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CHAPTER VII

CONCLUSION

In this thesis we have described a 5.5 km
interferometer, set up at Ootacamund, for operation at
327 MHz., ThHe Ooty telissGope” is ugad 28 the nmin clXelEs
of the interferpometer. The electroniecs for.the vadic Juslls
of the -north 13.5 m dish and Teesiver systeon: Ffor Gt ulie
north dish and the nearby dish have been completed. Obser-
vations of ths planet Jupiter, Sgr.d and a few Markarisn

galaxies are described.

In building the interferometer we have taken
advantage of the fact that the Ooty telescope has a long
north-south aperture, a large collecting areca and a 9%
hour tracking capability. This makes it possible ©0 buiid
an interferometer for synthesizing large aperture by putting
several small sized antennas at fixed locations around the
Ooty telescope. In the first instance, we have constructed
a four-element interferometer by putting three parabolic
dishes around the Ooty telescope. The interferometer
provides a beam of 40" arc in oast—west33:5 arc in nonti=
south at declination of zero degrec and has a confusion
limit of about 25 mdy: Though the existing interisEEEE-
has a limited (u,v) coverage it has a low ConTisi G
and therefore it 1s well suited fer detection oFf "HeEitSmeEsG

sources, Besgides it is a useful instrument for the study of
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those sources which have almost line brighthness distribution

and also radio sources at low declinations.

For generating coherent local oscillator signals
2t element antennas of the interferometsr a phase stable
radio 1link based on the sum frequency principle has been
built. The radic link works foFf a ohe—Way path loSs. G [ EEEs
The IF signals from the remote antennas are brought on

microwave links.

The interferometer reéeivors have systeri
tenperatures of about 300°K. The correlation receivers use
acoustic surface-wave delay lines which have a bandwidth of
2 MHz. In a single 9% hour observing period the interfero-
meter,; consisting of the Coty telescope and dne Eaelm didi,
for a 30 mdy source provides a signal to noise ratio of 5.

The rms phase stability of the entire system is about 2%

The present on-line computer program for delay
control 'and data acquisition allows observations of onlky
one baseline at a time. Therefore, the observations of
Jupiter were made with the interferometer consisting of the
Ooty telescope and the 13.5 m north dish. The obserwvations
were mainly in the hour-angle range of OOh to +05h30m. We
have obtained strip brightness distributions along the

magnetic equator of Jupiter for the three CML ranges, namnely

35 T8 . s

to 195° and 195° to 315°, at 327 Miz with
a resolution of about 50" arc. Jupiter has been conmpletely

resolved along its magnetic equator with two strong peaks
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those sources which have almost line brightness distribution

and also radio sources at low declinations.

For generating coherent local oscillator signals
2t element antennas of the interferometsr a phase stable
radio 1ink based on the sum frequency principle ‘has S
built. The radio link works for a one-way path loSs Gf [ @5,
The IF signals from the remote antennas are brought on

microwave links.

The interferonmeter receivers have systermn
temperatures of about BOOOK. The correlation receivers use
acoustic surface-wave delay lines which have a bandwidth of
2 MHz: In a single 9% hour observihg period the interfero=
neter, consisting of the Ooty telescope and one 13.5 m dish,
for a 30 ndy. selirce provides o siglal 06 #Boise rgtig oSy

The rms phase stability of the entire system is about 1o

The present on-line computer program for delay
control and data acquisition allows observations of only
one baseline at a time. Therefore, the observations of
Jupiter were made with the interferometer consisting of the
Ooty telegcope and the 13,5 miEeaBliid g, - The' obscervali gl

h v 105030, e

were mainly in the hour-angle range of 00
have obtained strip brightness distributions along the
magnetic equator of Jupiter for the three CHML ranges, namely
315° to 75%, 75° to 195° and 195° to 315°, at 327 MHz with

a resolution of about 50" arc. Jupiter has been completely

resolved along its magnetic equator with two strong peaks
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separated by about 3.4 RJ. The peaks show asymmetry in
their strengths as well gs in their location with respect
to the centre. A4lso, the asymmetry varies with the longi~-
tude ranges. We have compared the mean brightness distri-
bution over longitude ranges 3150 to 75O and 75o 800 195O

at 92 em with that obtained from Branson's maps it i
(Branson 1968). The separation between the peaks at 92 cm
geems to be ‘slightly larger than that ast 21 cm (Br bt
1968), though the eoverall extent of radio emitting & e
is roughly same at the two wavelengths. We have also
obtained the spectral index distribution between 92 cm and
2Ll eciv nis a Fumetlon of Fadlgl -distarnce. - The spoesitip =i
a tendency of steepening with radial distance. However, the
present observations at 92 cm contain mostly unpolarized
radiation because of the north-south orientation of the
feeds of the interferometer antennas used. Since Jupiter
is strongly polarized the effects due to the above limita-
tion may be signifietant. @G 1= pllafned 66 Dhake fUrther
observations with the Ooty interferometer using crossed

dipole feeds.

Becauge of dhe 1imsbell (0v) ‘@dverasme ilis
synthesized beam of the Ooty interferomcter has large
sidelobes, especially at higher declinmations. By putting
about 20 to 30 small sized antennas as proposed by Swarup
and ‘Bagri (18735) it is possible to make 2n aperture syitis

gis teldseeope having a narrow beanwidth of abomt L\ apes



as0ig

However, even to improve the (u,v) coverage of thée present
interferometér Bysten for a resolution of 40 "at leasiiea
few more additional antennas are required. -l shout &
year!s Hiime it 18 planned to add two moreg dishes ST SRR
mediate positions to provide sufficient coverage T0P ‘ilie
low spatial frequency components which will provide a

better beam to study the complex structure of radio sources.
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AFPENDIX 1

GECMETRICAL RELATIONS FOR A TWO-ANTENNA INTERFEROMETER

In this Appendix we derive the geometrical
relations for an interferometer consisting of two antennas
P apd @, Lot us derfine the basedine EGS expressed in RF
wavelength 2, as B = PQ/x» and 'h' and 'd' as the hour-
angle and declination respectively of the pole of the
baselifes Lo asshonn S BileetEEE 1. i SO(Ho,éo) be the
direction of the cenbre oif the>Eicld @ iew under Ghsers
vation. Here HO and 60 are hour-angle and declination
respectively of point SO on the celestial sphere.

In. Filgsdltls 90 is the angle between the source direction
§§O and the baseline ?5 and” N  is the celestial: norihpaiicy
Now applying the cosine rule in the spherical triangle

NSOX, we get

cos @O = din -l S 60 + cos d cos 60 crs(HO—h) . @

The effective' BEseldine for Hhe OIS =6 SO will be

B sin @O. We use a Cartesian coordinate system (x,y,2)
where -z aXis da 1A -~the dirsctitn of the ccnbec 'of Wi W
of view, So’ and X and y axéd =re Such fthat GhHolr pro s
tions on ground are in the ecast and north directions
respectively. The components of the effective baseline in

the x and y directions are the components of the spatial




FiG Al 1 THE SPHERICAL TRIANGLE SHOWING RELATIONS BETWEEN
THE POSITIONS OF THE SOURCE % AND THE BASELINE
PQ MEETING CELESTIAL SPHERE AT X, N IS THE
NORTH POLE. DIRECTION OF THE CENTRE OF THE FIELD
OF VIEW UNDER OBSERVATION IS S, (5, = 0 AND
ANGLE NSp$ =¢§)



frequency called u and Vv respectively. I1f the angle
between the effective baseline vector and the y axis I8

6 ,thea WlEEaOFf U and v areé givea by
u=23sin 6 sin o, (=S )
and v = B sin QO cus ¢ . (AL

By application of the sine and cosine rulesin the spheri-

cal triangle NSOX, we get (Rowson 1963)
sin ¢ sin 8 = cos d sin(HO~h) ; (AL 4
and cos 0 sin O = (sin 4 - cos 6, sin 60)/008 5, G

Substituting for cos 6  from Bge(alol)in Boge bl 0 vt

get
ccs o sin 6 = sin d cos G = cog 4 ain 60 cos(Ho-h). (AT a6

FProm:Figsddsils it is ¢lear that the sngho whhoh whé

baseline ?5 mgkes with the axis of rotation of the earth
is (n/2=d). Therefore, the components of the baseline
parallel and perpendicular to the axis of the earth

denoted by B, and B, respectively are given by

1 2

=8 on d ., ; (AT




and B, = B cos 4 . (L. 8)

U Bgs. (A1.4)-to (4L.8) in (Ali2) and (AE.3) We B

u = B, sin (Ho—h) - (41.9)

and v = Bl cos bo -B2 sin éo oos(Ho-h) 3 (A

g o5 point souree al-o a plane wave will arrive at

O’

antenna P, by Tg seconds later than at antenna Q (see
0
Fig.Al.l) where

Tg = (x/c) B eos 6, seconds. ( ATyl
O -
Now we will consider a point source at 5(H,6) cloge t@

S Ho,éo) such that § is p radians away from 5 and 5.8

5
makes an angle ¥ with the direction of the north celes-
tial pole as shown in Pig.4l.1l. Tor a Cartesian coo Skl
nate system with direction cosines ( ﬂ,m,n) with n gl
Z axis PSO Sl Q,n along x and y axes with their projee-

tions -on the ground in the east and north directions

respectively, from Fig.&.1, we have (Brouw, K 1968)

{= -sin p sin £, (ALedEy

andi il —idn p pos T, (AT )

3



From spherical triangle NSSO, by applying the sine rule

we get
K= sgin'g singzz cos & sin(H—Ho) : (AL T4)

and by applying the ecosine rule twios, Wwe gelb

\

= cin P cos'gzzsin 8 cos 60 = Giper b =il 60 oos(H-Ho) Gl 5

0 = =5 elose to So suel Thi=t (5—60)and (H—Ho) aFe —atin F

we can approximate
Q ~ cos 6. (H—HO) = Aa'(say) , (ALl
m ~ sin & cos éo = s a8 60 = gin (6—60) ~ 6—60 = A

The time delay Ffor sigCael B e =i <P WiglE respect 10

O b o S oLl Toe

S
T S Bicois€ -,

where © = angle made by the direction of the sSource & Wi
the baseline PQ. Thus the difference in delay between

signals from S and So

Tl = Me i (B eog @B i eo) . CEISIEE
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From triangle SSOX,
cos 6 = cos ©_ cos P + sin 6, sin p cos (0+‘g),
cos 6 - cos 8 = cos Qo(cos P=1) + sin 9, sin ¢
[cos o cos §~ sin o sin§] . (4238

B () .0), (AL:3), (80e22), (42:13) and (Al.19)-in
BEq.(Al.18) we get

-ty = % {B[ (cos p=1) cos GO] T U T, (Al 20

T
5 o}

B ) 1s-emgll cog P~ 1 and we get

Tg TSO = % [uf +vm] . { Al
For a baseline of 4000 A and for a source 10' away from

the eentre @it Ele ficldcf wiem (p ~ 10'), the naxinmm

phase -erpor - dus  to dHie ‘Sdsunidiien - cos p = 1 is only 400

For larger value of p this correction may become appreci-

able. As the Ooty interferometer has about 2?5 £ el o

view in the east-west direction and has a baseline of

about 4000 A, this error may become appreciable for sour-

ces away from centre of field of view. With the SR
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APPENDIX 2

_BASELINE PARAMETERS OF A TWO-ANTENNA INTERFEROMETER

In this Appendix we derive expressions for
the baseline parameters Bl’ B2 gig g i Se g . o/ Thle
measured coordinates of the antennas. Here Bl and B2 are
components of the baseline B parallel and perpendicular e
the axis of rotation of the earth respectively and expressed
du it ts of RF wavelength and.-h ig hour-gngle of ibhe pele
of the baseline B. The vector B is formed by bthe line-join—
ing the two antennas P(Xl, Vi pl) and Q(xz,y2,p2). Carte-
sian coordinate system (X,y,p) with axes along east, north

ahd zenith respeetively #wsed # the survey of the laca=

tion of the antennas.

Let us define N as the north celestial pole,
z as the zenith direction, X as the direction of the pole
of the baseline f@ and: @ as. . Seegra philo- Lasl wade o
gntenng P , as shown in Fig. 4A2:L,. We Tirst: find valucs

of the azimuth angle A and zenith angle z of the baseli:

S8,

=0

56. These are given by

tan A = (xz-xl)/(y2-yl) : (A2 i

and tan z = [(x2~xl)2 + (yz—yl)2]?/p2—pl : (@




FIG. A1
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SPHERICAL. TRIANGLE SHOWING RELATION BETWEEN
COUATORIAL COORDINATES AND AZIMUTH-ZENITH ANGLES
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From the spherical triangle NZX, the decli-

naticl d. and hour-<angle  h of the pole X are giwil i

ganiEEniv: ¢ co8 zF eol ¢ §in g eos i, (259

atid 668 h = (cos z — -sin ¢ sin d)/cos ¢ cos d . (A2.4)
To find Bl and Bz, we first fird projection

oSl on the -plane contaimdng .y and:. p axes, called PN =g

the angle B which the line PN makes with the y-axis. We

get
PN = [(y,-v1)2 # (pgemq )17 , (42.5)
and tan B = (py=py)/(yo-¥1) - (A2.6)

Bl is obtained by Helkimsiprojeetion of the line PN -alonmg
the axis of rotation of the earth, which is inclined at

an angle ¢ to the y-axis. Thus, we get
RS 8 -
L = NTL(EN cos(p-¢)] . (42.7)

B2 is ~btained by taking the vector sum of the component

of PN perpendicular to the axis of rotaticn of Ulie- s

and the x-component of the line ?5. Thus, we get

B, = %7+, [MEN)® m (== (X2—X1)2]% - (a2.8)
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APPENDIX 3

ALLOWABLE ONE-WAY PATH LOSS FOR 4 CLOSED LOOP SYSTEM

In this Appendix we briefly review the limita-
tions on the allowable rath attenuation for a closed loop
system in which the reference or corrsction signal at any
point along the path is formed by combining the two signals
travelling in opposite directions. The permissible attenua-
ti0n depends upon the allowable phase error of the resultant
reference or correction signal. Here we calculate the phase
errors that arise due to the receiver and oscillator noige.
The phase errors due to the presence of reflections on the
transmission path have been discussed by Swarup and {ang(1361)
E0 Jones (1972). - The contribution by oseillator hoisée i
particularly influenced by the effect of the reflection
coefficient P and the use of a multiplier which has a finite
vallue Of the Pphapertionglity congtant ¢ . ¢ is defined ap
the ratio of the amplitudes of second harmonics, due %o

signal at any port, %o the product of the two input signals.

Let 8 at frequency (¢ /2 + wa) end 8, at freg-
uency (wo/2) be the power outputs of the two oscillators at
home and remote stations respectively; Nl and N2 be their
noise power density per Hz, kT per Hz be the receiver noise,
and BIJ&BB be the fractions of power coupled fg Gl RS
plier from the oscillator at home station and the signal &S

2
coming from remote station respectively. The signals at the
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two dnpits of the multiplier are X and Y. These gre SHEHR
in SHEERS1, < Algos Lad Bl’ 82 and B3 be the equivalent
bandwidths in Hz of the receiver IF; output filter and the
oseillator noise respectively, as shown in Fig.A>.2. The

alilint of the multiplier is given by
= e (X°407) (43.1)

The desired reference signal at frequency (wo+wa) in case

of the sum frequency system, and at s dnticaise » ofisbheT Ui
ference frequency system, is formed by multiplying signals
Blsl from home station and aB3S2 from remobe station. This

can be written as
_%_ 3
= (a63613102) . (AT

The phase errors are caused by the noise components present
in the output of the multiplier over the bandwidth B2. The
noise terms are produced by the multiplication of the indi-
vidual terms of the inputs X and Y (excluding signal S
defined above), and & times the second harmonics of the two
inputs. We assume that the signal BlSl from home station
is strong such that

@i the product due: $o By, and 9253Nl over B, is larger
than the ?roduct due to BlNl and PQB3N1 over B3.i.e.
(2§B,8;)% > N By and l

(ii) the product due to 818, and kT/Hz over B, is larger
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than the product of the receiver noise at the inputs over

1 1l
; z 2
By i.e. (28;8;B,)* > (kT)°B,.

Generally Sl - NlBZ/B2 and therefore the ternms

due to noise along with BlSl S BlNl) on one side and
B ver noise (i.e. k1) or sispal @3, on other side will
be negligible in comparison with the product of BlSl and
NS 211 over B,. Therefore, the output signal to noise

ratio can be approximated by

i
Lo g b
(2kTB, )z + (4B3p2NlB2)?+ (4ep,N;B,)Z

S~
T -
Here in #%he denominator the first term is due to the
receiver noise, the second term is due to the reflections
on the line and the last term is due to non ideal multi-
plier. For practical values of receiver temperature

< 50> T Nl/Sl ~ 10714 ot a few kiz away from the line
freguency wo/2 or (wo/2 + wa); =00, 8 = 10—3,
Bl = 10—3, 63 = i, OScilliator pewer of 'l Wat® and B2
it can be shown that the contribution due to the receiver
noise is much smaller than that due to the reflections
and the non ideal behaviour of the multiplier. For &

rms phase error of 6° the output signal to noise ratio

should be greater than 20 dB, which implies that

ib
N 7 (4p,P7N B, )+ (4ep N, B,)?

O L]

(it

= 10 B,

e
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When two oscillators are used at the two ends of the trans-

mission path the maximum loss for the above assumed values
works out to be about 140 4dB. However, when the signal
from the remote and is formed by reflection of the incident
signal (reflected modulation technique) the maximum allow-
SRy path loss has to be limited fTo about 70 dB.
These 1limits are mainly due to reflections on the trans-
mission path, the non ideal behaviour of the multiplier and

presence of noise in the oscillator output.
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