APPLICATION OF DIGITAL TECHNIQUES
TO RADIO ASTRONOMY MEASUREMENTS

Thesis submitted to the
BANGALORE UNIVERSITY
for the degree of

DOCTOR OF PHILOSOPHY

N. UDAYA SHANKAR

RAMAN RESEARCH INSTITUTE
Bangalore-560080, India
FEBRUARY 1986



DECLARATION

I declare that the work presented in this thesis
has been conducted by ne in the Raman Research Institute,
Bangalore, India. No part of this work has been submitted
for the award of any other degree, diploma, associateship,

fellowship or any similar title.

I\ u_pl.wfa
( N. UDAYA SHANKAR )

CERTIFIED

ML——~ / /A/rrm V/:{.M///

(S. KRISHNAN, GUIDE ) ( P. PARAMASIVIAH, GUIDE )



Application @ Digital Techniques to
Radi o Astronony Measurenents
SYNOPSI S

This thesis describes the design and devel opnent of
instrunentationfor a | owfrequency decaneter wave synthesis
radi o tel escope situated at Gauri bi danur, about 100 Km from
Bangal ore. It is a T shaped array with a 1.38 km East - \st
and a 0.45 km North-South arm

In an earlier existing receiver, the East-Wst and
North-South arnms were phased in the field by renotely
control | ed phase shifters. The outputs of each arm were
carried by coaxial cables to the observatory buil di ng, where
the sumof the East and Wst signals was correlated wth
that of the North-South arm This produced a single beam of
26 X 40 arc mnutes (at the zenith) at a frequency of 34.5
MHz.  Such a single beaminstrunment uses only a part of the
total available tinme to observe each beamwidth of the sky
and thus reduces surveying sensitivity. Also, in a
| owfrequency tel escope, ionospheric effects can cause an
apparent and tine variable shift in the position of radio
sources. Both these nmake desirable the observation of a
|arge patch of sky in a short tinme, and a single beam
tel escope sinply cannot neet this requirenent. Anot her
problem is nman-made interference which can be very high at
decanetri c wavel engt hs. This reduces useful observation
time. To obtain long periods of interference-free

observati on one should be able to change easily and quickly
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the frequency of operation wthin sone given band. The
narrow bandw dth of the existing receiver does not permt

such | arge changes in the observation frequency.

This thesis describes a multiple beamformng receiver
for the Gauribidanur telescope designed to overcone the
above difficulties. The nain enphasis in the present
receiver system design is to obtain long periods of
i nterference-free observation over as large-a patch of sky

as possible in a single observati on schedul e.

For this receiver, the NSarray is divided into 23
gr oups. After anplificationin the field, the signals are
carried on open wire transmssion lines to the observatory
building. The signals are anplified and then down converted
to an internedi ate frequency (IF) of 4 MHz in a heterodyne
receiver. Each one of the 23 |F outputs fromthe NS armis
correlated with the E-W arm |F output using one bit
correl ators. Each correlator extracts the in-phase (Cos)
and the quadrature (Sin) correlations which are recorded on
Magnetic tape.. The Fourier transformof these visibility
data yields the brightness distribution of the sky along the

neri di an.

-~

This new recei ver permts observation of a 15° patch
of sky (in the NNSdirection) with 46 beans. The resol ution
IS 26 x 40 sec ZA arc mns (where ZA is the zenith angle).
The sensitivity is around 20 Jansky. The frequency of

observation can be switched to an interference free w ndow
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by changing the local-oscillator (LO) frequency within a 2
MHz band. A variable bandwidth filter in the EW array
signal path helps to elimnate narrow band interference when

present, by cutting down the bandw dt h.

The receiver system consisting of the subsystens
descri bed bel ow has been designed, built and tested at the
Raman Research Institute and is now installed at

Gauribidanur.

Front End Amplifiers:- These are hi gh gain,- |ow noise

anplifiers designed for |owreceiver noise tenperature and
| ow i nternodul ati on di stortion. The Dbrief specifications
are:
Centre Frequency = 34.5 Mt
Gain = 40 dB
3dB Bandwi dth = 4 M
Noi se Tenp. = 600 K
Third Order Intercept = +2 dBnm

32 nhannel Heterodyne Receiver:- Signals from the

antenna are down converted to 4 MHz in this part of the
recei ver system The |F bandwi dth of the receiver is 450
KHz. It has a synthesized signal generator for its LO The
LO frequency can be varied from 29.5 to 31.5 Mi; this
permts changing of the observation frequency over a 2 Mk
band to obtain interference-free observation. An EPROM in
the LO system controlling the phase shifts at different

frequenci es ensures identical RF phase for all frequencies
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32 Channel Quadrature Sanplers:- One-bit digital

dorrelators are used to neasure the conplex visibility
function. The IF signal in each channel is infinitely
clipped and sanpled in two sanplers. The sanpling clocks
are separated in time by 62.5 nanoseconds to obtain
quadrature sanples. This digital technique is an econom cal
way of obtaining quadrature sanples for a. Double Sideband

syst em

E-W Receiver System:- This has three selectable
bandwi dt hs of 425, 275 and 100 KHz, allowi ng a choice for

interference-free observations. After sanpling, the signal
passes through a variable delay shift register. This allows
one to conpensate for tinme delays introduced by the
narrow-band filters and to conpensate for the delay
difference between EW and NS signals, thus reducing

bandw dt h decorrelation.

This thesis also describes a digital technique to

reduce the bandwi dth of a signal after infinite clipping.

Magnetic Tape Interface:- An increnental nagnetic tape
recorder is wused to record the visibility function. The
I nterface enabl es an observer to load in the details of the

observation and to control witing speed and record | engths.
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Astronom cal Clock:~- Accurate sidereal tine information
Is essential in astronomcal observations. A preci sion
Solar/Sidereal clock using Cos/Mos IC‘s was specially
designed and built. The system contains the necessary

interface circuits for use with the tel escope.

Test Correlator:- This neasures and displays the

auto/cross correlation function for any fixed delay
(Sel ectabl e by a Thunb Wieel Switch) and is useful for the
measur ement of the phase m smatch between any two anplifiers
or sanplers. It can also be used to neasure the delay

bet ween two signal s.

Antenna and Field Test Equipnent:- Antenna testing is

essential before a long stretch of observation. A special
instrunent has been designed to replace the signal
generator, vector Voltneter and counter nornally required
for the purpose. This self-contained instrunent al so avoi ds
the need for a power inverter which would otherw se be

required to power the standard instrunments in the field.

Interference Mnitor:- A sinple and inexpensive
instrument to detect interference and indicate interference

free bands has been desi gned.

Testing and (bservation:- Various tests using CW and
noi se were conducted in the |aboratory. The perfornmance of
the systemwas found satisfactory. The receiver system was
then installed at Gauribidanur and actual astrononical

sources were observed using the receiver system Initial
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results have been satisfactory. This thesis includes a

description of the testing procedures and the results of

sonme astronom cal observati ons.
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CHAPTER 1

INTRODUCTION

1.1 EARLY YEARS OF RAD O ASTRONOWY

The science of Radio Astronony had its beginnings in
the experinments of Karl G Jansky in 1931. He was studying
the direction of arrival of thunderstormstatic. Using this
information Bell Tel ephone Laboratories intended to design
beam ant ennas for transoceaonic radio-telephone circuits,
Wi th mni numresponse in the direction in which thunderstorm
static was predomnant. For this purpose Jansky built an
antenna which was about 100 ft. | ong and 12 ft. high
operating at a wavelength of 14.6 m The antenna was
connected to a sensitive receiver. Jansky was able to
identify three groups of static: 1. From |oca
thunderstorns, 2 Fromdistant thunderstorns, 3. A steady
hi ss type static of unknown origin. It was after a series
of observations that he was able to detect the origin.
Jansky wrote a paper in the I.RE proceedings (1935) in
which he said "radiations are received any tinme the antenna
Is direted towards sonme part of the mlky way system the

greatest response being obtained when the antenna points
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towards the centre of the system This fact led to the
concl usign that the source of these radiations is |ocated in
the stars thenselves or in the interstellar matter
di stributed throughout the mlky way. Jansky was well aware
of the astronom cal inportance of his discovery. But he did
not obtain support from his enployers for his plans to

further investigate this radiation. It was many years |later
in 1944 that Reber, a radio engineer livingin Illinois,

published the firt maps of the radio sky. These maps show
the background radiation at 1.87 m Prof. J.H Qort,
director of the Leiden Cbservatory, read Reber's article and
was quick to perceive that the radiati on Reber and Jansky
had observed nust be a continuumin radiation extendi ng over
a broad spectral region fromwavel engths less than 1 neter
to many neters. He suggeted that if sone nonochromatic |ine
radiation existed in this radio spectrum significant
advances could result. 1In 1944 his student Van de Hulst
reported that neutral Hydrogen in interstellar space was a
likely source. It had a natural frequency of 1420 MHz (21.1
cms) corresponding to a transition between two closely
spaced energy levels of the ground state related to the
relative orientations of the electron and nuclear spin.
Ewen and Purcel |l of Harward university ,Muller and Qort at
Leiden and Christiansen at Sydney observed this line in
em ssionaround the sane tinme in the year 1950. Since then,
Hydrogen |line observations have been of immense value
particularly in mapping the structure of our gal axy. Si nce

t hese di scoveries, radi o astronony has rapidly beonme a major
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branch of astronony. The main reason is that the Radio .
wi ndow extends fromabout 1 mmto 10 m (about 13 octaves).
At nospheri c nol ecul ar absorption and ionospheric reflection

deci de the wavel engths [imts for ground based observati ons.

Radi o waves are about one hundred thousand tines | onger
than light waves and regions of space that are opaque to
| i ght waves are frequently transparent to radio waves and
vice versa. But this long wavelength also nakes it
difficult to see nuch detail. To obtain high resolving
power, huge nechanical structures which are scaled up
versions of optical devices have been built. New devi ces
whi ch had no optical anal ogue have therefore been invented

for use in radi o astronony.

1.2 RADI O TELESCOPES

A radio-telescopein its sinplest form consists of
three elenents, 1 An antenna that selectively collects
radi ation froma snmall region of sky, 2 A receiver that
anplifies a restricted frequency band fromthe output of the
antenna, 3. An indicator that registers the radioneter

output so that it nay be recorded by the observer.

1.2.1 Antennas

A variety of antennas of different forns have been
built to suit the large range of wavel engths over which

radi o observations are nmade. (Quasi-optical antennas such as
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t he parabolic refletor are nost appropriate for mlli- neter
wavel engths. At the other end of the radio spectrum
nmul ti el enent arrays of elenmentary dipole antennas are
suitabl e for decaneter wavel engths. Conceptual ly, it is
sinpler to consider first antennas as radi ators rather than

recei vers of radi o waves.

The general characteristics of an antenna are:

| nput inpedance (Z4 ), polarization, radiation pattern
P (8,p) gain or directivity D (8,9), effetive collecting

area Ag (6,9), bandw dth and poi nting accuracy.

A fewinportant rel ations between these characteristics
are: The power pattern of the antenna is defined as the
effective area in any direction nornalised to unity in the

direction of' nmaxi mum r esponse

Py = Ae’(@,gP)/,ll\mmx (1.1)

Directivity is defined in terms of radiated power
P (6,0) per unit solid angle and the total power radiated

(P+ ) by the antenna as:

D = R ®/(P/AT) (1.2)

Where.

Pl_‘:jjp(‘e’@) d,-f\- (1.3)
AT

. = ATl P ce ) d (1.4)
_’D A/Q\‘ e,p)
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D = A_—\T/'I\—H (1.5)

where P, (8,9)=normalised power pattern.

“JLn is known as the beam solid angle. Fr om
t hermodynam cal considerations it can be shown that the
product of the effective aperture of the antenna and the

antenna beam solid angl e is-equal to the wavel ength squared:

N = Ae J, | (1.6)

when the antenna is used as a receiver in radio
astronony, the power received by the antenna depends upon
the radi o brightness of the sky. This desribes the flux
density per unit solid angle of the sky as a function of the

direction.

B9 =AS/AN (wafn|wmznz]lSten)  (1.7)

The pol ari sed conponent of the radiation matched to the

ant enna pol ari sation has the radi o bri ght ness:

Bul@3) = ASwm/A ML (1.8

For a randomy pol ari sed source: ESY“:: E3/51 (1.9)

The total power per unit bandwidth due to radiation

received fromthe sky is given by:

P o= 'ﬁ“jjB(e@)P(e,@j a L (1.10)

1

P = +Af|BremRendn (111
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P is often equated to the thernmal noi se power avail able
from a resistor at a tenperature T, , wWith the resistor
repl acing the antenna at the input of the receiver. The
tenperature T which corresponds to a power per unit

bandwi dth P is given by the nyguist fornmula:
P =KT woa/uz - 1a2)

K = Bol t zmann const ant.

The tenperature To of the fictitious resistor is
called the antenna tenperature. In an anal ogous way radio
brightness (B) can also be expressed in terns of a
tenmperature (Tg). At radio wavelengths the relation
between B and Tpx 1is given by Rayleigh's classica

appr oxi mat i on:

B = E_V(“ﬁé// N (1.13)

The thermal radiation froma black body is randomy

pol ari sed; thus:

Bm:‘ KTB/)\?" : (1.14)

and

Tm""‘(A:_‘/ X‘)'jJTB(e@)RCQ»?)dJL (1.15)

Let the antenna be term nated by a matched resistor and
the whole system placed in a black body at a real
tenperature T. The system reaches equilibrium and

TQ'=TB (9,9)=T
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Thus we find:

JJPHCG,@) dn = X /Ae (1.16)

1.2.2 Radi o-Tel escope Recei vers

The receiver systemselects and anplifies the signa
received Dby the antenna and provides an output signal to a
recordi ng device. The radiation coupled to the receiver by
t he antenna has the sane statistical properties as the noise
originating in the receiver. Figure 1.1 shows* the block
di agram of a typical superheterodyne receiver. This is the
nost common type of receiver used in radio-tel escopes. | f
the RF (Radi o Frequency) anplifier is tuned to receive only
the sumor difference frequencies of Local oscillator (L.O)
and internediate frequencies (I.F), it is known as a single
si deband (ssB) receiver. A receiver which responds to both
the frequencybands is known'as a Double sideband (DsB)
receiver. The input power level to the receiver is quite
small and is of the order of 107" to 107%° watts. Typi cal
bandw dt hs vary froma fewhundreds of KHz for decaneter
wave observations to tens of M for mmwave observati ons.
Qutput integration tinmes used vary from a few nsecs. to
tens of mnutes. The nost inportant characteristics of a

receiver are:

1. It's ability to neasure the anplitude and spectral

characteristics of the input signal.
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2 It's linearity when operated over a wde dynamc

r ange.

3. It's ability to add mninmnum noise to the signa

\

bei ng anplifi ed.

The receiver noise tenperature T, is a figure of nerit

for a receiver. This represents the output that woul d be
obtained even if a matched load at absolute zero were

connected to the input termnals. The tenperature is
referred to the input termnals of the receiver'to nake it

I ndependent of the gain.

A radio-tel escope pointed towards a source results in a
system tenperature Tgys which is the sumof the foll ow ng

contri butions:

1. Antenna tenperature attributable to the observed

source, Ty

2.  background radi ati on and the power received through

t he sidelobes ,Tg

3. and the receiver tenperature Ty .,

jgys = Tg * Ta + Ty (1.17)

In order to predict the performance of a system and
conpare different types of systens the concept of a m ni mum
det ect abl e si gnal has been established, It is the signal
that causes a deflection at the receiver output equal to the

standard deviation of the output fluctuations about the
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nmean. Fromstatistical considerations it can be shown to be

AT :Tsys/ﬁ (1.18)

Tsys = Total systemtenperature, B = Noise equival ent
rectangul ar bandpass, T = True integration time at the

recei ver output.

In practice three to five timesAT is considered a
reliable value for detection of a weak source. Also, gain
(G) and bandpass (B) changes, (receiver instabilities) can

set the limt on the systemsensitivity. Then we have

\ Z 2 E
AT = Tsys [EE +<é6%> % +<A£)- :%] (1.19)

Tgand Tgare the tinme scales of the gain and bandw dth

fl uctuations

Several types of switching receivers li ke Dicke
recei ver, Gahms receiver and gai n nodul ation receivers are
used in radi o astronony to overcone the gain instabilities
of the receiver. (Dicke, 1946; G aham 1958; O haug and

Waltman, 1962 ).

1.2.3 Confusi on

The systemsensitivity sonetimes gets limted by the
response of the radio telescope to nultiple unresolved

sources in its beam Such a response has simlar
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statistical properties as receiver noise and is known as
"confusion':. However confusi on noi se cannot be reduced by
increasing the integration tinme, and/or the observing
bandwi dth since it repeats in successive observations. |t
can be decreased only by increasing the resolution.
Sensitivity at decaneter wavel engths is nore often limted

by confusion, due to the difficulty of obtaining a high
enough resol ution at | arge wavel engt hs.

1.2,4 SURVEYING SENSITIM TY

When a tel escope is used to survey a region very nmuch
| arger than the angular size of its beam the tine taken to
conpl ete the survey should be included in a broad definition
of sensitivity. Such a definition brings out the advantage

of the techni que used for surveying.

Surveying sensitivity is defined as the flux density of
t he weakest source that can be detected with confidence in a
survey of a particular region of sky when the whole survey

Is conpleted in a total tine t.

1. 3 | NTERFEROMETRY

Because radi o wavel engths are relatively |l ong conpared
to optical wavelengths, the resolving power of single
antenna radi o-tel escopes is not as good as those of their
optical counterparts. The resolution of large optica

telescopesis limted by atnospheric disturbances. The
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resol ution of a single antenna radi o-tel escope is limted by
its diffraction pattern. From the early days of Radio
astronomy,astronomers have |ooked for ways of increasing
their resol ving power.By 1963 fan beans of the order of 1
mnute of arc were obtained by the use of interferoneter
t echni ques, (eg. Swarup et al  1963). A radio
interferometer consists of two antennas separated by a
distance d and having the outputs multiplied in a
correlator. It is designed to give an output proportional
to the average product of the voltages from the two
ant ennas. The interference between the voltages fromthe
two antennas causes a nodulation of the normal power
pattern(Fig 1.2). This interference pattern occurs only
when the source is not large conpared with the angular
distance )\ /d between the adjacent fringes. Such an
interferometer is insensitive to radio waves fromdirections

for which the phase difference has the val ue gi ven by:

P = /2 +5’NT,1=O,12--—~ (1.20)

A receiver with this response may be called a cosine
recei ver. Another receiver which responds to waves in these
directions can be built by adding an extra quarter period
delay in front of one of the two inputs, and may be called a
sine receiver. The output of these two receivers together
provide the “"conplex visibility". Interferometers wth
spacings, d,2d.....4. result in responses:

Cos 9+ 3Sing , Cos 20+ 3Sn20,:... .
Where @ =(24TT/ X\) ~d ~ Sin 8
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8 =Zenith angl e

Thus each interferoneter spaci ng can be thought of as
nmeasuring a Fourier conponent of the brightness distribution
in the sky. Tel escopes which produce maps of the radio
bri ghtness of the sky by Fourier synthesis of the neasured
val ues of the conplex visibilities are known as "synthesis
t el escopes”. They have a nmultibeamformng capability .

Thei r advant ages are discussed in Section 2.1.

In an interferonmeter, the signals do not in genera
reach the two elenents at the same instant of tine. Thus
the signal at one of the inputs of the correlators is a
del ayed version of the other input. Since the input has a
finite bandwidth, the interference fringes are not only
nodul ated by the normal power pattern of the two el enents
but al so by the "Auto correl ation" function of the signal

band used. This is known as "Bandw dt h decorrel ati on".

1.4 SCOPE OF THE PRESENT WRK

The present thesis describes the design, devel opnent
and field tests of a digital nulti beamform ng receiver for
a decanetric array situated at Gauribidanur,India
(Latitude=13° 36‘ N ;Longitude=77O 26' E ). The decanetric
radi o region contains a variety of astronom cal sources. A
these wavelengths they are nuch brighter than they are at
| oner wavel engths. The intensity of background radiation

varies fromaround 40,000 K in the direction of the galactic
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centre to about 5,000-10,000 X in the direction of poles.
Cas A is one of the strangest sources in the sky at this
frequency with a flux of around 40,000 Jansky. (1 Jansky =
10 “®® Watts/m2 /Hz). A these wavel engt hs, synchrotron
radi ation is the domnant type of radiation. There are not
many radiotelescopes in the world which operate at these
wavel engths. The main reasons for the relative neglect of

t he decaneter wavel ength region are

1. To obtain even reasonably nodest resolutions of the
order of 1°, one needs an aperture of large size. Thus its

erection and mai nt enance are | abour i ntensive.

2. Man nmade radio interference is very high at these

wavel engt hs and render high sensitivity studies difficult.

3. lonospheric variations nmakes antenna anplitude and

phase calibrations very difficult.

Thus the nain enphasis in the present receiver system
design is to obtain long periods of interference free
observation over as large a patch of sky as possible in a
singl e observation schedule. Sone of the inportant hardware

i nnovati ons described in this thesis are:

1. Adigital hybrid technique to generate quadrature

sanpl es of a band pass signal.
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2. A sinple schene using one-bit correlators to obtain
amplitude information of the signal which is lost during

one-bit quantisation

3. Asinple schene to correct for the true threshol ds

4

of the zero cross detectors used in one-bit correl ators.

4. Usage of narrowband filters in the path of only

one of the inputs of a cross correlator. Derivation of
Signal to noise ratio (8SNR) of such a schene for one-bit DSB

correl ators.

5. One-bit filter design and di scussion of its limted

utility.

This thesis also describes continuum and l'i ne
observations nmade wusing this receiver at Gauribidanur.
Conti nuum observations and nmaps produced in this thesis
clearly denonstrate the instrunment's suitability for an al

sky survey at 34.5 M.

The instrument can play a very prominent role in
under st andi ng gal acti ¢ radi o background and the contribution
of discrete sources to it at these frequencies. Det ecti on
of | owfrequency reconbinationlines in the direction of Cas-
A and attenpts to detect the same in the direction of
Crab,Cygnus and Galactic centre have been reported in this
thesis. Spectral studies of various regions wll indicate
the percentage of thermal radiation in the galactic

conti nuumand the attenuation of the radi o background by HII
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regi ons.

This instrunent can al so be used in the study of the

followi ng interesting astronom cal phenonena.

1. Sun: At lowfrequencies the Corona of the Sun is
opaque. The radiation observed gives a direct measure of
tenperatures at different heights. The .decametric radio
range contains a nmultitude of burst phenonmena with tine
scales ranging from mlliseconds to mnutes. A line
receiver can be efficiently used to study the frequency

structure of the bursts.

2. Interplanetary Scintillations are caused by the
refraction of radio waves by the noving electron density
irregularities due to solar w nd. Statistical studies of
the amplitude fluctuations of the radiation fromdistant
sources can be used to infer the properties of

irregularities, source size and sonetines source structure.

The | ow frequency observations can be a very usefu

tool to study the ionosphere.

3. Pulsars: The line receiver can be efficiently used
to study high D spersion neasure pulsars. Existence of
interpulses at |ow frequencies, detection of pul sars
hitherto undiscovered due to sensitivity [imtations and

interstellar scintillation of pulsars can be studi ed.

®
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4. Gal actic Hal os: Radi o observations at t hese
frequencies wll reveal newfacts about the Galactic halo
which is an extensive spherical volune surrounding the

gal axy probably laced by nmagnetic fields.

5. Cosnol ogy: In the last few years counts of
extragal actic sources as a function of their apparent
strength have cone very close to distinguishing between the
many cosnol ogi cal nodels of our universe.. Studies of weak
extragal actic sources by this array may throwlight on log N
- Log S curves and lead to a better cosnological
interpretation. Study of red shifted Hydrogen |ines nay

throwlight on the nature of the Universe.

6. Serendi pitous Discoveries: There have been very
few sky surveys in the declination ranges this tel escope can
cover. Inportant serendi pitous di scoveries may al so be nade
when the receiver systemis used for observations on a round

t he cl ock basi s.
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