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Chapter 2
THE GAUR Bl DANUR RADI O TELESCCPE (GEETEE)

The tel escope with which the observations described in this
thesis were nade is situated near Gauribidanur (longitude 77° 26
07'E; latitude 13 36 12” N),  about 80 km north of Bangal ore,
I ndi a. The tel escope, in the shape of the letter T, is nade of
1000 dipoles with a 1.4 kmlong East-Wst armand 0.45 km [long
Southern arm  This chapter is devoted to a description of the
tel escope. Sections 21 and 2.2 give details of the antenna and
the receiver system Section 2.3 and 2.4 discuss the perfornance
of the receiver and the antenna respectively. A brief discussion
of the sensitivity to be expected in the present survey is
presented in Section 2.5. Section 26 deals with the grating

response of the array.

21 THE ANTENNA
211 The basic unit

The smallest unit of the antenna systemis the fat dipole
whi ch is shown schematically in figure 21  For brevity we shall
hereafter refer to it as sinply the "dipole" . The length of the
dipole, its height above the reflector wire and the separation
bet ween each of the conponent wires were adjusted to operate wth
a resonable standing wave ratio in the range of frequencies
between 25 Mz and 35 M.

The far-field pattern of the dipole in the plane

perpendicul ar to the axis of the dipole is theoretically expected

to be
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Fg 21 The fat dipole

Characteristic impedance : 600 £k
Bandwidth : 25-35 MHz with a VSWR of 1.1-1.5
Polarisation : linear, oriented along EW
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V (86) oC sin (_2?_1_(, H Cos (9)) (2.1)

where 8 is the angle fromzenith and His the height' of the
centre of the dipol e above the reflector wire.  This cones from
conbining the dipole and its image in the reflector plane. The
di pol e without the reflector wire is assumed to have an isotropic
radiation pattern in the plane parpendicular to its axis. These
dipoles are designed to have a standard collecting area of
0.25X where A is the wavel ength of observation. In the present
case this is =19 q2 corresponding to A =869 o, W wll
return to these matters in the next chapter when we discuss
calibration and flux scal es.

The dipoles are oriented East-Vest (EW and are spaced
8.6 mapart in this direction. They accept |inear polarisation.

Four dipoles along the BANdirection are conbined through
open-wire transmssion lines and appropriate i npedance

transformers to forma basic unit (Fig. 22).

212 The East-Wst and Sout hern arrays

The East-West array consists of 4 rows of dipoles s' paced5 a
apart in the north-south(NS) direction as shown in figure
2.3(a). Dpoles in the array are conbined further in the
Christmas tree fashion as shown'in figures 2.3(b) and 2.4 to
produce the East and the Wst outputs which are brought to the
| aboratory separately. The EW array has a collecting area

=12000 m?.
The Southern(S) array consists of 90 basic units placed 5 =

apart along the NSdirection(FHg. 2.3(a))., Each of the basic
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An open-wire transmission line of 600 & characteristic
impedance. It has a loss of 0.2 dB/100 m. The measured
phase change is less than 1° for a temperature variation
from 25 C to 35 C.

A balance to balance impedance transformer (300£.to 600.2.)
with an insertion loss less than 0.2 dB.

A Dbalance to unbalance impedance transformer (600 ). to
50 ©1). It has an insertion loss of 0.5 dB.

A co-axial cable (RG 58U) with an insertion loss of
10 dB/100 m.

Fig. 2.2 The basic unit
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Fig. 2.3(a): The Gauribidanur radio telescope (GEETEE)
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Fig. 2.3(b): The Christmas tree configuration in the BV array con-

sisting o 4 basic units is shown in detail. The
outputs o the basic units are carried further through
co-axial cables and are added in power combiners
(PC). The thin lines indicate RG 58U (50€2 ) cables
while the thicker lines indicate RG 8U (50%) cables.
Al and A2 are F.E.T. amplifiers and cascade amplifiers
respectively.
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This illustrates the signal path in the BN array subsequent
to the output stage of the amplifier A2. There are 10 such
units in the array. Two outputs each consisting o the
combined output of 5 units are brought to the laboratory.
The purpose of the noise diode and the switch is to monitor
the gains of the subsequent part of the Christmas tree.
The symbol 'CA' refers to 'compensating attenuator' and
'PC' to '‘power combiner:.
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units has a pre-anplifier followingit. The signals from the
basic units are brought to the laboratory through open-wre
transmssion lines. The S array has a collecting area =7000 nf.
For the purpose of making the sky survey we use one of the
rowns of the BEW array inthe transit node and nmneasure the
visibilities corresponding to the various baselines which it
forns wth respect to the basic units of the S array. Any one
row of the EWarray as well as each of the S array basic wunits
have prinmary beans which are essentially |ooking at the whol e sky
along NS (eqq 2.1, i.e. along the nmeridian. By fourier
transformng the visibilities along the NS5 the brightness
distribution of the sky along NS at that instant of time can be
obtained. Since ther are 90 basic units in the s array we need
to measure 90 visibilities. The receiver system however, has
only 32 front ends. Hence, a tine miltiplexing between the
signals fromthe S array basic units is required. In the present
scheme, this was achieved by installing 23 sets of di ode swtches
- one set each for a set of 4 basic units in the 8 array (Fg.
2.5). The signal fromeach basic unit in the southern array is
power split after the preanplifier. One output is used in the
single beam formng network while the other is used for the
synthesis observations described in this thesis. Four outputs
from4 basic units come to the diode switch box. Control signals
to this box conme fromthe |ab and sel ect one unit at a time - the
cycle time being =1 sec. In EWonly one out of the 4 rows has
to be chosen. Row !l and Row |V were considered inappropriate
since they see a nore asymetric environnent. Ei ther row II or

II1 is better suited. W chose row ITI for our observations
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Configuration used in the S-array for the sky survey. Numbers
5,6,7 and 8 refer to the basic units in the S-array. Time
multiplexing between every 4 units in the S-array was adopted
for the purpose o the survey. PS and PC refer to power
splitter and power combiner respectively.
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(Figs. 2.3(a) and 2.6(a)).

Field effect transistors are used in all the pre-anplifiers
inthe EWand S arrays. These anplifiers have a gain of ~6 dB at
34.5 M, and a bandwidth at half power of + 2 M. They have a
noise tenperature of =500 K and very low internodulation
di stortion,

2.1.3 The zero spacing

One of the inportant objective of the present survey is to
map the @lactic background radiation and be able to give the
brightness tenperature of any part of the sky unanbi guously.
This is possible if the antenna systemresponds to all angular
scale structures (larger than its resolution) in the sky. Wth
this in view we have included in our observation all spacings and
in particular the zero spacing also. Figure 2.6(b) shows the
configuration of the antenna adopted to include the zero spacing.
The out put fromthe 3 basic unit in the s array (Sgz), whichis
in line withthe 111 rowof the BNarray, is added to the BEW
array appropriately. The wvisibility resulting from the
multiplication of the signals fromthe EWarray and Sz now
corresponds to the zero baseline. The noi se due to the FET.
anplifier in Sgzwhich is common to both the EW, array and 83
contributes =~ 500 K to the signal fromthe sky in the zero
spaci ng. Since the brightness tenperature of the sky at
frequencies around 30 M is 3, 164 K, thisleads to a snal

offset in the estimation of the brightness tenperature of the

sky.
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Fig. 2.6(b):

m

ool

East 1% group
Qutput

Power splitter

Sq to lab
k)

Power
Combiner

;-b to EW

Christmas
tree

\

This shows the final antenna configuration used for
the sky survey. Only one row of the BN array
is used. Numbers marked along the S-array refer
to the basic units in the array.

This illustrates the inclusion of the zero spacing.
The third basic unit of the S-array (S,) which
is in line with the III row of the BN “array is
made part o that row also. Multiplication of the
III row of BN with 83 corresponds to zero spacing.
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22 THE RECEl VER SYSTEM

A conpl ete description of the receiver systemcan be found
in an earlier thesis (Udayashankar,N. 1986). Here, we highlight
only the concepts.

Figure 2.7 shows the block diagram of the scheme used to
obtain any one of the visibilities.

The receiver enploys a one-bit correlator system In this
scheme the input signals are infinitely clipped and their zero
cross overs neasured in a zero cross detector (Fig. 2.7). One-
bit correlators measure the normalised correlation coefficient.
The anplitude information of the signal is |lost. If a
correlation f;,is obtained by infinitely clipping (i.e. one-
bitting) the two signals which are band |imted and Gaussian in
nature then the normalised correlation coefficient fi is given

by,

fe = Sin (% P*“) (2.2)

(van Meck and Mddl eton 1966) and f;is related to the analog

correlation.ﬁlby,

Joa, = 0, 0, fc (2.3

where g7 and gjare the r.m.s. values of the two signals being
miltiplied. In this case the two signals correspond to the EW
signal and the signal from any Southern elenent. Thei r
anpl i tudes are continuously recorded to obtain a; and 0 -

A novel nethod using a hardware schenme simlar to that used

in the one-bit correlators (Udayashankar, N 1986) has been
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enmpl oyed to obtain the anplitude information(Fg. 28). As can
be seen in this figure one uses a threshol d detector instead of a
zero cross detector. Asuitable threshold value is that which is
sensitive to the change in the area of the probability density
function of the input signal. This value, V,,, is close to zero
but shoul d be well above the noise nmargin of the conparator. By
varying this threshold value we also verified that the
fluctuations of the input signal are indeed Gaussian in nature.

The receiver enploys a double side band (DSB) system
(Read 1963; Radhakrishnanet al. 1972) and uses clocks in
quadrature to obtain the quadrature sanples. In the present
case, the |.F.  bandwidth is 400 kHz. In the DSB technique this
is further reduced by a factor of 2 However, this does not
deteriorate the signal-to-noise ratio as we have two sets of 200
KHz signals which are in quadrature.  The sanpling fequency used
is 2 M. Wth this over sanpling the signal-to-noiseratio of
the one-bit correlation coefficients inproves from64x to 80% of

the anal og correl ati on(Bowers and Kl inger 1974).

Delay Adjustnents

There is an excess delay in the EWsignal corresponding to
~1 kmof cable length as conpared to the signal fromthe southern
elenents (to recall, the EWsingal travels through 1.5 km of
cable length while the signal fromany southern el ement travels
only = 0.5 kmn. A gross delay is included in the southern
el ement signal path by a 64 clock pulse delay shift register
(FFg. 27. Finer adjustnents to obtain maxi mumcorrel ation can

be made wusing variable delay shift registers in .the EW signal

L3
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pat h. Since one is using the DSB technique any phase
corrections wll be independent of the delay. A maxi numerror of
+0.25u sec of delay wll be left unconpensated due to the
quanti sed nature of the delay settings. This leads to a naxi num
decorrelation of only 2% for 200 KHz bandwidth and is not

seri ous.

2.3 RECEI VER PERFORVANCE

The digital receiver systemhas built in it a noise diode, a
crystal oscillator and a 32-way power splitter which can be used
for any systemtest. Desired | evel s of noi se and/or continuous
wave signal can be fed to the receiver system and the
correlations can be recorded. For a correlated noise input the
| aboratory tests gave an average val ue of correlation coefficient
of 98.8% in the 32 I.F. channels with a scatter whose r.m.s. s
0.4% The average value is less than 100% due to the receiver
noi se and the non-ideal behaviour of the zero cross detectors and
the correlators discussed below  The r.m.s. value indicates the
differences in the 32 |.F band shapes. The average and

r.m.s. Were found to be repeatabl e over |arge gaps of tine.

231 The receiver offsets

These are offsets of the systemand are undesirable while
measuring the correlation due to the signals fromthe antenna
These offsets, which are additiveto the true correlations
measured, generate artefacts on the nap. They can be estinated by
measuring the correlation coefficient for tw uncorrelated
signals. They have to be then subtracted (provided they are not

changing with tine) fromthe measured correlation coefficients.
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In the present case, the receiver offset has been estimated by
feeding uncorrelated noise in the lab and averaging the receiver
output for 15 minutes. The integration time was chosen such that
it is considerably longer than the time for which the synthesis
data is integrated (i.e. = 24 sec). Subtraction of two such 15
minute averages leaves essentially a random pattern as a function
of correlator numbers and has an r.m.s. of 0.6 x10_.4 That is
the accuracy to which the receiver offsets have been estimated.
This number translates to < 0.5 Jy r.m.s8. fluctuation in the
mgp which as we shall see later in this chapter is smaller than
other sources of noise present in the map.

A quantitative discussion of the origin of these offsets is
beyond the scope of the present outline. Ve shall merely remark
here that analyses carried out on the receiver offsets indicated
that the correlators were behaving ideally and the origin of
the offsets may, instead, be in the zero cross detectors (ZCDs)
and the samplers used in the receiver (Fig. 2.7). A small but
finite value of the 'zero' of the ZCD can result in the offsets

we have seen.

2.4 ANTENNA PERFORMANCE

The antenna system used for the observations consists of one
rovw in the BN am, 1.4 kn long and 90 rows in the southern am,
spaced over 0.45 km In all, they contain = 500 dipoles. Any
of these dipoles and/or the subsequent amplifiers could misbehave
due to a variety of reasons. In addition, in the BV array the
signal travels through a 1.4 kn long cabling system while the

signal from the southern array elements are brought to the
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| aborat ory through open wire transm ssion |ines which are =500 m
| ong. To make sure that the antenna performance i s near ideal a
variety of checks are nade routinely and the approxinate
illumnation patterns of the ENand S arrays are determ ned.
These checks are made by feeding appropriate | evel s of noise or
continuous wave signal to various stages in the antenna and
measuring the output in the laboratory. The nost effective way
of checking was transmtting a continuous wave signal from a
di pol e and neasuring the outputs fromthe adjacent dipoles in the
antenna.  This nethod was very useful in locating the faults in
the dipoles in the antenna systemwhich are difficult to probe
by ot her neans.

These checks give an approximate illumnation pattern of the
EW array and of the S array basic units. It was found to bhe
uniform and stable within an r.m.s. of 1 dBand 5 in anpl i tude
and phase. A detailed discussion of this based on the results
obtained from point source observations is given in the next

chapter.

241 Loss before the pre-anplifier and the pre-anplifier noise

t enperature

Consider any of the southern array elements, Each is a
basic unit like the one shown in figure 2.2 followed by a pre-
anplifier (RET anplifier). The mninumantenna tenperature
that the basic units see i s25000 K Conpared to this, the pre-
anplifier noise tenperature of =500 K is snall. If the output of
the pre-amplifier i S neasured once with its input termnated by

its characteristic inpedence and then w th the antenna connect ed
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to the pre-anplifier, then a 10 dB increase in the power level is
to be expected if |osses before the pre-anplifier are neglected.
Measurenments made on the 88 rows of the southern array give an
average value of 8 dBwith an r.m.s. value of 1 dB.  The najor
reason for the | ower value of the signal-to-noiseratio is due to
the small but finite loss of 1 dB before the pre-anplifier (Fig.
2.2). The r.m.s. value of 1 dBreflects the variations in the
| oss before the pre-anplifier and the variations in the anplifier
noise tenperature. This wll contribute to a scatter in the
recorded anplitudes of the visibilities which we shall discuss in

the next chapter.

24.2 Giin variationof anplifiers

Since we have enployed a one-bit correlator system snall
variations in the gains of the anplifiers in the S array
practically do not affect the measurenent of the correlation
coefficients. However, to obtain the anplitude information |ost
in one-bitting, we record the total powers fromthe single row of
the EWarray used for observation and fromone of the southern
array elenents. Note that it is enough to nmeasure the total
power from any one representativerowin the southern array,
since all of themare simlar and are looking into the same part
of the sky. Total power measurenents, surely, are affected by
the gain variations of the anplifiers. Hence a check on this is
needed.

A noise diode and a diode switch are introduced in the
signal path of the 111 rowof the East array and as well as of

the West array, as shown schematicallyin Fg 24 Control
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signals from the laboratory disconnect the signal from the
antenna and turn on the noi se di ode when required. The power
out put of the noise diode is adjusted to be equal to the typica
power output of the antenna. After turning on the noise diode
its output stabilizesin less than 1 sec and is constant wth
tinme to an accuracy of Dbetter than 1%

During the observations, the noise diode is turned on once
every hour and the output recorded for 24 sec.  course, as can
be seen fromF g 24 this nmethod of testing takes care of any
gain variations in the christmas tree subsequent to the point at
which the noise is introduced. W& have introduced the noise
di ode before the two anplifiers whose gain variations can affect
the final East or West array outputs, Variations in the gains of
the anplifiers present before this stage can affect only a group
or a part of a group in the array which is less serious for the
total power neasurenents. In any case, introducing a noi se di ode
and a switch before every pre-anplifier in the EW array would
need 20 such wunits and has practical difficulties of
i mpl ement at i on.

A simlar arrangerment was al so made for the representative
southern array el ement whose total power is neasured.

The neasurenents made at the end of every hour inplied no

variation greater than +2% in the gains of the anplifiers.

2.4.3 Illunmination pattern of the gw and s arrays
[llTumnation pattern of the aperture of an antenna is
related to the far-field voltage radiation pattern of the

antenna, f (1), by a fourier transform For a linear array of
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extent X wavel engths this relation is as foll ows:

X/2 —Jzﬁxi
FW=FRW ¥, gz e dx 2.

g(x) which in this case represents the illumnation pattern of
the linear array is in general conpl ex. Fo(l) isthe far-field
pattern of the elements which conprise the array. For a
uniformy illumnated aperture, the far-field pattern (beam) is
F, (1) Sin(7L X1)/(7rX1l). Strong point sources can beobserved to
record the beam of the EWantenna in time and by an inverse
fourier transform obtain the illumnation pattern on the BEW
antenna. The illumnation pattern of the S array can be obtai ned
by the visibilities recorded in the different baselines for

strong poi nt sources.

Non-uniform illumnation pattern can change not only the
beam shape of the antenna but also its gain. In the present
case, if this happens in the ENantenna it will introduce an

overall multiplication factor in the visibilities obtained wth
the southern array. On the other hand, a non-uniform
illumnation pattern over the 83 basic units in the southern
array introduces a scatter in the observed visibilities. In the
next chapter, we comrent on what the point source observations

tell us about the illumnation patterns and their variations.

25 SENSITIVMTY
The sensitivity of a telescope is a nmeasure of the mninum
signal it can detect. Even in the absence of any source of

radiation in the sky the output of a telescope wll not be



steady and wll have fluctuations which correspond to the noise
i nherent to any such system In general the amount of fluctuation
expected can be quantified by,
AT = ™M  Tsys (2.5)
JBT
where, Ts,o IS the systemtenperature ( = Tgey + Tax ),

Tsky IS the contribution due to the sky,

Tax 1S the contribution fromthe receiver,

B is the bandwi dth of the singal bei ng anal ysed,
t is the integration tinme after which noise is |ooked
at,
and M Is the non-ideality factor (see Christiansen and

Hogbom 1985 for a general dicussion on sensitivity).

A low frequencies ~30 MHz, T, is alnost entirely
determned by the sky noise. This is contributed by the
synchrotron background radi ati on which is produced by the relat-
ivistic electrons gyrating in the nagnetic field of the Gl axy.
One can associ ate an equi val ent bl ack body tenperature with this
radiation and this value varies depending on the frequency of
observation and where one is looking in the sky. A typical
ant enna tenperature encountered in Gauri bi danur iss1d*K Conpar ed
to this the first stage anplifiers in the antenna have a noise
tenperature of 500 K which is snall. Thus, given a bandwi dth of
400 kHz and an integration time of 10 sec (Which are appropriate
for the conti nuumobservations described in this thesis), AT for
T = 10" Kwill be 5 Kfor M= 1 This linit can be transl ated

to mnimumdetectable flux for a point source as foll ows:
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As = (j':'/LLBAT = ™M 3500 Jy (2.6)
A A

wher e kBis the Bol tznmann constant ( = 1.38 X 1b23 WHZ1 K_l) and
A is the effective area of the telescope.

For a correlation receiver, M = f2 and the effective area
A= 2 fA A, where A, and A, are the areas of the two antennas
whose outputs are multiplied. For the singl e beam system whi ch
we nentioned in Chapter 1, A =18000 nf and As = 0.3 Jy. This
is the systemsensitivity for point sources. VW woul d now |ike
to estimate the surveying sensitivity, (As)g of the single
beam system Suppose that all of the observable sky from
Gauribidanur has to be mapped in a day's tinme using the single
beam system Wthin a given integration tine there are 180
I ndependent directions al ong NS which are to be observed to cover
the conpl ete sky al ong NS So, the sensitivity of such a schene
Wil be (As) = 0.3x /180 = 4 Jy. & estimate below the
corresponding nunber for the present survey made using the
synt hesi s technique.

In the present system where we are using one-bit
correlators, M :j?x T/2. But, dueto oversanpling, thisis
brought down to ﬁ_ x 1.25 (Bowers and Kl inger 1974). Al'so, in
the present schenme of synthesis since we are using only one row
of EWthe collecting area of the EWarray is lower by a factor of
4 as conpared to the single beam system In addition, since we
are enpl oyi ng sw tching between every 4 units of the 8 array the
effective integrationtine is lower by a factor of 4 Wth these

factors A s =1.5 Jy = which is al so the surveying sensitivity in



the present case.

There is another factor which is expected to be as inportant
in determning the sensitivity of GEETEE for point source
detection as the systemnoise, and that is confusion. Thi s
refers to the fact that given a certain solid angle one can find
a flux level at which thereis typically one source in it
(statisticaly). If the solid angle is chosen to be the nain beam
of GEETEE, then, the flux level at which there is one source in
it is around 3 Jy. To estimate this, in principle one needs a
log(N) vs. 1log(8) relation at this frequency, where N is the
nunber of sources per steradian whose flux is greater than S
However, the estimate for the confusionlimt as 3 Jy is
extrapol ated fromthe log(N) vs. log(s) relation at 408 Mi given
by Shaver and Pierre (1989). As will be seen in the subsequent
chapters, the r.m.s. value of noise in the maps in regions far
away (where the systemtenperature is=1.5 X 104 K) from the
Galactic plane is actually 4 Jy. So, at its full resolution
GEETEE is confusion limted at 4 Jy.

However, the discussion about confusion [imt is relevant
only to the detection of point sources. For extended sources,
the system noise still determnes the sensitivity. A nore
detail ed di scussi on of confusion and system noi se can be found in

Chapter 4.

2.6 GRATI NG RESPONSE
The rows in the S array are spaced 5 o apart while the
wavel ength of observation is 8.69 a Hence, there wll be

grating response of the array beyond the zenith: angle 6 such



t hat

Sin 6 = ( _3_ + Sin 60) ( 2.7)
wher e,
d=5m
A= 8.6956 ¢
6, : the zenith angle that is aliased with 8 .

(o]

Equation (2.7) inplies that a grating | obe appears at 8, = F90
when the main beamis at 8 = i’47°(Fig. 2.9 and at © :+.60°,
the two responses are equal . Thus, the regi ons where 47° el ¢
90 are aliased. Due to the effect of the primary beam the gains
of both the EWrow and each of the S array el ements go to zero at
16l= 90> Hence, for the sky in the region 47°<181¢ 50° there is
less than 10 ¥ aliasing from the sky in the range 76° <161< 90°
Thus, though the nmaps given in Chapter 4 go even beyond this

zenith angle, caution should be exercised in interpreting the

maps bevond the zenith angles of *50° This corresponds to the

]

maps beyond the declinations of -38 and +64"
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Fig. 2.9:

This illustrates the grating response gf GEETEE,
When the man beam is pointed to :47° o zenith
angle, there is a grating response at = 90° o zenith
angle.  This grating response is heavily attenuated
by the primary beam of the basic unit along NS

When the antenna beam is pointed to + the
distinction between man beam and grating beam
disappears. They have _equal gains here. Sky

between zenith angles of :47° and £90° is aliased.
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