present form, the PBDA has 5 antennas arranged along the E-W direction and
operates in the one-dimensional mode. Correlations are performed for all the antenna pairs and
to get 22 real outputs (1 cosine and 1 sine output for each interferometer pair). Two of the above
outputs correspond to total power measurement. As the information content of the celestial
source is contained in the complex visibility observed with an interferometer, the above 20
outputs are arranged to form 10 complex visibilities, pertaining to the 10 different baselines in
the array. The above visibilities are obtained using 1-bit, 2-level correlators (Weinreb, 1963)
which can be assembled using simple digital logic and yields greater stability to the backend
receiver than an analog correlator.

The following sequence of operations is performed in the backend receiver system of the
BDA. The signal from the I.F. amplifiers in the last stage of the analog receiver system are first
passed through a digitally controlled phase switching unit (PAS-1 of Mini-Circuits mc., USA)
in the control building, i.e. Walsh switching (Beauchamp, 1975). Then they are quantized to two
levels in a zero crossing detector. The basic element used here is a high speed comparator (AD
790). The output of the comparator is a “TTL’ signal corresponding to whether the input I.F.
signal is above or below the ‘ground’ level. The quantized signal is then sampled in a D-type
flip flop (74L574) at a rate of 5 MHz (Figure 5.1), the Nyquist rate corresponding to the final
I.F. bandwidth (2.5 MHz) used in the BDA. An Ex-OR gate (74L586) is used to demodulate the
sampled signal for Walsh switching. After the removal of phase inversion, the signal then flows
through the delay lines constructed using a combination of shift registers (74L5 164) and
multiplexers (74L5151). The necessary delay is implemented under the control of a computer
instep of 0.2 s up to a maximum value of 3 xs. This enables us to carry out observations of
sources located even at large distance from the zenith by applying proper corrections for the
geometrical delay suffered by the different antennas.

LF. input +

D Q O Sampled output
(To delay unit)

Sampling clock

FIGURE 5.1 — Block diagram of 1-bit sampler.

The correlator system was built using the chips primarily designed for the Nobeyama
radioheliograph, Japan (Nakajima et al., 1993) and the Gauribidanur radioheliogaph near
Bangalore in India (Ramesh et al., 1998). These are custom built chips using CMQOS gate array
technology. The architecture of the chip is shown in the Figures 5.2 and 5.3. Each chip can
accommodate 4 antennas. For example, if the signal from antennas 1, 2, 3 & 4 are fed at its
input, then the output will be the correlation between the following antenna pair: 1 x 2, 1 x 3, 1
x4,2x3,2x4and 3 x4.1fCy, Sy and C,, S, are the cosine and sine I.F. outputs of antennas 1
& 2, then each cosine and sine correlator will give output according to C;®C, + S;®S, and
Ci®S, — C,®S;, respectively. At the end of every integration period (100 ms), the data from the
different correlators will be written into a memory unit.
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FIGURE 5.2 — An elementary circuit of the correlator chip.

Cl S1 C3 S3
C2 1 5
S2 2 6
C4 3 7
s 4 4 8

FIGURE 5.3 — Functional diagram of the correlator chip.

Note that there are two such units in the BDA correlator system. The process of reading
correlated data and writing into the memory unit goes on till we reach 256 integration cycles.
During this time, i.e. when data is written into one memory unit, the data that was written into
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the other memory unit during the earlier 256 integration cycles will be read into a computer. At
the end of 256 integration cycles, the role of the memory units get reversed (Ramesh, 1998).

5.2 - Total power measurement

The use of 1-bit correlator results in a loss of the amplitude information of the input
signal. The latter are digitized as either +1 or 0 (in some cases +1 & -1) depending on whether it
is above or below the threshold level of the comparator. So information on the absolute strength
of the signal will be lost (like in correlator systems with an Automatic Gain Control loop), as
only the sign of the input waveform is retained. The output of a one-bit correlator is
proportional to the ratio between the power of the correlated and the sum of the correlated plus
uncorrelated signals at its input, i.e. it measures the normalized correlation coefficient unlike an
analog correlator where the output is proportional to the correlated signal from the source.

If T is the source brightness temperature and T, is the sky background temperature in the
direction of the source, then the measured correlation coefficient (poy,) is given by (Figure 5.4)
T

> 5.1
T, +T, (5.1)

Pm *

Hence in order to get the true correlation coefficient (a.Ts), the total power received by the
antenna (i.e. T + Tp) has to be measured separately and multiplied with the measured correlation
coefficient in equation 5.1. The conventional techniques to measure the strength of the input
signal require square-law detectors, A/D convectors, etc. Also, it will be difficult in
synchronizing the data acquisition with the correlator system. One can configure the 1-bit
correlator chip itself to measure the strength of the input signal and this way the set-up can be
included as a part of the digital backend receiver as shown in Figure 5.5 (see UdayaShankar,
1986; Ramesh et al., 1998 for details on this topic). In addition to the loss in amplitude
information, the sensitivity of a 1-bit correlator is only 64% compared to the analog case (Van
Vleck and Middleton, 1966). But this loss of sensitivity is not severe in the case of solar
observations since the received signal is usually strong. Figure 5.6 shows the total power from
the Sun measured using the above setup.

172
T+ Ty) = > Digitizer

172
G(T, +Ty)
Correlator % T, / (T,+Ty)
172
G(T, +T,)
12 sob
T+ Ty) = > Digitizer

FIGURE 5.4 — Output of a one-bit correlator.
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FIGURE 5.5 — Set-up to measure the total power using the PBDA one-bit correlator.
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FIGURE 5.6 — Total power from the Sun measured with the PBDA antenna 1 on December 9,
2004.

5.3 - Walsh switching

The coaxial cables used for transmitting the I.F. signal from the antenna base to the
control room are well shielded. Also, the cables in the analog receiver rack inside the building
are separated. Proper care has also been taken while making the ‘ground’ of the power supply to
the digital receiver unit. However, inspite of these precautions, there is always the possibility
of a certain amount of crosstalk between the individual signal channels which could give rise to
spurious correlations, as indicated in Figure 5.7. We have employed Walsh switching to
minimize crosstalk to the extent possible. Assuming that most of the crosstalk occurs in the
control room due to the close proximity of the I.F. cables and DC offsets in the A/D converters,
as shown in the Figure 5.8, the output from each antenna base is passed through a phase switch
immediately after they enter the control building. The latter is periodically inverted using
orthogonal binary sequences. Since the switching period is an integer fraction of the integration
period, the crosstalk signals get averaged to zero as they are correlated positively and negatively
during the two halves of the integration period. The switching scheme used in the PBDA is
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shown in the Figure 5.9. This phase inversion scheme is subsequently demodulated at the output
of the sampler (see Ramesh, 1998 for details on the scheme).

"V b SV

W f

n

A Vn A Vm
= Multiplier <
Vm + A Vn \l/ Vn + A Vm

FIGURE 5.7 — Cross-talk in a two element interferometer.

5.4 - Digital delay system

The output of a correlation interferometer is given by (Thompson et al. 1994),

F= cos( Zﬂlzgvj (5.2)

where D is the baseline length, £ = sin@ is the direction cosine measured with respect to the
baseline, v is the frequency of observation and &€ is the angle between the wavefront and the
normal to the baseline. Note however, that the above expression is true only if the observing
frequency is strictly monochromatic.

FIGURE 5.8 — DC offset in the A/D converter.
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FIGURE 5.9 — Switching scheme used in the BDA.

To the correlator

In general the received signals are averaged over a rectangular band of width Av and center
frequency uvy. So, equation 5.2 becomes,

1 Vo+AvV /2 271iDev
F(V"):_E VOAV/ZCOS( - j (5.3)
F(v0)=cos 2mev, SIn(ﬂDgAvlc) (5.4)
c aDeAv/c

Thus the output is modulated by a sinc function envelope which will be maximum only if
the delay (t = De/c) between the two signals at the correlator input is zero. If the delay between
the signals is not compensated before correlation, it will lead to a loss in the coherence between
the two signals.

The modulating function in the equation 5.4 is also called the bandwidth de-correlation
function or fringe-washing function. In view of the above, it is necessary to appropriately delay
the signal reaching the two antennas of an interferometer (particularly for observations away
from the zenith) to preserve coherence. In BDA, the above is accomplished by passing the
signal through a delay unit (Figure 5.10) which can compensate the geometrical delay suffered
by the signal in steps of 0.2 s as mentioned earlier. Figure 5.11 shows solar observations
carried out in the tracking mode with PBDA antennas 1 and 3 in the manner described above.

Shift register

with ’n’ tappings

Signal delayed by
——————— - .
’n’ clock intervals

FIGURE 5.10 - Delay unit.
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FIGURE 5.11 - Solar observations carried out with the PBDA antennas 1 and 3 in tracking

mode on December 4, 2004.
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6 - CONFIGURATION OF THE PBDA
6.1 - BDA configuration aspects

Radio interferometers, like the planned BDA, measure the Fourier transform of the radio
sources, obtained from observations on a finite set of points in the Fourier plane. These points
are determined by the cross-correlation of all possible pairs of antennas in the array (Wohlenben
et al., 1991; Thompson et al., 1994). The image of a radio source can then be obtained by the
inverse Fourier transform of the sampled data. Each pair measures a specific Fourier component
given by the projected distance of the antenna in a plane that is normal to the incident angle of
the radiation. Therefore, the sampling in the Fourier plane performed by the array is mainly
dependent on the configuration. In addition, the physical layout of the array is very important to
optimize the performance of the overall system.

Several approaches have been proposed to optimize the response of the array (Keto, 1997;
Cornwell, 1988; Kogan, 2000). It is clear that the best array configuration is dependent on the
scientific goals intended for the array. In generic interferometers, the best imaging performance
is achieved when sampling in the Fourier domain is more uniform for a circular boundary
defined by the spatial resolution of the array (Keto, 1997). This kind of sampling in the Fourier
plane provides images less affected by errors caused by non-measured Fourier components.
However, the optimization of the antenna positioning involves several others aspects that may
be conflicting, such as cost or geographic constraints and requirements of the scientific goals.

The BDA is being designed to obtain optimized images of the radio sources at the
decimetric band with high temporal and spatial resolutions. This precludes the use of Earth
rotation synthesis (Thompson et al., 1994), requiring snapshot image acquisition. The BDA “T”
shape configuration is suitable since it yields a uniform sampling in a rectangular region when
using a regular spacing between antennas, not requiring the use of a gridding technique
(Nakajima et al., 1994). Therefore, it requires less processing time In addition, this shape is
good considering the site constraints as well as implementation and maintenance costs. In
phase-1 of the PBDA, a one-dimensional array of five elements was established with an aim to
fulfill various diverse requirements. Specifically, the PBDA was used to accomplish some
engineering tests in order to optimize the electronic subsystems of the PBDA for the following
phases, as well as, to perform the first solar observations and obtain one-dimensional
information about the brightness distribution of the Sun. The PBDA implemented at INPE in
Cachoeira Paulista, Sdo Paulo (Longitude 45° 0° 20” W, Latitude 22° 41’ 19” S) has 5 antennas
arranged along the E-W direction, operating in one-dimensional mode at frequency of 1.6 GHz
with integration time of 100 ms. The largest baseline is 216 m and the minimal spacing between
antennas is 18 m. This configuration has a spatial resolution of ~2.8 arc minutes at 1.6 GHz and
a Field of View (FOV) of 40 arc minutes.

The option for implementing a one-dimensional array is suitable considering the limited
number of antennas of the array. The PBDA has 5 antennas, this implies that there are 10
interferometric pairs (N*(N-1)/2), or in other words, 10 samples of the visibility function of the
observed source. The implementation of a one-dimensional array allowed one to obtain uniform
sampling of the uv plane and consequently, to provide images least susceptible to errors due
unmeasured Fourier components. This one-dimensional configuration also permits the use of a
maximum baseline of 216 m, which is important in the development of technology for
transmission/reception radio signals for the long distances necessary for the development of the
subsequent phases of the BDA. Figure 6.1 illustrates the configuration of the PBDA.
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FIGURE 6.1 - PBDA array configuration (phase ).

Designating the West and East last antennas as Al and A5, respectively, the spacing
between the individual antennas (in terms of their multiplications) are given in Table 6.1.

TABLE 6.1 — Baseline lengths of the PBDA.

Antenna Multiplication Baseline (m)
Al x A2 72
Al x A3 108
Al x A4 126
Al x A5 216
A2 x A3 36
A2 x Ad 54
A2 x A5 144
A3 x Ad 18
A3 x A5 108
A4 x A5 90

6.2 - UV coverage and beam of the PBDA

In order to simulate the performance of the PBDA, for radio imaging of the SUN, specific
software was developed to simulate the data produced by PBDA observations. Its user interface
was developed using the Interactive Data Language (IDL). This software allows one to choose
the methodology for treatment of the radio interferometric data produced by the PBDA, as well
as, to investigate possible configurations for the positioning of the BDA antennas.

The generation of simulated data of the BDA includes the following steps:

1. Performing of the Fourier transform of the source model using the FFT algorithm to obtain
the discrete visibility function.

2. For each configuration, evaluating the sampling function in the Fourier plane (S),
commonly named uv-coverage.

3. Sampling of the Fourier transform of the source model at the points defined by the
sampling function S.

4, Inversion of the sampled visibilities obtaining the dirty image of the source (1°).

The implementation of the procedures above in a computational system for simulation of
the images generated for the BDA allows one to study the effect of each array configuration in
the uv-plane and the consequent quality of the synthesized image. A graphical interface allows
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the user to choose the number of antennas to be used, as well as, its localization in the plane of
the array. From a chosen configuration, it is possible to compute the sampling function of the
array that is used to sample the visibility function of the model of the source. Applying the
inverse Fourier transform to this sampled visibility function yields the synthesized image (dirty
image). The use of image restoration techniques allows one to estimate the original brightness
distribution of the source from the dirty image. In radio astronomy, the restoration process has
been mainly dominated by two classic algorithms: the Maximum Entropy Method (MEM)
(Jaynes, 1957; Narayan and Nityananda, 1986) and the CLEAN algorithm (Hogbom, 1974;
Clark, 1980).

During the PBDA, investigations of the imaging capabilities of its configuration were

carried out. The uv-coverage and the dirty beam of the PBDA are shown in Figure 6.2. Table
6.2 shows the main parameters used in the simulation.
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FIGURE 6.2 — UV coverage and synthesized beam of PBDA.

TABLE 6.2 — Parameters of the BDA data simulation.

Antennas positions: -90 0 18 54 126

Wavelength (m): 0.187559

Field of View (arc minutes): 40

Spatial resolution (arcmin): 2.98509

baselines (m): 18 36 54 72 90 108 108 126 144 216

6.3 - Expected spatial resolution

The PBDA will obtain the complex visibilities for all the interferometric pairs of antennas
shown in Figure 6.3.

AlxA2

AlxA3 A2xA3

AlxA4 A2xA4 A3xA4
AlxA5 A2xA5 A3xA5 A4xA5

FIGURE 6.3 - Correlations performed by PBDA correlator system.
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The digital correlation system of the BDA performs correlations for all pairs of antennas,
producing 20 measurements of the visibility function of the celestial source. These
measurements correspond to the cosine and sine channels of the 10 complex correlator pairs,
with integration time of 100 ms. The beam width is approximately 1/10 of the solar disc (~2.8
arc minutes for baseline A1xA5 at 1.6 GHz).

The spatial resolution of an interferometer is given by:
s=sin"1(1/B) 6.1)
where 2 is the observed wavelength and B is the distance between the antennas that compose an

interferometric pair. Table 6.3 shows the expected spatial resolution for all baselines of the
PBDA.

TABLE 6.3 - Baselines and expected resolution for the PBDA at 1.6 GHz.

ANTENNA EXPECTED SPATIAL
MULTIPLICATION RESOLUTION (arc minutes)
Al x A2 35.8
Al x A3 17.9
Al x Ad 11.9
Al x AS 8.95
A2 x A3 7.16
A2 x A4 5.96
A2 x Ab 5.11
A3 x Ad 4.47
A3 x Ab 2.98

The control building (Figure 6.1) is located at about 30 meters from the center of the
array. Control and acquisition of the PBDA data are performed by computers located at this
building. The data acquisition system, developed by the Indian Institute of Astrophysics (I1A),
is responsible for acquiring the output of the complex correlators for all interferometric pairs.
The measured visibility data is stored in ASCII files for further processing. Imaging software,
developed in IDL, performs the synthesis of BDA images. During PBDA development the first
astronomical observations were made with the antennas running in transit mode. The observed
fringes were obtained using the software described above and it was possible to obtain a one-
dimensional profile of the Sun.

6.3.1 - Observed spatial resolution

The observed spatial resolution of all baselines was obtained from the fringes given by
the digital correlator system during observation of the Solar transit. Section 6.4.3 presents a
catalogue with the sine and cosine fringes obtained for all the BDA baselines in the observations
of the solar transit in December 11th of 2004. It was possible, by means of these fringes, to
measure the spatial resolution of each baseline of the array in order to compare the expected and
the observed resolution. The observed spatial resolution of each baseline can be measured as the
angular distance between two consecutive minima of the fringes for the corresponding
interferometric pair. Table 6.4 presents the expected and the observed spatial resolution for all
baselines of PBDA.
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TABLE 6.4 - Baseline separation, expected and measured resolutions at 1.6 GHz for PBDA at
INPE-CP.

ANTENNA SPATIAL RESOLUTION

MULTIPLICATION BAS(IntSINE (minutes of arc)

(CORRELATIONS) MEASURED EXPECTED
Al x A2 18 36.4 35.8
Al x A3 36 18.2 17.9
Al x A4 54 12.2 11.9
Al x A5 72 9.05 8.95
A2 x A3 90 7.26 7.16
A2 x Ad 108 6.10 5.96
A2 x A5 126 5.20 5.11
A3 x A4 144 4.61 4.47
A3 x A5 216 3.02 2.98

6.4 - Calibration Scheme for the PBDA

A two-element correlation interferometer measures the spatial coherence of a distant
radiation field at a given location as a function of the separation between the antennas, or
baseline, measured in wavelengths. The output is usually referred as the visibility function and
is denoted by Vj;, with the sub-scripts indicating which pair of antennas is involved. An array of
antennas samples this visibility function at many discrete locations. The process of calibration
recovers the true visibilities from the observed gquantities which are often corrupted for a
multitude of reasons. Due to these errors the observed complex visibility (V°*) on a certain
baseline differs from the true response (V") leading to inaccuracies in the determination of the
sky brightness distribution. The measured visibility on the baseline formed by the antennas G;
and G; can be written as:

Vif™ =it gig gy +cij +£ (6.2)

Here g; & g; are the total complex gains for i and j" antenna (incorporating all the
antenna based amplitude and phase errors. * in the above equation denotes complex
conjugation). The term g; represents the baseline dependent complex gain; c;; is an additive
error consisting of e.g., correlator offsets and g;; is the thermal noise plus possible interference.

6.4.1 - Amplitude calibration

We had planned to use observations of the following sources:

1) Virgo A (3C274 or M87), S 1600 ~ 166 Jy

RA (2004.1) = 12" 31™ 05°, Dec (2004.1) = 12°22’,
2) Taurus A (3C144 or M1), Sye00 = 897 Jy

RA (2004.1) = 05" 34™ 48°, Dec (2004.1) = 22°00’, and
3) Cygnus A (3C405), Sye00 = 1257 Jy

RA (2004.1) = 19" 59 ™ 39°, Dec (2004.1) = 40° 45
for calibrating the visibility amplitude obtained from Sun (target source) on each baseline. But
we could obtain data on the above calibrator sources only on three baselines (1 x 2, 1 x 3 and 2
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x 3) due to pointing error in the antennas 4 and 5. Note that the above error should be very
minimal particularly for observations on a calibrator source since its angular size will be usually
much smaller compared to the primary beam of the individual antennas. The half-power beam
width (HPBW) of the antennas used in the PBDA is ~ 2.5 at 1.6 GHz. To overcome this
problem, we assumed that there is no gain variation between the different channels in both the
analog and digital receiver systems, and calibrated the amplitude of the solar data on all the
baselines using the calibrator data on the above three baselines. However, before carrying out
the above step, we independently checked the receiver system for possible gain variations by
performing a ‘noise’ test. The deviations were found to be very small. Again, we maintained the
input to the different channels at the same level. Inspite of this, still there could be some error.
But, we do know its magnitude at this stage. It may not be significant since the BDA digital
correlator system uses 1-bit, 2-level sampling where the input signal is clipped and the absolute
strength information is lost. We separately measure the total power received by the individual
antennas to obtain the latter (see Ramesh, 1998, Ramesh et al., 1998, Ramesh et al, 1999 for
more details).

6.4.2 - Phase calibration

Neglecting the errors due to noise in the receiver system, the phase of the observed
complex visibility on the baseline formed by the antenna groups G; and G; is given by,

¢i?bs :¢itjrue +(bierr _¢j?” (6.3)

where ¢ & ¢ are the phase of the i & j™ antennas (with respect to an arbitrary reference
point) and ¢if is the geometric phase term (due to the orientation of the interferometer baseline
with respect to the direction of the source). Jennison (1958) first showed that the antenna based
errors (4" ,¢f”) can be effectively eliminated from the above equation by forming a closure
relation between the antenna groups G; , Gj and Gy as shown below.

¢ijk :¢i?bs + ¢?ka - ¢'Ebs (6.4)

¢ijk :¢i;me + ¢}Lue - ¢'tkrue (6.5)

This equation is free of any error terms. By forming all possible closure equations of this
type in an N element interferometer and arranging them in the matrix form,

Ax=hb (6.6)

where, A - coefficient matrix; x - column matrix consisting of the (¢"”e )S and b - column matrix
consisting of the closure phases, i.e. ¢°

One can solve for the true visibility phase (¢"“e) on any baseline using matrix inversion

techniques. These phases can then be combined with the observed amplitudes on the
corresponding baseline to form the true complex visibility pertaining to the source (see also
Rogstad, 1968; Readhead and Wilkinson, 1978; Pearson and Readhead, 1984 for details on
closure quantities).

6.4.3 - Application of BDA

Consider the multiplications between the antennas G; ; G, ; Gs ; G4 and Gs. The closure
equations are,
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There are 10 equations; whereas the unknowns (¢, )to be solved for are only 9 (the
multiplications 1 x 3 and 3 x 5 measure the same visibility). But for all practical purposes, we
treat them independent and solve for all the 10 unknowns. This problem can be better
understood if the above set of equations is written in a matrix form as shown below:

1 -1 0 0 1 0 0 0 0 0Ya%) (tos
1 0 -1 0 0 1 0 0 0 O0]|a%| |
1 0 0 -1 0 0 1 0 0 O|¢%| |dos
001 -1 0 0 0 0 1 0 O0|¢%| |daa
001 0 -10 0 0 0 1 0|#Y| |das 6.5)
0 0 1 -1 0 0 0 0 0 1/[g"%| |dus '
0 0 0 0 1 -1 0 1 0 0@l |taa
0 0 0 0 1 0 -1 0 1 0|l |das
00 0 0 0 1 -1 0 0 1| |fas
00 0 0 0 0 0 1 -1 1)a7%) (faas

Using the technique of singular value decomposition (SVD) to invert the coefficient
matrix, a least squares solution (Press et al., 1992) for the true visibility phases are obtained.
The latter are then combined with the corrected visibility amplitude, Fourier inverted and
CLEANed (Hogbom, 1974) to obtain the one-dimensional brightness distribution (see Ramesh,
1998, Ramesh et al., 1998, Ramesh et al., 1999 for more details). We cross-checked the
visibility phases obtained using the above technique for the multiplications 1 x 2, 1 x 3 and 2 x
3 with that obtained through the conventional method (i.e. correction of the phase error on
individual baselines through observations of a calibrator source). The values agree well with
each other. We make use of the phases obtained using the conventional method to fix the
position of the source in the sky. Note that the latter will be lost when we use closure phase
technique.
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The one-dimensional brightness distribution of Sun obtained using the above method at
15:00 UT and 17:00 UT on December 11, 2004 is shown in Figures 6.4 and 6.5. The latter is
compared with the 195 A image of the solar corona obtained around the same time with the
Extreme ultra-violet Imaging Telescope (EIT; Brueckner et al., 1995) onboard the Solar and
Heliospheric Observatory (SoHO), (Fleck et al., 1995) to establish the correspondence between
them (Figures 6.6 and 6.7). The following figures (6.8-6.37) show the fringes observed on
different baselines for Cygnus A (Figures 6.8 - 6.13), Taurus A (Figures 6.14 - 6.19) and Sun
(Figures 6.20 - 6.37) on December 10 and 11, 2004 at 1.6 GHz. The integration time used is 1.6
s for the Sun.

Solar observations with the Brazilian Decimetric Array
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FIGURE 6.4 — The one-dimensional brightness distribution of Sun obtained with BDA at 15:00
UT on December 11, 2004.
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Selar cbeervations with the Brazilian Decimetric Array
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FIGURE 6.5 — The one-dimensional brightness distribution of Sun obtained with BDA at 17:00
UT on December 11, 2004.

FIGURE 6.6 — A 195 A image of the solar corona obtained on December 11, 2004 at 15:00 UT
with the Extreme ultra-violet Imaging Telescope onboard the Solar and
Heliospheric Observatory (SoHO).
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Solar corana 10 profile smoothed with EIT enboard S0HO
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FIGURE 6.7 — The one-dimensional brightness distribution of the Sun obtained using SOHO
satellite observations. The image of the Figure 6.6 was integrated in N-S of
the Sun and smoothing in E-W direction by applying filter equivalent of beam
of PBDA.
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a PR Cygnus A with BDA antennas 2 & 3 on 20041210
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FIGURE 6.8 — Cosine Fringe obtained on 10/12/2004 throughout the interferometer pair
composed of A2 and A3 antennas in the Cygnus A observation.

i Cygrus A with BDA antennas 2 & 3 on 20041210
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FIGURE 6.9 — Sine Fringe obtained on 10/12/2004 throughout the interferometer pair
composed of A2 and A3 antennas in the Cygnus A observation.
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w1 Cygnus A with BDA antannas 1 & 2 on 20041210

S T T T T T T T T T
Frequency = 1.6 GHz
d=72m

4 Cosing channal B

3_ -

€ 2r 7

2

o

=

3 1t

a

=

=

30

g

]

0

O _al i
_ar B
—4r- B
_. 1 1 1 1 1 1 1 1 1

4] 100 200 300 400 500 700 800 SO0 1000

Sample number (Integration time = 1.6 5)

FIGURE 6.10 — Cosine Fringe obtained on 10/12/2004 throughout the interferometer pair
composed of Al and A2 antennas in the Cygnus A observation.

Pl Cygnus A with BDA antennas 1 & 2 on 20041210
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FIGURE 6.11 - Sine Fringe obtained on 10/12/2004 throughout the interferometer pair
composed of Al and A2 antennas in the Cygnus A observation.
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6,( 1 Cygnus Awith BDA antannas 1 & 3 on 20041240
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FIGURE 6.12 — Cosine Fringe obtained on 10/12/2004 throughout the interferometer pair
composed of Al and A3 antennas in the Cygnus A observation.
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FIGURE 6.13 — Sine Fringe obtained on 10/12/2004 throughout the interferometer pair
composed of Al and A3 antennas in the Cygnus A observation.

48



w1 Taurus A with BDA antannas 2 & 3 on 20041210
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FIGURE 6.14 — Cosine Fringe obtained on 10/12/2004 throughout the interferometer pair
composed of A2 and A3 antennas in the Taurus A observation.
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FIGURE 6.15 — Sine Fringe obtained on 10/12/2004 throughout the interferometer pair
composed of A2 and A3 antennas in the Taurus A observation.
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PRl Taurus A with BOA antanna 1 & 2 on 20041240
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FIGURE 6.16 — Cosine Fringe obtained on 10/12/2004 throughout the interferometer pair
composed of Al and A2 antennas in the Taurus A observation.

w10 Taurus A with BDA antannas 1 & 2 on 2004/1210
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FIGURE 6.17 — Sine Fringe obtained on 10/12/2004 throughout the interferometer pair
composed of Al and A2 antennas in the Taurus A observation.
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g Taurus A with BOA antennas 1 & 2 on 20041210
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FIGURE 6.18 — Cosine Fringe obtained on 10/12/2004 throughout the interferometer pair
composed of Al and A3 antennas in the Taurus A observation.
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FIGURE 6.19 - Sine Fringe obtained on 10/12/2004 throughout the interferometer pair
composed of Al and A3 antennas in the Taurus A observation.
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Obsanations of Sun with EDA antennas 3 & 4 on 200412011
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FIGURE 6.20 — Cosine Fringe obtained on 11/12/2004 throughout the interferometer pair
composed of A3 and A4 antennas in the observation of Sun.

tObsenvations of Sun with BDA anennas 3 & 4 on 200412/11
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FIGURE 6.21 — Sine Fringe obtained on 11/12/2004 throughout the interferometer pair
composed of A3 and A4 antennas in the observation of Sun.
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Obsenvations of Sun with BDA antennas 2 & 3 on 20041211
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FIGURE 6.22 — Cosine Fringe obtained on 11/12/2004 throughout the interferometer pair
composed of A2 and A3 antennas in the observation of Sun.

Obeervations of Sun with BOA antennas 2 & 3 on 20041211
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FIGURE 6.23 — Sine fringe obtained on 11/12/2004 throughout the interferometer pair
composed of A2 and A3 antennas in the observation of Sun.
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O bserations of Sun with EDA antennas 2 & 4 on 20041211
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FIGURE 6.24 — Cosine fringe obtained on 11/12/2004 throughout the interferometer pair
composed of A2 and A4 antennas in the observation of Sun.
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FIGURE 6.25 — Sine fringe obtained on 11/12/2004 throughout the interferometer pair
composed of A2 and A4 antennas in the observation of Sun.
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Chearvations of Sun with BOA antennas 1 & 2 on 20041211
0.04 T T T T T T T T T
Frequency = 1.6 GHz
d=72m

003 - Cosine channel i

a0z N

Observed comeltion coefficient
(=]

1 1 1 1 1 1 1 1
a 100 =00 300 400 500 800 700 20a ‘300 100a
Samphe numbsar (Integration time = 1.6 )

FIGURE 6.26 — Cosine fringe obtained on 11/12/2004 throughout the interferometer pair
composed of Al and A2 antennas in the observation of Sun.

Cb=arvations of Sun with BDA antannas 1 & 2 on 20041211
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FIGURE 6.27 - Sine fringe obtained on 11/12/2004 throughout the interferometer pair
composed of Al and A2 antennas in the observation of Sun.
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Obeanations of Sun with BDA aniennas 4 & 5 on 20041211
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FIGURE 6.28 — Cosine fringe obtained on 11/12/2004 throughout the interferometer pair
composed of A4 and A5 antennas in the observation of Sun.
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FIGURE 6.29 — Cosine fringe obtained on 11/12/2004 throughout the interferometer pair
composed of A4 and A5 antennas in the observation of Sun.
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Cbsenvations of Sun with BOA amennas 1 & 3 on 200412/11
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FIGURE 6.30 — Cosine fringe obtained on 11/12/2004 throughout the interferometer pair
composed of Al and A3 antennas in the observation of Sun.
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FIGURE 6.31 — Sine fringe obtained on 11/12/2004 throughout the interferometer pair
composed of Al and A3 antennas in the observation of Sun.
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Wi Obsarvations of Sun with BDA antannas 1 & 4 on 2004012/11
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FIGURE 6.32 — Cosine fringe obtained on 11/12/2004 throughout the interferometer pair
composed of Al and A4 antennas in the observation of Sun.
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FIGURE 6.33 — Sine fringe obtained on 11/12/2004 throughout the interferometer pair
composed of Al and A4 antennas in the observation of Sun.
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Obeeniations of Sun with BDA antennas 2 & § on 200412/11
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FIGURE 6.34 — Cosine fringe obtained on 11/12/2004 throughout the interferometer pair
composed of A2 and A5 antennas in the observation of Sun.
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FIGURE 6.35 — Sine fringe obtained on 11/12/2004 throughout the interferometer pair
composed of A2 and A5 antennas in the observation of Sun.
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w1 Obsarvations of Sun with BDA antannas 1 & Son 200401211
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FIGURE 6.36 — Cosine fringe obtained on 11/12/2004 throughout the interferometer pair
composed of Al and A5 antennas in the observation of Sun.
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FIGURE 6.37 — Sine fringe obtained on 11/12/2004 throughout the interferometer pair
composed of Al and A5 antennas in the observation of Sun.
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