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... ABSTRACT .

o t
om0

The synthesis radio te]esc0pe et the Dominion Radio Astrophysical
Observatory at Rgntictop, Brttish‘Columbia has been mooified to'observe
simu]taneously\with~e second continuum channel, - To accomplish this,,
the 1420 Miz feed'horns were modified ano'new independent:receivers

were added to the telescope.

The new dual- frequency feed consists of a coaxial -cavity feed horn
deswgned for 1420 Mz operat1on within which 408 MHz monopoles have
been p]aced These probes exc1te the horn as a cylindrical wavegu1de
horn.l The ‘presence of these ‘probes hag a negl1g1b1e effect on the 1420
MHz performance. The edge illumination of the parabol1c reflector by.

this feed is ~10 dB. The combination of the feed and reflector has the
fo]]owfng performance: 5.3° half-power beamwidth; 60%~aperture
efficiency; 30K spillover; 52K zenith temperature excluding the

F—

galactic contribution.

‘A highly phase - stable receiver has been deve]oped that corrects
for the signal path length uncerta1nt1es from the rece1ver mixers: to
‘the intermedwate frequency outputs. The'stab111ty;of the réceiver is
at least seven times better than earlier receiver éystemé thatJon]yQ
rstabj1ized the local oscillator phase. The receiver uses GaASFET ]ow ‘
noise amp]ifiers_nith an effective noﬁse temperature of SOK; which

results in a typical system temperature of 104K excluding the ge]acticn

contribution. , \ -

-iv-



- The design of this system is described in this thesis. Detailed B
‘ ana]ysié of the phase locked loop in the local oscillator is also
included. System tests are described andlpﬁélimihary results from the

first complete survey at 408 MHz (the HB3 supernova remnant) are shown.

2
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CHAPTER 1: BACKGROUND THEORY AND JUSTIFICATION OF 408 MHZ TELESCOPE

A. Introduct1on

For the length of man's collective memory, the sky with its

< Tuminous bodies has been viewed with wonder. It is this curjosity that
lhas motivated the. construct1on of new and better telescopes. The
system to be. described has added a second observing frequency to an
existing radio telescope and will allow astronomers to learn more about

the structure, composition, and .dynamics of objects within and outside

the galaxy.

In this chapter the fundamental theory exb]aining the sources of
radio emissions as we]] as the basic principles of aperture synthesis
imaging with‘radio telescopes will bn‘put forth., The Supersynthesis
‘Telescope_(SST) at the Dominion Radio Astrophysical Observatory (DRAO)
will also be described and the need for an additional-observing tand of
frequencies on this telescope will be justified.. Further chapters will
descr1be the design and testing of the dual- frequency feeds and highly

stable receivers, and will also present the first observations made

with the telescope.

B. Mechanisms of Radio Emission

v :
After Hertz s verification of Maxwe]] s Equat1ons a number of

exper1menters attempted w1thout success to measure the electromagnetic

-. radiation at radio frequencies from celestial objects such as the sun.




The first detection of radio waves of extraterrestrial origjn océgrred
when Jansky (1933) identified the ga]actié center as the origin of\\

20 MHz radio noise. Reber (1940, 1944) made the first radio maps o?\
the sky at 160 MHz and 480 MHz. Other workers have built instruments:\
some of which fo]]owedpup these eér]y efforts with greater sensitivjty‘ N

and resolution; others explored the sky at different wavelengths,

including infrared, ultravfolet, and x-ray radiation.

Radio emissions can be divided into two classes: broadband or

continuum radiation and narrow band radiation from spectral lines.
Radio spectral lines (both emission and absorption), like optical
lines, ére the result of quantum changes in energy levels of atoms or
molecules and are related to frequency by Planck's constaht. \Jhe best
known radio spectral line is the neutral hydrogen line at 1420 MHz
(A=21cm) which is the result of a small energy change when the spin
direction of the electron change; (van de Hulst 1945), Line
obserVations are useful because the emission is highly monochromatic at
a well known frequéncy which enables velocity measurements to be made
using the Doppler effect. The neutral hydrogen in our own galaxy as
well as ofhers has been mapped using this techhique (Oort, Kerr and

Westerhout 1958).

Continuum radiation is the result of other mechanisms .which can be
deduced from the shape of the spectrum. One type of continuum is

“free-free" emission (Henyey and Keenan 1940) which is a thermal



process that involves the interaction of free electrons and protons in
c]ouds_of ionized hydrogen (termed HII regions). At low frequencies
Athe spectrum rises with an intensity proportional to f2 until a
turnover frequency is reached where the intensity becomes proportional
to f~e1, At Jow frequencies the cloud is called "optically thick"
because-df its high attenuation of radio waves propagating thfough it.
As a result, the radiafion from this region is primarily due to thermal
radiation from the cloud itself. The Rayieigh-deéns approximation to
blackbody radiation can-be used to'describe the emission, and from this
relation comes the f2 dependence; As the fréquency increases, the
cloud becomes largely transparent or “optically thin" and radiation is
due tg either backgroung sources or the cloud itself. At these

- frequencies the attenuation is a function of frequency\(ffgfl) and the
net effect is an almost exact cancellation of the frequency déﬁéhdgnce
causing the spectfum to flatten. This type of emission can be seen \
around regions of recentlstar formation. After the star congenses out
of“é cloud of co]d neutral hydrogén, it ionizes the surround{ng-
hydrogen with ultraviolet radiation. The Qrion nebula, a well-known

é

optical objécé\ is an example of an HII region.
| l\. .

A second continuum radiationpmechanism is synchrotrqn emission,

which is the re§01t of relativistfc‘elechbns (a component of cosmic

fays) moving thfough interstellar ma;;etic fields (Kiepenheuer 1950).

As they are decelerated, e]ectromagnetic radiation is emitted. Objects

such as supernova remnant shells; radio galaxies, and jets from radio

o



galaxies can be observed via synchrotron emission, and have spectra
with intensity proportional to f~% where a is between 0.3 and 0.9
typically.
o -
It should now be apparent that obsérvations at a number of
frequencies help to identify the type of object and to understand the
physical processes occurring wjthin the object. Figure 1.1 shows the

two types of cont inuum spectra described above.
C. Aperture Synthesingﬁg;:;/—\\\\\\\

Telescopes with 1af§;’;; rtures are desirable for two reasons:

- the greater the collecting area, the greater. the te]escope's\
sensitivity; and apertures of larger extent have narrowér réception

. beams and allow the fine structure of sources to be studied.
Unfortunately, the size of radio fe]esdopes is limited by the strength
of the materials that fhey are made.of. The 100m Effelsberg dish in
West Gérmany-is'the largest fully steerable filled-aperture radio
telescope in. the world. The Arecibo antenna in Puerto Rico at 300m is
larger, but it can only point near the zenith. Fortunately, the
technique of aperture synthesis can be used to produce the same
results that té]gssopes k%]ometres or -even thousands of kilometres in

s

diameter wou1d$06tain if they existed (Blythe 1957).
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An intuitive argument can be used to show that this is pﬁssib]e.
Consider first a large reflector antenna. Waves reflectjhg of f the
surface meet at the focus and reinforce or cancel depending on the
sources locations relative to the telescope pointing. Now suppose.
that the sodrces have constant brightness so that the amplitude and
phase of Qaves reflecting of f different'parts of the dish do not change
with time. Because of this time invariance, only a small part of the -
reflecting surface need be present at any one time, as ldng as the
amplitude and phase of the wavefrént are preserved in the recording
process at the.fdcug.'-0verlg period of time, the small piece of
reflecting material i§ moved to all parts of the dish surface and as
all the wavefronts are recorded, an image is formed at the focal p]aneT
The phase information can be preserved if two reflecting panels are
used, one of which is stationary and provides a phase reference while
the other is moved. This minimum set of apparatus is known as an

interferometer.

Much more rigorou§ explanations of aperture synthesis exjst
(Fomalont 1973, Fomalont and Wright 1974). The explanation to be given
here is similar to that used by Dewdney (1978). This theory will help
establish some of the spécifications of the recefver system.

| )

A basic interferometer (see Fig. 1.2) consists of twolantennas

' separated by a baseline B connected to‘cab]es that carry the output of

the receivers to a. central po{nt, where the signals are



crosscorrelated, - The correlator multiplies the two signals together
and a lowpass filter extracts the difference product, which contains
information on the amplitude of the signals intercepted by the

antennas, and the phase difference between the two signals which arises

as a result of the array-source geometry.

Now suppose the response of the interferometer is mapped by moving
a monochromatic test source on the celestial sphere while noting the
correlafor output. (The "celestial sphere" has earth at its centre,
and is arbitrarily large so that effects of the interferometer's
displacement from thé centFe of the earth is negligible.) Of course
the output will be mbdified by the antenna beams and by shadowing by
the“earth,bbut for the moment these two effgcts will be ignofed. The
-afray“is rotat%ona]]y,éymmefric about the line joining the two |
antennas, S0 if.ghe suurce moves within a p]ane pefpendicu]ar to the
~line B, the corre1atorboutput does not change. However, mdving the
source within a plane which contains the 1ine B changes the source-
afray geometny_and the cofre]ator output changes. Fidare 1.2 shows
- that the correlator oﬁtput for a source'of unity intensity is:
| C(0)=GeI2" (B/2)sine ’

where G is the gain of the interferometer and X "is the observing

- wavelength.
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Now suppose that the baseline is aligned in an east-west -
direction. As the earth rotates, , this two-dimensional 1nterferometer
pattern sweeps across the sky and the correlator real channel output
has quasi-sinusoidal fluctuations, or fninges. The output of the
correlator at any one time is the’comp1ex'sum of the source iniensities
efter they have been multiplied by the interferometer response. AtA
other times the fringe pattern on the sky is aligned .in different
d1rect19ns with respect to the sources, and the corre]ator outputs
(ca]]a} visibilities) can'be different. S1nce the interferometer
response 1is known with enough independent visibility measurements
(obtained by observ1ng at dlfferent times and with different
baselines), the brightness distribution in the sky can be deduced and a\

map drawn.

For pracfica1 rea;ons; the visibi]ity measunements occur in
discrete intervals of timer the baseline is adjusted in fixed step
sizes, and the map of the sky is drawn with.a regular grid of pixels.
Thus thege numbers can be placed in matrices.‘ The measured
visibilities and the gridded sky brightness can be relatedras follows:

| "V =el |
V is a matrix containing the visibilities, I has the sky
brightness djstnibution and e contains the cnmputed interferometer
responses‘for the source pixel locations in I and for the
. measurement position in V. Inversion of the above equation will

produce a map of the sky. If the angle 6 is small, the interferometer
< . . .
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response can be'approximated by

Gej?n(B/A)e
and when this is substituted into the above equation, the brightness
distribution is related by the discrete Fourier transform to the .”‘

visibility measurements. This is the usual case, and for 'this reason

visibilities are often called the Fourier components of the map.

There are only two points on the celestial spheré where the ahglé‘
® is small for all rotation éng]eS»df the earth - the two celestial
poles. So far the fringes on the sky have been fjxed with respect to
the earth, but they can be rotated at will by 1njectingythe proper
phase into_thé receivers. Thus; the fringes can be stopped at any
“point—in the sky. Since the position.angle of the acrqy baseline
" viewed from the source rotates through 360° in 24 hours, the fringes
also rotate about this point fn,the,sky. ,Ih other words, thé
interferqmeter‘s "north poie" or phasé‘cen;re‘can be moved to any point
on the sky through “fringe stopping”. When the_fiefq'of view is
restricted by the antennas' primary batterns,ﬂthe?ffinge rate is small
since observed soufces are near the phase centre. The slower fringes
are advantageous because this allows the use of integrators with'longer
time constants. The restricted field of view means that there are
fewer-sources in the map (than the ent%re sky ) and hence fewer

$ :
visibility measurements are needed to unambiguously define the source

1
-/

positions and strengths.

Another modification to the basic tnterferometer is necessary to

a



correlator.
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a]low it to measure any point on the sky: the time delay from the
source through the antennas and receivers must be equa]ized This is
necessary because the sign. 5 from the sky_are broadband noise, and

decorrelation occurs, if the two signals aré-off;etain time in the
' |

~-.

This technique is known as earth rotation aperture synthesis or
supersynthesis (Ryle 1962) s1hce the earth s rotation is used to scan
the area to be mapped w1th the 1nterferometer response pattern. Almost
all modern radio telescope arrays ut111ze this method.

It s apparent that to obta1n an accurate map, the matrix e’
\

must be well known. Instrumenta1 ga1n and phase can be determined with

ca11brat1on observations of lsolated point sources for which the
visibilities are easy to calculate. During regular observations
between calibrations the stability of the system must be depended
upon. B : /

- ]

D.” The DRAO.Supersynthesis Telescope
|

The DRAO SST is located in a semi-arid mountain valley near
Penticton, British Columbia. The primary observing frequency’is

nominally 1420 MHz and -the instrument can map .a 2°x2° region of the sky

'with 1 arcminute resolution. The te]escope can simult!neous]y produce

continuum radiation maps and spectral line ,maps of neutra] hydrogen

emission - (absorpt1on) Details of the inrctrument and performance

Pl
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statistics are given by Roger et al (1973) and Purton (1983). The
telescope is shown in Plate 1. This thesis describes the modification
of the telescope td'produce continuum maps at 408 MHz simultaneously

with its 1420 Miz outputs.

The antenna array consists of four 9 metre paraboloidal reflector
antennas on an east-west basé]ine 600 metres 1ohg. Two antennas are
fixed at- each end of the baseline, while the other two can be moved

! é

from the centrk to the west end of the array. Seventy observing

along a/pcgsiiion raﬁlway track. The track is 300 metres long and runs

~ Tlocations are marked a]ohg the track, so for a complete survey with
both movable dishes, thirty-five 12-hour observing/periods are

required. oo o/

The individual anténn&s are prime focus reflector antennas. The
receiver front end electhonics (Tow noise.amplifier,'mixer, local
oscillator, and intermediate frequency amplifier) a(e'1ocated
immediate?y behindvthe feed in a tem;::;fure contrb]]gd enclosure

called the focus box. The dishes are on equatorial mounts, and the

positioning 1s<automatica11y controlled by the observing computer.

Coaxial cables runéfrom the dishes to the centre of the telescope -
where‘they enter the Synthesis TeTescope building. The cable is buried

in the sandy ground along most of its length, Three cables are



Plate 1.

This is a view of the DRAO Synthesis Telescope as seen from the

o .

west., All four disheséa]ong with the precision railway track are
o “!',\

. visible.

\’

13
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supplied to each dish: one for the 1420 MHz local oscillator; one for

the 1420 MHz intermediate frequency; and a spare.

This telescope has a wide field of .view and moderate resolution
when compared with other instruments. This makes the 1nstrument very
" well suited for mapping objects that are within our own galaxy, some of
which have an angular extent larger -than g%e field of view of other
te]esoopes. Although astronomers are continually striving for greater
réso]ution, the‘poderate resolution of this telescope does have an -
important advantage. As the resolution.is increased, the sensitivity
to extended structures (as opposed to point sources) decreases since
1es$ power is captured by the‘narrower beam from broad structures,'but'
~ the same power is received from point sources:—Thus the wide fﬂe]d of
.v1ew coup]ed with the moderate resolution and good sensitivity to
extended sources makes the te]escope veny useful in the study of
eopernova remnants and HII regions. Ekamp]es of such observetions are
givendby Landecker et al (1982) and Dewdney>and Roger (1982). The
telescope has also been used to observe extraga]actic objetts such as
toe Andromeda Ga]aky»and clusters of galaxies.

E. Justification of 408 MHz Addition to Telescope

A.second continuum observing frequency on the SST will be valuable
for a number of reasons. The spectral indices of sources will be

determined rapidly by comparing the two maps produced. Previously,

J
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observations from other observatories had to be used if they were
avai]able. With the second observing channel, these measurements will
be made simultaneously and with a telescope whose instrumental

parameters are very accurately known, and similar in nature to those of

the primary frequency.

Another reason for adding a 1bw freqbenqy channel to the SST is
that the intensity of synchrotrbn eﬁissiops increases with decreasing
frequency so thaf the te1escope will become better able to observe
broad, diffuse structbres. Th1s capab111ty is also aided by the
improvement in sens1t1v1ty due to the broader synthesized beam of the

second frequency system.

The frequency of 408 MHz was sélected for a number of reasons. It
is a protected frequgg;y band (406.1 to 410 MHz) with radio astronomy
as the primary user (ITU 1982). Other rad1o astronomy bands ex1st at
327 MHz and 610 MHz, but 408 MHz was chosen for these reasons:

- a compact 327 MHz feed would be more difficult to build than
a 408 MHz feed;
- the reso]ut1on wou]d be lower at 327 MHz
- _ the ibnosphere is (408/327)2z14 times worse at 327 than
408 MHZ; \
- a'fplf-sky radio survey at 408 MHz exists (Haslam et al.
1981‘, 1982) which can be used to supply the very short

interferometer spacings that cannot be measured.
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A low frequency observing capability is also considered to be
desirable by othgr observafories. At the‘Very Large Array in the
United States and at the Westerbork Synthesis Radio_Telescope iﬁ the
Netherlands 327 MHz feeds and receivers are being déve]oped (Napier
1982, de Bruyn.and van der Hulst.1983) and Tow frequency channels will
be included on the Austré]ia Telescope. \

e

F. | What Has Been Done

¥

Prior to the commencement of this tﬁesis project some wbrk had
been done by myse]% and other workers. The general specificgtions for
- the second channel were written by Landefker (1980). The new 1420 MHz
feeds had been developed by myseTf and others, altﬁough the 408 MHz
. feed strpcture had ;ot been developed yet.' As 1 began my work, Lo was -

completing a unique digital correlator (Lo 1982).

The microprocessor-based digital correlator or Digital Signal
Processor (DSP).does a number of processes in software which were
previously done with hardware: the correlator imaginany channel is

obtained from the real channel by a scheme of interpolation; fringe

derotation phase.is injected after the correlator, and ng before_as
with most previous synthesis telescopes; and the fine delay
compensagioﬁ is done by interpo]atiﬁg between measurements at discrete
delay steps. As well, coarse delay compensation is performed with '

‘digital gates so that the large analog cable delay ltnes as used with

. the 1420 MHz system are not required for the 408 MHz system.
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Traditional éomplechorrelatoré actually consist of two
correlators: one that providés the real part of the correlation
coeffi%ient; and andther correlator that is identical except for a 90°
phase shift applied to one input so that the output is rotated 90° and

the imaginary part of the correlation coefficient appears. This phase
sh1ft can also ‘be applied after correlation to obtain. the 1mag1nary
channe]. In the microprocessor 1mp1ementat1on, 16 correlat1ons '
separated by de1ay steps are obtained with digital hardware, and the
real chanqe] component at zero de1ay is obtained thfough interpolation.
The 1magindny channel is then obtained with a different_interpplation,
function. This combiex pair of numbers is then phase shifted (to stop
'the fringes) to obtain tﬁe correct visibilities. These visibi]jties
are calculated forsall interferometer pairs and‘qre_transmitted fb'the'
host computer which accumulates  and writes the anbers ohto hard disk.
Thé DSP also controls the 1oca1‘osET11ator phase in 90° steps, so

that the 1nterferometer can be ca11brated, and for phase sw1tch1ng of

the receiver in regu]ar observat1ons.

G. What Had To Be Done -

Receivers and;feedé_for each of the four dishes were required with

the fd]]owing specifications:



- nominal centre frequency of 408 MHz;
- 4\MHz bandwidth;
- high degree of gain and phase stab{ifty;‘
- intermediate frgquency 395 10cé1‘psci11ator to share the same
cable running from the dish to thé synthesis telescope-building;
- ]ocal'osc§1]ator phaSe controllable in 90°_steps;
- 408 MHz feed'structure that does not degrade 1420 MHz operation;

- antennas that combine maximum efficiency with minimum spillover.

The next two chapters will explain how these general specifications
were met, and the last chapter4w11] describe observations that

demonstrate the performance of the te]escope.

19



CHAPTER 2: 408 MHZ ANTENNA

A. Introduction

The feed horns for the diSheS‘of the.SST have been replaced with
new feeds that not only improve the primary observing-frequency (1420
MHz) performance, but also allow the dishes to receive 408 MHz
radiation simultaneously. This new design originated with a single
frequency coaxial feed horn for 1420WMHz that had a higher aperture
efficiency with lower spillover noise than the old rectangular horn.
Adding the structures nécessary'for 408vMHz reception did not degrade
the’priﬁary frequency feed quality. The following antenna parameters
were measured at the'new frequency: aperture efficiency of 60%;
antenna temperature at the zenith of 73K, and half-power beamwidth of
5. 3°» Th1s*sect1on will outline the design and test1ng of this new

feed, emphas1z1ng the 408 MHz aspects.

1. Requirements for a "Good" Reflector Antenna Feed

An ideal antenna would receive radiation from only one direction
ana reject completely radiation from all other directions. This can
only be approximated in practice. For a prime focus reflector antenna
the closeneés,to idea]ity depehds upon two Ebmponents,-'the reflector
(its diameter and surface accuracy being crucia]) and the

characteristics of the feed antenna. Since for this project the

reflecting surfaces were in existence, the only way to modify the

-20-
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radiation characteristics of the antennas was to change the feed

antennas.

From the transmitting point of view, the feeding antenna should
illuminate the reflecting surface and nowhere else. Power radiated
elsewhere is wasted power - it is'notAfocused by the parabolic surface

towards the desired direction. This is called spillover.

The reflector should be" illuminated as uniformly as possfb]e. If
'1ess than the -full reflecting sdrface is i]]uminated, the width of the
radiating aperture is smaller, anqcfrom the Fourier transform relation
(Bracewe]l 1965),‘the width of the radiation pattern is greater than
- necessary. This means that the power is radiated over a 1¢rger solid

angle, and the poWer radiated in the desired direction is reduced.

Both of these ideas can be'laoked at from a reéeiving poiht of
view. If a reflector antenna suffers from spillover, then the fqga
antenna receives not only radiation off the reflecting surface” from the
desired direction, but also from beyond the edge of the dish. This
radiation from beyond the dish edge can come from other celestial
sources of it can be thermal rédiation from the ground. Botﬁ»of these,
especially the latter, increase the noise level of the receiver,-

degrading its sensitivity.-
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The concept of aperture efficiency has been introduced from the
transmitting viewpoint. If a receiving feed antenna receives power
from only a small part of the reflecting surface,_if; efficiency is
smaller than it could be because it is not'receivjng all the power
intercepted by the reflector. In bractice, only exceptional reflector

~ antennas have an aperture efficiency greater than 50 or 60%.
A number of other characteristics are desirable:

- the radiation pattern should be circularly symmetcic (ie.
beamwidth in E plane and H plane should be identica1);
- the level of the sidelobes should be Tow;

- the polarization response should be predictable.

Given a reflector that is circularly symmetric and has an accurate

surface, these factors are almost entirely determined by the feed.

It is obvious that the feed parameters needed for these different
antenna characteristics can be conflicting. For exampie, to keep the
spillover 10Q, the illumination at the dish edge should be low. This
will probab]y result in lower antenna efficiency since to maximize the
efficiency, the illumination chould be high over the entire.dish
surface. Furthermore, with practical_feéds, the amplitude response
cannot drop to zero suddenly at the edge of the dish, so high edgé

illumination implies high spil]over.
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2. Antenna Test Range Measurements

The previous discussion has outlined the.type‘of radiation pattern
rqu%red for a good reflector antenna feed. The design procedure for
the feed can be described as "cut and try". The radiation pattefns
were measured with an outdoor test range, and the antenna strﬁcture was

changed to bring the antenna pattern closer to that desired.

Idea]]y; one would like to do pattérn méasuremenfs in free space
under these conditions: a source of radiation at infinity, the antenna
under test capable of being positierd at will with respect to the tgsf
source, and nothing else. Of course a test fange of this quality -

. cannot be realized in practice, although an approximation was possible.

The wave from the source antenna must- reach the test antenna via a .
direct path since reflected waves are received through a diffebént part
of the beam than that under study. To minimize reflections fhé test
range was set up outdoors, away from structures .containing metal such
as'bui1dings and fences. Reflections off the ground, test equipment
and cables were minimized by covefing these areas.yith maﬁs made'of
carbon coated fibres. A simple experiment was used to test the quality.
of the test range: .parallel dipo]e antennas were placed at the
receiving and transmitting 1oca;1ons and were then rotéted about the

~line connecting thé two. Using "e method of images, it can be shown

that a horiZOntélly polarized wave undergoes a 180° phase shift upon
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reflection, ﬁhije a vertically polarized wave does not. The vector sum
of the direct and reflected rays may n§t be the same for fhe‘two
orientations. Thus by changing the plane of polarization of the pair
of antennas with respect to the ground, reflections will be'fﬁdfcated
by variation in the received amplitude. 7 |
~ Another approximat%on that waé made was to move the source antenna
from infinity to a location closer to the earth. The minimum antenna
separation is 2D2/A where D is thé 15>ge£E antenna dimgnsion and X is
the wavelength (@acker and Schrank 1982).\ At close spacings, one is in
' the near field (a region of stored rather than radiaged energy) and
sidelobes are difficult to resolve. With D equal to d;Gm\and A equal
to 0.73m at 408 MHz, the minimum-separatipn was about lm. At 1420 MHz

(x=0.21m), the minimum spacing was 3.4m. In practice 4 metres was

used.,

The antenna test range geometry was also important. The angle at
which the reflected'wave~struck the ground was made as 1argé as
possible to minimize the reflection. With the test rangF uSéd, the
antennas were placed 2 metres above the ground so the anile of

incidence was about 45°.

The quality of the test range was quite good at 1420 MHz, The
difference between the main beam amplitudes in the two principal plahes

was less than 1 dB. The minor lobes were easily measured with dynamic )
. : K /
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range of about 35 dB. This .could only bé'done if spruious reflections
were at a low level. The test range was nqt as good at 408'MH2, but it
was still adequate. The difference in main beam amplitudes was 2-3.dB
and the dynamic range was ~30 dB. The ground conductivity had a more

significant effect at the lower fréquency, and unfortunately, the
! _

summer when most of these measurements were taken was unusually wet.

B. 1420 MHz Reception

The design for this feed orfginated with Scheffer (1975). It -is
shown in Figure 2.1. The dimensions of the feed were optimized on an
outdoor antenna test range for operation at 1420.MH2, and then the feed

was modified for 408 Miz operatioh. ‘

To uniformly illuminate a shallow reflector aﬁtenna (such as ah
optigal Newtonian telescope which has a large f/D ratio), the feed
.pattern should be constant to the edge of the dish, then drop to zero,
as shown in Fig. 2.2a. The Fourier transform of the radiation patterh
is the feed's aperture fiéﬁd distribution, aﬁé,for this particular case

is

f(x) =¢c Jl(x), . .
v = _ - o . ,
where. Jj is the first order Bessel function and x is the radia) )
displacement in units of wafé]engths (Goodman 1968). Since thé BN

radiation pattern is circularly symmetric (assuming a circular

~reflector) so is the aperture distribution. A cut throdgh this two -
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dimensional function is shown in Fig, 2.2b. This focal plane

*distribution is known to optical astronomers as Ainy'é rings.

There are a number of reasong why this aperture distribution is
not. optimum for radio té]escopes. The ﬁost siénificanf‘djfferénce_
between optical telescopes and rédio telescopes is the operating
wavelength which makes radio telescopes. very émal]iwhen measured 1in
terms of wavelength. Thus an optical telescope captures many of the
higher order rings which often can't be used with a radio telescope
without blocking a significant portion of the reflector area.
E]imination of the higher order rings results in a smoothing of the
sharp cutoff of the radiation pattern and the appearance of spillover
lobes. Since the edge of the dish is no longer illuminated at ful]
intensity, the illumination efficiency drops.

Another deviation from this ideal field distribution dccurs
because the distance from the feed to the reflecting surface 1§ not
constant; it is proportional to l+cos® with 6 being the off-axis
éngle. (This is also true with optical te]escobés, but not to the same
extent.) Thus the radiation pattern must also increase by the same
féctor to maintain the uniform aperture distribution, as illustrated in
Fig. 2.2c. Minnett and Thomas (1968) have attacked thfs problem with
. much more Figor and have obtained equatioas deécribing the fields at

.the focal space of reflector antennas.
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Although Jj(x)/x is not a preciée descrip;ion of the.fields at
\the'fecus, it is accuraté eqough to be a starting point for a design to
be experimentally optimized. Koch (1973) and Scheffer (1975) describe |
feed horns deve]gpeé in this way. Scheffér explains how this field
disﬁribution is obtained by superimposing several cdaxia] wa?eguide'
modes in the horn.‘ A more simplistfc explahation is that the main
central lobe is supplied by the central circular waveguidé, and the
first ring lobe is generated in the large coaxial cavity, which is
coupled to tﬁg waveguide across the narrow ;oaxia1'Cavity.\‘In
practice, the'proper"cbupling was achje&ed by varying the height of the
two 1nnef‘coaxfa1 rings in a systematic fashign and measuring the feed

horn pattern. ' The criteria for optimum adjustment were steep skirts,.

Tow edge illumination of the reflector, and a flat or ‘concave main

~

beam.

Latef, in the modification of the feed for 408 MHz operation,
anotﬁer ring was p]aced around the oqutside of the horn to create an
additional narrow coaxial cavity. The.depth of this cav%fy isAa]mqst
A/4 at 408 MHz, 50 it presents a high'impédance at the:open end. This
cavity is approximately 3XA/4 deep at 1420_MHz, so it acts as a choke
at that frequenty as well. The total width is siight1y less thaﬁ the
width of the focus box so the shadowing of the ref]ectdr was not

changed.
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This feed has been configured to receive Both hands of circular
polarization. The coaxial transmission line to wageggjge transition is
at one end of the 14.95cm circular waveguide. Th1s frans1t1on .consists
of two sbatia]]y orthogonal monopoles - one -for each hand of circular
polarization - in front of a short circuit plane at the end of the
waveguide. The separation of the two senses of po]arization is

obtained with a quarter-wave-plate placed between the transition and

the horn.
Antenna patterns at 1420 MHz are showh in Figure 2.3. The
illumination at the edge of the dish (#60°) is -15 dB for the E plane

and -17 dB for the H-plane with respect to the on-axis (Of) intensity.

C. Modification for 408 MHz Radiating Structure

A number of different metheds were tried in an attempt to add

408 MHz reception capability to the new 1420 Mﬁz feed. Various designs
were tested and d1scarded either because of distortion of the 1420 MHz
rad1at1on pattern, or because of inferior 408 MHz radiation patterns.
E]ementany array theory wi]] show that an array of 408 MHz radiators
‘whose first nulls lie at 60° or beyond must have the'phase cenfres of
the elements within the 1420 MHz horn. One such array that was tried
consisted of four d{pbles arranged in a square above a ground plane and
is called¢ a boxing ring antenna. Dipoles were placed in froﬁt of the

feed to form this type of feed. ' This design was rejected because of
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large distoqtion to the 1420 MHz radiation pattern. A]so, because thé
feed horn was a very crude approximation to a flat ground plane, theﬁ

408 MHz radiation pattern did not approach the predicted patterﬁ. lﬁl\

array of cavity backed slots formed using the outer choke ring was ajsd\_——\\\
con§idered, but this idea was discarded because the maximﬁm array |
é]ement spacing was exceeded. The method finally chosen involves
exciting the large cavity and using it as a waveguide horn. These ;

modifications produced a feed with adequate performance at 408 MHz Qith

negligible effect on the 1420 "MHz operation.

From these experiments it was concluded that the method selected
was the only practical method of adding a second frequéncy to thef

. 1420 MHz feed horn,

The diameter of the large cavity i5 big enough to sdpbort Ttli
ﬁodes at 408 ‘MHz. Several other dimens;ons; however, are 1ess‘£han —
optimum;~ The cavity forms a coaxial waveguide over mUch of it§ length,
and ité length is Short.' These two factors together prevent-én equal
field from being established on the side of the horn oppositésto the
exciting structure. This. would cause the beam to be steered of f-

centre. The solution to this was to use pairs of diametricél)y opposed

radiators.

" The radiators used are monopoles mounted one third the distance

from the back of the cavity to the open end. -Experiments with the feed
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horn at 1420 MHz had shown that radial structures within the horn had///}
no measurable effect on the radiation pattern. This was true even if a
short circuit was connected across the large ring-cavity.

Measurements at 408 MHz were made with movable monopoles that
could be moved towards either the front or the back of the horn. It
was found that unless the monopole probes were very close to the open
end or the oack wall the radjation patterns were independent‘of the
probe positions. What did depend upon the probe position was the input
impedance which became smaller as the probe wds placed nearer to the
back wall. The position used was selectedf&ecause it p]aced the probes

well aWax,from the mouth of the horn, which ensured that interaction

with-;AZO MHz was minimized, and a]so kept the radiation resistance

1arge enough to be useful.

g .
At ‘this location the radiation resistance is Tow, typically 23g,

and has a large capacitive reactance associated with it. The technique‘
used to transform this radiation impedance to 502 is very similar to
"gamma.match" devices used on some Yagi antennas. The base of the
monopo]e is connected to a ground plane (actua]ly the wall of the large
cav1ty), and the feed point is moved part way up the monopo]e. The
radiator is fed through a para]]e] conductor running from near the base
to the feed point, where it is joined‘to the monopole;' The other end

of the paralilel conductor is attached to the centre of the coaxial

transmission line through a small inductante chosen to cancel residual

B
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capacitances. The‘construétioh details are shown in fig. 2.4. The’
theory of operation of the matching structure can be explained as
follows .(ARRL 1977). Three things occur simultaneously. First, the
monopole is fed away from its base. This muitiplies the base impedance
by a factor 1/cos20 where © is the distance from the base expressed in
units of angle. Second, the parallel rods form'an impedance
transformer, just like the parallel conductprs in a folded dipole.
Since the conductors are equal djameter, the step-up ratio is 4:1., And
finally, the parallel conductors form é balanced transmission line with
a short circuit at the end. This places a shunt impedance a} the
output terminals. These three factors together determine th 2

impedance.

The probe dimensions were obtained in the fb]]owfhg manner. A
prototype probe was constructed out o%&i" copper tubing and brass shim
stock with the total probe 1ength'and,ﬁosition of the bridge piece
being variable. This was installed in the feed horn with three duﬁmy '
probes made of single piecés of copper tubing. The impedance of the
prototype was measured with a ‘network analyzer, and the two variables
were adjusteg to move the rea]\part of fhe impedance near the 509
circle. The imaginary part was measured at thé‘zénter_frequency and
this detefmined the required series reactance to make the load
resistive. An'inductance was reduired, and was formed with a shortv
piace of sémi-rigid coaxial line with a short circuit aﬁ oné end. The =

prdbes installed in the horn had fixed inductance and bridge pieces;
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and the probe length was left adjustable to compensate for component

and structural variations.

The adjustment of one probé fh the horn affected the adjgstment of
the others due to mutual coupling. Thus tﬁe probes all had té be‘tuned~-‘
. together, in an iterative sequential manner. Thg horn waé pointed ét
the sky with the network analyzer.connected to one probe and all the
bthers terminated with 50Q. This probe was adjusted for maximum and
broadest return loss. An adjacent probe was.then neasuréd-and”
adjusted. This process was continued around the horn until the probes
had similar and maximum return 1os§es. The adjustments Werevthen fixed

with solder.

Each probe was connected to a short length.of semi-rigid coaxial
cable that runs through the back wall of the feed to a type-N

connector,

This telescope was béiné modified to observe broadband continuum
radiationAin a 4 Miz bandwidth centred on 408 Miz. In ant{cipatioﬁ of
man-made interference, the receiver was made funab]ebwith the front-end
filter spanning 403 to 413 MHz. The-measuréd return-loss of a pfobe
err this range is at ]éast 15 dB. Plots of retur: loss versus

frequency are shown in fig. 2.5,
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Figure 2.5 Return loss of one probe measured

with the other probes tuned and terminated -

38



39

The complete dual frequency feed is illustrated in Plate 2.1.
| Typical radiation patterns at_ﬁQSvMHz are shown in fig. 2.6. The shape
of these radiation patterns is simple compared to the 1420 MHz
patterns, since the horn is smaller at 408 MHz (in terms of
wave]engths) than af 1420 MHz; The patterns show that the choke rlng
‘reduces the amplitude of the back lobe while leaving the main lobe
v1rtua]1y unaffeFted7 This is because the-nigh impedance of the_choke.'
'reduces the currents flowing on the:outside of the horn, while having
Tittle effect on the aperture (LaGrone and Roberte 1966). The patterns
were also measured at 400 and 420 MHz.' The variafion'in the main beam
was 1ess than 3 dB. The back Iobe varied less than 3 dB over this
range. - : v ., ' . <>
The fee. satterns are quite symmetrical and‘have edge
illuminations (160°) of ;10 dB'in both principal p1anes; The back
lobes are less than -20 dB. It should be realized that in practice‘the'
radiation patterns near 180° will be modified by the focus box, and
these measurements’ give. an inaccurate descr1ptlon of the actual

patterns at these ang]es.

It is 1nteresting to compare the antenna patterns of the 408'MHz"

feed horn with a cylindrical waveguide horn and a d1po]e array.v The

Y

' radiat1on patterns for a cylindrical. horn w1th the same d1ameter as the
dual frequency horn were calculated based on theory presented by Silver

(1949). The calculated patterns are .similar to those in Figure 2.6,



40

Plate 2:1

A This photograph shows a dual freduency feed horn prio; to.
installa;ion on the dish. The ouier choke ring is ETéar]y\seen;‘ The
four 408 MHz probes are within the Targe cavity. They are supported at
each end, with the inner end 1nsu]ated from the metal with a Tef]on
rod.; The two 1inner rings set up the proper coup]1ng at 1420 MHz
between the flared waveguide and the large cavity for the opt1mum 1420

MHz radiation pattern. The innermost ring is conne¢ted to the circular

waveguide,
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except that the edge illumination is greater: -6 or -7 dB compared
with -10 dB, A bbxing ring antenna also has a similar simple pattern,
but edge illumination ;s between -18 (E plane) and -12 dB

(H plane).. It appears that the dual frequency horn is a compromise
between a cylindrical horh and a boxing ring array. This ﬁs reasonable

because the cavity is so short that the structure 'is in a transitional

stage between a pure antenna array and a pure waveguide horn.

D. Combinihg Network

The .last component of the feed to be dischssed is a combjning
nétwork that phasés the four probes properly. Opposing probes must be
fed in antiphase so that the electric %ie]d vectors set up in oppdsite
sides of the feed éavity are coparallel, and the phase diffefence
:betWeen orthogonal probes must'be 50° so that{qircu]ar pp]arization is

received. A six-port devicevdescribed by Saleh (1981) was used.

This‘network has éppealing structural symmetry anc simp]f?ity; 
ten X/4 500 transmissidn lines are arrdnged iﬁ a ladder structure. The
Toad impedances are also 505. The four junctions on one side of the
1addér are the antenna ports, and the junctions at the two cornérs on
fhe other side are the recéivef.ports. The phése differénce,bgtween
two adjacent aptenna ports is 90°,»and the sign of fhe phase'débends .

_upon the receiver port used. Thus one port supp]iesgright-hand

circular polarization, and the other supplies left-hand'circular
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polarization. The phase ahd amplitude characteristics of this device

are summarized in fig. 2.7.

There are several subtleties in the opérating characteristics of
this device that should be mentioned. This device is really a special .

fodr-way power splitter/combiner. Power'applied_to a receiver port is\

-equally divided among the 4 antenna ports, with 90° phase steps from

port to port. Powér applied to a single antenna port is also split
equally four wéys. Each receiVer port receives 1/4 of the power, as do
each of the adjacent ports, but with equal phase.' If independent

sources are attached to all of the antenna ports, this power division

‘scheme remains true. Thus if each source supplies equal power then

- each receiver port receives that same amount of power, namely one

quarter of the power from edch of four antenna ports. The remaining

power is dissipated in the sources. This is significant because it

means that if four independent, equal intensity sources are connected
to the four input ports, the output is the same as if the network had
dhly one source and one input. This is an important result for the

Bi=1
noise measurements to be described later.

Sources in the sky provide coherent sources. Opposing probes
suppi& signals with a 180° phase_difference to two ports sequated by a
third port. This middle port receives an equal fraction of tﬁe power
from the two other ports, which each undergo identical phése shifts,

and arrive out of phase. Therefore the signals cancel. This power
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appears in\the receiver ports. The 'distribution of the power between
the two receiver ports.will depend upon thefpo]arization‘
'characteristics of the celestial source. thh a randomly polarized
source or linearly polarized source, the power is equally divided
between the two receiver ports, since the wavefront can be decomposed
into two circularly polarized components of equal intensity. If the
source is eart1y or wholly circulér]y polarized, then one port recejves

more power than the other.

The network was constructed of 3" diameter semi-rigid coaxial
cable, . Since phqse’shifts were obtained throdgﬁ fime deTays, the
network was frequency sehsjtive. In'addition; because of s]ighf
variations in cab]e lengths and network’construttion the phase

d1fferences between pa1rs of antenna ports were not the same, nor
precwse]y 90°. The lengths used were therefore cut by an_1teratjve-

process,

Deviation from 180° ‘between oppos1ng probes resu]ts in steer1ng
the feed radiation off axis. Using tr1gonometry and invoking a
sine(x)=x approximatioh, it can be shown that this phdse or delay error

(d) slews the .antenna pattern by:

0.z 11 g'[‘degreeS] . |
s .

If the spacing, s, between the probe feed points, is 55 cm, the

equation becomes:

S



48

0 = d degrees '

with the phase error d expressed in

The worst'heasured error
at the band edge was 5°, which means VTE% feed will be pointing
about 1° off centre. ,This is ; trivial]’ ince the reflector
subtends 120° at the}fbéusm |
The accuracy of the 90° phase shift determines the feed's response
to c1rcu1ar]y po]arlzed rad1at1on. The most common descr1ptjon of
;1rcu1ar polarization uses two electric field vectors, both temporally

and spatially in quadrature. Mathematically this can be written:

>

E(t) = A cos wt ay + A cos (wt - 90°) ay

A Cos wt ay + A sin wt ay

with a*'and'ay designating orthogoha] unﬁt vectors

perpend1cu1ar to the direction of propagat1on. Now suppose that'therey
is a phase error of e, This error can be evenly distributed between

- the x and y components:

E(t) = A cos(uwt - E) a, ¢ A sin (ut + e-)‘ a
o 2 7 : 2
Using trigonometric ideqtitieshand rearranging:.
E(t)= A cos = [cos wt a_ +sin wt a_ ]+Asint [sin wt a_ +cos wt a_ ]
2 X y 2 X "
The left hand term represents a counter-clockwise rotating vector, gne

the right hand term'Eepresents a clockwise rotating»vector.» For small

errors the relative response of the feed to the unwanted sense of

[
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polarization is

[
R = §lr.‘_? ‘:: sin
cgs € -
? o
c[deg] -

120

If the erro} is 5°, then the ratio of the field amplitudes is 1/24 or

| \
about 0.04 'or -27 dB, In practice this ratio will be ‘better, since the

"

N oIm
N oIm
P

above worst-case value is only a spot value at the edge of the bggd{
The receiver uses broadband noise and spot values away from this. band

edge will have a smaller R.

So far only the phase response of the combining network has been:
discussed. The amplitude response, or the network losses, are also
-very significant since the-signél.power is mu]fipljedtpy a factyr a,
and neise powéf equa];fo (i-u)kTB is added; By measuring the nbise
added to the network»by a reSiftive noise sBurce{ the loss was

»

determined.

A Dicke total power r?ceiver was uéed fé measuré the 1oss;s of the

--combining network and tﬁe cablés that join this network to the feed .
~horn. A‘we11 matched- termination immersed in-liquid nitrogen was used

as a noise source. This load was used because its'noise temperéture

.. was not excessively large compared with the increase in noise due to

S,

ﬁxfhe device under test. Consideﬁ the measurement of the ioSses in the |
&Qéoéxial cable (0;73 metres'ofiRG-214) thaﬁ runs from é probe to fhe
network. First, the temperature of the 16ad alone was measured with
the Dicke receiver. Next the cable was placed between the load and

receiver and the temperature measurement was repeated. The loss of the
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cable was then determined using this set of equations:

tTl

L1}

T1oad

T2 = aTjoad *+ (1-)Tambient

Each of these cab]es has 0.09 dB of loss and thus adds 6K of . noise. To
measure the Tosses of this network it was necessary to connect co]d
loads to each input. Since these are 1ndependent noise generators,
these 4 borts with 4 loads behave like a single port and a single load,
and the measurement technique is the same as with the piece of cable.
The loss of the network was found to be 0.04 dB, which increases the
noise temperature by 3K. The total contr1bution of the»network and

cables is 0,13 dB or 9K.

‘ These_humbers are similar to those obteined by multiplying the
cable lengths by_tme specified loss per unit length. For both RG-214
" cable and 3" 0.D. semi-rigid coaxial cable the 1bs§ is 0.15 dB/metre.
The calculated loss for 0.73m.cable is 0.11 dB.'.The_combjning network

~is made of 10 pieces -0.13m long, so the average path 1ength'from

antenna port to receiver port is 10x0.13/450.3m and the average loss is

0.05 dB.

The feed and combining network have so far been treated
- separately; now they will be considered as a unit; for the
i _
characteristics of one device can be affected by the properties of the

other. A good example of this is the isolation of one receiver port

Z



51

from the other, which .depends upon the quality of the match of the
loads on the ‘antenna ports. With 509 resistive ferminations on the
antenna ports, the 1so1at1on 1s greater than 35 dB from 400 to 418 MHz/

"ﬂdo not have -as high a return loss as the

However, the
' N _u Ladths . s . '

1oads, nof?do“t‘ g ;nigh level of mutual isolation. These result

\ back into the network. One way to understand

§£Qection_$? the base of the probes is to replace

_ what BCEUrs:Qifﬁ~

this feed with an ideal feed pehind a partially reflective plane. A

circularly polarized wavefront is géne”ated by transmitting through the

antennd. Part of .this wave is reflected, and the‘ref]éctioa ch&ngés

its hand of polarization, thus the refiected power must end up in the

port other than the one connected to the transmftter. The measured

. iso1;tion is greater:than 10 ;;xbetween 398 MHz and 412 MHz qnd

. averages 13 dB'in.a 4 MHz baﬁd~;entred on 408 MHz. This means that thé
system temperature of a receiver connected to one port wiil'increase.by

;5 fraction of the equivalent noise temperature ‘of the load on the other

‘port. 13 dB tranﬁ]ates to a power ratio of 1/20, so an ambient tem-

. perature 1oad.incréases the system temperature by 300/20 or 15K, and a

GaAsFET low noise amplifier (T1nput =70K measured) used as a,

load (Frater and Williams 1981) produces an increase of 70/20 or 3.5K.

This effect also makes the match to the probes appear Egtter than
it actually is. This is because the network tends to divert power
reflected by the 1oqu’awa¥g§%om'the source, as explained ébove. The

measured return losses for the feed horn with combining network is
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through the 408 MHz combining network into the 1420 MHz probes was
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shown in Fig. 2.8 for both hands of polarization. Compar1son to the
single probe return loss in Fig. 2. 5 will show the dramatic 1mprovement

in matching due to the network.

E. Frequency Independence Measurements

One of the most 1mportant spec1f1cat1ons for the dual- frequency
mod1f1cat1on was that degradat1on of the pr1many frequency

character1st1cs was unacceptable. A number of measurements indicate

that the 408 MHz modifications have no s1gn1f1cant effect on the 1420

MHz performance.'

To determine if the 408 MHz feed structure modified the 1420 MHz'

field distribution, the 1420 MHz radiation patterns were measured with

and without the 408 MHz prdbes. Small changes in the edge i]Tumination o

were observed, but the magnitude of these changes was of the same order

as the difference between repeated pattern measurements, with identical

feed configuratioﬁs;

Another way to measure the interaction between the two sets of

" probes is to measure the transmission from one set.to the other set.

The attenuation at 1420 MHz for a signal path from the 408 MHz probes
S

greater than 26 dB. Thu;.ﬁo1se from the 408 MHz system will be reduced '

by at Teast a factor of 500 when it reaches the 1420 MHz receiver. At
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1420 MHz, the effective noise temperature of a»408'MHz GaAsFET LNA
input is about room temperatufe and the increase in{syStem temperatgjg;_

should be less than 0.6K.

Anothér way that ;oup]ing can occur is if waves coming out of the
waveguide are reflected back into the waveguide by the 408 Mz probes..-
' Th1s p0551b111ty was tested by injecting a signal into one 1420 MHz
probe .and measur1n§ the coupling into the other probe. Because of the
i ,

quarter-wave p]ate a c1rcu1ar1y polar1zed wave is launched, and any

_refLeét1én would change the sense of rotation and emerge from the

-

other probe. The coup11ng was measured both with and w1thout the

408 MHz probes in place. This was found to be -18 d8 and -19 dB '
7resQeqt1ve1y which is an insigniftcant change. - | .

‘ ;6 far no_mention has'beén made~df’coupling from the 1420 MHz

probes into the 408 MHz probes at a frequenqy of 408 MHz. Since this

‘frequency is be]ow cutoff for the 14.95cm d1ameter wavegu1de this

,1nteract1on should be extremely small), |

5
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o
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F. Performance on Dish

The most important test of aﬁgééﬁ_is‘to place it on a“nef}ettor
. antenna (see Plate 2. .2) and to measure the performance of the
comnination. Characteristics that can be measured~are the. antenna
pattern, aperture eff1c1ency and spil?over. Theagé%enna pattern or

primary pattern determines the area of the sky - %

B4
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power receiver and astronomical sources.
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known as the field of view - that can be mappedlin one survey.- The

aperture eff1c1ency is' a measure of the sens1t1v1ty of the dish. This

e

is determined partly by the radiation pattern of the feed antenna.

Spillover is response of the antenna to sourfces outside the main beam

]

(primarily thenmgl radiation from the ground) via a direct path to the
feed that does not include the reflector surface. These measurements

were made using standard techniques involving a Dicke switch tg;a’
<

C e

1. .Dish Radiation Patterns - .

The antenna patterns were measured in two principal planes:
declination; which 1nvo]ves scanning the dish, in’ a north- south Al
direction; and right ascens1on wh1ch requires either mechan1ca11y

scann1ng the dish east-west, or a11ow1ng ‘the earth's rotat1on to sweep

. the beam. through the test source. The test sources were Cass1ope1a A

a supernova remnant wh1ch is a br1ght cent1meter-wave source, ‘and the

«.1

‘ sun. The darge s1gna1 -to- -noise ratio for these sources perm1tted the

. o , i
. 'l‘ - - i
1

pattern to be measured rapidly and accurately. The half- power points

-

ﬂ,were found to be separated by 5. 3° in bothvright ascension and .

'hgdecllnat1on planes. The pOWer response pf -the’ Far Hest dish 1n the

S
-

dec11nat1on plane is 1]1ustrated 1n P1gure 2 9.
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. P
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PLATE 2.2
‘ s
FOCUS BOX

Tb1< box conta1ns ‘the rece1ver eléﬁtron1cs. In front of the box,

Jﬂat themyrvme focus,'ls the feed. The box is insulated and temperature

&y -

fcontro]led to keep the e]ectron1cs at a constant temperature. On the
L{ﬂr1ght hand 51de of the box is the thermoe]ectr1c heater/cooler device.

BB
"’Several cab]es can be seen runn1ng from the back side of the horn 1nto

the focus box. These carny the s1gnals from each 408 MHz probe to the

bt

'comb1n1ng network inside the box. The 1420 MHz signals enter the box

Uv1a the circular waveguide, The cab]es running along the support legs

to the side of the box carny Lo and IF signals as well as power ‘and
>
mon1tor1ng signals,

ad
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2. Aperture Efficiency

The aperture efficiency is simpiy the ratio between the power out
v of ‘a receiver connected to the actual antenna and the power out of thé
same receiver‘connected xﬁ%?ﬁ?fﬂéal antenna of tﬁe same cross-sectiqnal.
areé that delivers all the energy that it.intercepts to the receivér.
Again, Cas A was used as a test source. The flux was calculated using .
information from Baars et al. (1977). The efficiency was found to be

60% at 408 MHz and 54% at 1420 MHz.

The relatively higﬁ efficiency at the low frequency is probably
- angther result of the shape of the feed pattern. At 408 MHz, the edge

of the dish is illuminated more strongly than at 1420 MHz, so more of.

the collecting area is uti]ized and the higher efficiency Fegu]ts. The
1420-MHz efficiency is very close fo that measured wﬁth a prbtotype
feed without. the 408\probes. This -is further confirmation of the

‘isolation between the two receiving frequencies.

o ! Qki
"7 "3..- Spillover ’
ST ﬂ{‘,';
“ ‘tg’§~¢- ; _ _ ‘ E
- The spi]f%yer-measurement involved an absolute measurement of the

. P N S o . . ,
> power out of "a cohbiping5network'antenna port with the antenna pointing

at therzeniﬁ@ (at.empfy sky). The-températdreAscalé of the receiver
'output was calibrated with precision SQQ terminations ét liquid .

. W .
nitrogen (78K) and boiling water (373K). temperatures. Then known
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losses and sources of noise were subtracted to obtain the amount of

“noise due to spillover.. This calculation follows:

T (typical) 85K 1K
zenith '

Galaxy (typical) (Pauliny- -21K+2K

Toth and Shakeshaft 1962)

Antenna Losses:

Unused port 15K+1K

Combining network 3K£1K -24K%2K

Cab]es 6K '

Solar noise ~-10K+5K )

Spillover . o ‘ 30K 10K

2]

In practice the zenith antenna temperaturesﬁﬂj]]‘be»]dwer than
those given here. The load on the unused receiver pbrt couples to the

receiver input via the comb1n1ng netw

ork, 1ncreasing the system noise

temperature., When. these measuremenggdwere made, thws port was
terminated with a 502 dummy load at ~300K but 1t s now term;nated
with a room temperature GaAsFET amp11f1er. The effect of thlS

’ ampl1f1er is the same as that of a te{m1nat1on at 70K Thus the
contr1but1on -of the unused port will drop from 15K to 3.5K, and the

zenith temperature will be at least 73K.

iThe antenna temperature was also measured at elevation angles
ranging from near zero (po1nt1ng at' the horizon) to 90° (pointing at
ienith) The sky contr1but1on to the antenna temperature obtainéd from
Pau]inyfToth.andehakeshaft (1962) was then subtracted at each of these
points. The antenna temperature was constant within 3K until the
'antenne Beam neared the horizon, where it began tbvincrease; When the
dish was:stopped by the horizon Timits in. the pointing mechanism, the

antenna temperature had risen by 3K.

E

b
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G. - CONCLUSION

The 1420 MHz feed horn has -been succeésfui]y modified to
simultahéous]y receive 408 MHz radiation. This was done without

noticeable degradation of 1420 MHz performance.
The performance of the antennas at 408 MHz can be summarized:

HPBW = 5.3°
“..‘-\""a:’-'v a ’ ‘

s b J‘Sératu':ev(]ess Sky) = §2K14K

Spillover = 36&?10K

Aperture efficiency = 60%

Bandwidth = 20 MHz



CHAPTER 3: 408 MHZ RECEIVER

A. Thé‘General Problem

The problem that was set before me was to develop four parallel

receivers that are sensitive‘enough for radio astronomy applications

and also stab]e enough to be used to produce images Qf the sky. The .

, need for sensitivity is obvious: the receiver-g%ﬁsrated noise’ must not

be* large enough to overwhelm the signals from weak sources in the sky.
The ‘stability - amplftUQe andiphase - requirement 'is necessary because
of the way that the images of the sky are made. As exp]afhed_ear]ier,

the sky.is sampled by the interferometer fringes. The visibilities or

~ Fourier 90mponents not only depehd upon what is in the sky, but also

the alejtude and_phése characteristics of the receivers. When t
imaée is formed by sUmmfng the Fourier compqnents,,if;@he amplifudes
and phases of the receivers are not what one‘belfevééf;hem td be, the -
%maée will not be constructed correctly. Each of the;e areas of
concern - sehSitiVity;“gain'stabflity, and phase‘stabil}ty - Wil be‘

discussedﬁgéﬁérately and explained below.

‘First, the major bui]dihg blocks of é\radfo a;tronomy‘receiver
will ‘be outlined. A very basic receiver is showh in fig.-3.1.
Remember that an.interferometef'fequires at leasf two of theSé:
receivers. The prob]em ié to make'eaﬁh re;eiver operate in a very

similar mander with réspect to all the others. What makes the

4 -
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situation more difficult is that the receivers are in separate
enc]osures and run from separate power supplies. In spite of this,
several contro] systems can be used to stabilize the receiver. These -

circuits were one of the main areas of interest of this project.

{After the signals from the sky are coi]ected by the feed horn,

. they are amplified by a low noise amplifier (LNA). -Contrar& to common
.communications‘receiver design principTes; the front end bandpass
filter follows the first stage of gain. It is very important to
.haintain a high signal to noise rafio, ongk1oss before the first~stdge
of gain would result in an. increase of nofse._ Commonications‘receivers
often place filters orecedingAany gaih‘because they are tuned to

. frequency bands that have many»strong carrfers. Hﬁthout'the fi]ter‘
the front end amp11f1er might be pushed into saturation by a strong
signal. Th1s c0u1d desens1t1ze the receiver or prodgpe spurlous
s1gna1s through 1ntermod tion in the amp11f1er. The 1ncrease€9n .
system noise is often not as ‘important with communications.receivers,
‘because of the greater sigha1 levels of man-made radio sources."Near“
the 408 MHz observing band 3re several frequencies . used by both
terrestr1a1 users and saie]{ites. -For this reason the design of the
front end had to take intQ'consideration potential man-made _ |

- interference. ‘ |

>~

# .
r.v

Fo110w1ng the LNA and filter 1s a. m1xer @ﬁ1ch converts a band of

s1gnals centred on 408 MHz to a band centred on 30 MHz, the

oy
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intermediate frequency (IF). A commercial double balanced diode mixer

was used here.

.The IF.amp]ifier'frequency is 30 MHZL The signal frequency is

nominally 408 MHz, so an LO frequency of 378 MHz was chosen. ‘A signa]‘

-at 348 MHz will also produce a 30 MHz output, but the 1nput f11ter

reJects this “image" frequency.

5 )
‘glﬂ avaf]ab]e

A Egned IF preamp]1f1er fo1lows the mixer. Commerc
e

amplifiers are used since some very high quality units are ava1]ab1e,
and cons1derab]e effort would be requ1red to- bu11d an amp11f1er that

he

would be equal in performance. The IF preamp11f1er is placed preced1ng

' the cable to- compensate for the cab]e losses and hence ma1nta1n a low

system temperature,

After travelling down the transmiesion-line to the Synthesis
Te]eécope boilding, the IF éigna] is again amplified. This IF |
amplifiet has higher gain and a narrower passband than the previous

stage. In addition, its gain can bé controlled with a voltage. A

portion of the output’ is sampled and rectified, and processed to

provide a voltage to adjust the gain to keep the‘output power constant.
If the input power to the receiver is constant, a reasonable
assumption since the dishes point at the same area of the sky during

the entire observatjoni;fneg_tﬁisiﬁytomatic gain COnfro] (AGC) circuit

will keep the receiver.gain constant. The amplified IF signal.is then

ot PN
" .U.'.‘

g
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passed to the Digital Signal Processor (DSP) where it is corre]ated

w1th signals from the other receivers (Lo 1982).

Local osc111ator‘(t0) circuitry is located at both ends of the y
cable. This system makes the signal phase from sky t~ correiator
entire]y independent of the length of the c.axial cable connecting the
antennas to-the'central receiver. Thts de e is ve y important since ‘
the cable is not in a contro]]ed env1ronment ]ike ‘the rest of the
receiver, It is subJect to ]arge and snmet1mes rapid temperature

varlatlons which change the cable length. Designers of other synthesis

telescopes either attempted to control the cable temperature or.else

used a local oscillator that produced a constant phase to the mixer.

This local osc1]1ator is the first known system to stabilize the phase

to the IF output Because the Digital Signal Processor does the fr1nge
derotation after corre]at1on the LO phase does not have to be | |
cont1nuous]y variable, It is switched in 180° steps to reject cOmmon '

mode errors. It is also sw1tcPed 90° for calibration of the real and

1mag1nary channels of the correlator.

"The system des1gn spec1f1cat1ons for the 408 MHz receivers should

. now be stated

- centre»frequency of 408‘?Hz, tunable 3 MHZ to avoid

P
%
T

interference;
- 4. Mz IF bangwidth;

- low system temperature
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- Tow shsceptibiljty.to man-made interference;
e very stab1e gain;
j,stable phase characteristics;
-;LD phase controllable in accurate 90° steps;
C- ubsystems‘must share a s1ngle coax1a] line between antenna

o

and centre of interferometer. N

Now the design philosophy used will be set. forth:

- the system'engineered is‘notban experiment, it is a nermanent'
adﬂ?tien to a research instrument, and was constructed with
0  this point in mind. : |

- the new system must use ex1st1ng observ1ng and map productlon
software with a m1n1mum of mod1f1cat10n.

: - commerc1a11y ava11ab1e devices such as amp11f1ers and f11ters
were purchased un]ess there was a def1n1te advantage 1n |
constructIng the dev1ce. The wheel has been 1nvented‘one too
many times., |

- the use of necromancy was avo1ded, since the equwpment
} w111 be- repaired and poss1b1y dup11cated without my attent1ont

- evenyth1ng was made as simple as p0551b]e ‘ﬁut not 51mp1er

(E1nste1n)

! ~ The deveTopment~of thjs'receiver will be_discussed in»toun'parts:



\J

o AR
the front end, the mixer and receiver sensitivity; .

the IF amplifiers and receiver gain stability;

the-Jocal oscillator system and receiver .phase stabi]itv;.‘vv

system tests. o o o ‘ o 0

' . g : i o | . ‘ .
The LO system design is unique and therefore.many pages- will be devoted
to its development. - Other subsystems-are'more;gonventiona1 and were

- either commerc1a11y built or were developed by other: workers, and thus

will be covered in 1ess depth. : \f’/

B. Receiver Front Ends | ) B N

Al

' The 408 MHz front ends consist of two stages of 1ow no1se
% 4

amplification separated oy a bandpass fl]ter -n: the development of

as

thé front ends, low noise flgure and good lprgé signa% handllng :

capab111t1es were of pr1me concern. Th1s arrangement nges a system

P temperature of about 104K SOK of wh1ch vs.@ue to the 1ow-no1se

‘amplifiers.. . :_n,.‘ L _ |

© - . - : of

Commercial low noise amplifiers (LNAs) consfiucted with bipolar

transistors were originally purchased for the 408 Mz receivers. “The *

-

spec1fied no1se temperature of these amplifiers was 120K but al] the
un1ts were tested and’ the noise temperature was found to be about 180K
Th1s was too large to be acceptable. . Unfortunate1y a manufacturer of aa
superior‘ampiifier could not be found. However 400 MHz_1s h1gh enough

< -
LN

/ !
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“

'that 1/f noise becomes 1nswgn1f1caht 1h ‘gallium arsenide field effecg 5ﬁ§
trans1stors (GaAsFET) (Cooke 1982) At 1east one sem1qonductor B
umanufacturer c1a1med to make GaAsFET devices with a n01$e f1gure of 0.5

dB- or 35K at 400 MHz. In add1t1on to the super16§ noise‘performance

2

GaAsFETs are much more 11near than bwpolar trans1stors and are “thus
=1ess prone to 1ntermodulat1on. A des1gn ex1sted for amp]1f1ers buwlt
with GaAsFETs (Galt persona] commun1cat1on) S0 it was dec1ded to have

a techn1c1an construct and adJust a set of am- 11f1ers. Th1syc1rcu1t_1s .
shown in Fig. 3 2, Lo h'g ® _ g D ¢
. s ; .

. : v . -
N ' . . r\‘-;,- N L)

- In the adJustment of these amp11f1ers severa] f'

\\: u

eyar1ab1es had to be cons1dered “Of . course m1n1mum ef_‘;tgve no1$e

’ temperature and max1mum da1n were des1red The aMp11f1ers a]so had to

)
be stabTe for the 1333%:§@at they would be attached to. 'To sat1sfy

these requ1rements, the dr21n current and drain vo]tage were var1ed, as

2 L

--well as the 1nput anégoutput.gwtch1hg networkc As suggested by

Ne1nreb et al (1982), a smal] 1nductance was placed between the source

leads and ground to improve the Ihput match (Anastass1ou and- Strutt

3

1974) N1th these part1cu]ar LNAs the 1mprovement was minjmal.

1>

One major prob]em encountered\w1th thqs de519n was a tendency for
N, , ,
the ampllfler to osc1]late in the vicinity’ of 4 GHz," The\sviut1on was
to place a sma]] p1ece “of conduct1ve foam near the 1nput inductance.

‘The' foam 1s carbon 1mpregnated and 1s often used to protect 1ntegratedr
& . :
c1rcu1ts from statlc damage. The foam was keptﬂsmall to mfnimize

O A S Le 3 . : - . ' / . N .
. . . N - . - N ) .
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; f"“dru made signaﬂs gpar the observvng band Lhus the receiver Was ,ﬂb

I3

-
' .

Tosses. at 408 MHz, yét large enough to reduce the gain at'theuhigher
frequenCIeS, stopping the osc1]1at10ns. This lossy fogg techn&due 1s
akin to the use of ferrite beads, and other workers have’ had to resort
to this method of amp!ﬁfier stabilization., After this was done, -Ip “
and Vosxwene)édjusted for opt:mum n01se figure and gain. The -
stability was Verified sy sgk?ztting thg LNA to various lToads that

£ could be en;,

AT

=

A

-~

fﬂa%%;‘* " After discu§$1on with the Depagtment B* Communicgﬁions, and i?me

‘-’

1nterference&mon1toring, it became apparent ;hat there wou]d be man- ,'

deiiberately desggned to, be less sen51t1ve to 1nterfering 51gﬂ£§§ ‘with’ s
- E AT o, ¥
',\very 1]tt]e reductionlinasensz 'tﬁ{tOuradio astronomvasources.

-
—‘.

Q i

LNA fo]low1ng the antenna and preceding the front end filters., If a

loss precedes ‘the LNA ‘that attenuates the 1nput signal by a factor a,
Wy R L N

~ the increase in n01se temperature is (l-a)Ta where Ta, is the

. .""s , P

: physica] temperature of  the lossy 3‘v1ce. Ta is usua]]y about 300K.
u{Most fiiters have an 1nsertion loss of severa] dec1bels. Suppose that
the loss is. 2 dB or 0 63, then the increase in system temperature due
to the 1oss is- 110K which ‘is not acceptab]e for Tow n01se rece1v1ng
.systems. Thus radio astronomy receivers usua]ly have no, filters before

the LNA save for the frequency selectivity of the antenna. This



w
, . o X uy'.,‘_‘\x ¢ ‘gﬁé»‘i‘b‘ .“
ur unately makes the frony -é& Lery susceptible to out-of-band

ir ~fering signals.

‘

- s *The type of interference that was of most concern'was

- o intermoduiation distortion. In a non- linear dev1ce many possible

combinations of these 1ntermodu1ations are produced and the danger is

.

' that two out of band carriers nwy gengrate a third Signal w1thin the i

obserying band

B Py ey
s T

g‘;" w
.g o . ' The nOise figure was compromiseq s]ight]y to obtain better BRI :v-
s ‘ A . W L,
oo protection from interferingo51gnals by p]aCing a filter between the two ,

o ) . ~

e ampiifier §tages. The gain preceding the fi]ter is 15 dB, and the

?*{J increase in temperature due- to the 2. dB filter Toss is about 3K.
Aithough the first stage of ampiification is subJect tO“a w1de band of
51gnais, perhaps 1nc1uding strong man-made Signals, the second staged

. ) .‘ -receives only a select fnaction of ‘this spectrum, hopeful]y w1thout

';S}; 1nterference” “Without the filter -out-of-band signals may be ampTified
g ,“_to’a lgve] by the firsttstagevsufficientAto_cause intermodulation
. dictd?tion!in the-seCOnd stage. ‘ ‘ ‘ .

. T s ’ ’ - -.‘?5
- The questiOn now arises concerning the amount of increase of-«nmsew& ,

-

that can be afforded Hhat is 1mportant is not 51mp1y the ab o]ute . _f‘bﬂ
increase, but the increase relative to other noise ources inééhe -

v system, "The_system,temperature,_inc]uding}the minimum ga]actic o
.c contribution, was ‘found’ to be about 125K, If the locs’ "~n of the g :;t: )

8 ’ . ' 7
L - P M V.\
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filter has resulted in a change of 3K, then the signal to noise ratio

has been reduced by 21%. - It was -felt that the slight increase in

system noise due to’ the front end conf1guration was worth the added

. : G : :
' interference protection. , o _ N

&

= ~ The performance of the’front end low noise amplifiers consisting

< . . .
T , 3 . ro-~

of two amplifier stages connected through a 408 Mz bandpass filter was
L

measured. The typwcaI noise temperature of these un1ts at 408 MHz was

SOK:IOK The bandwidth bé%ceen the p61nts where the no1se temperature
r1ses to 80K wasﬁsypical 15 MHz. "The gain of the sets of ampl1f1 -

S
var1ed between 25 and 33 dB, depegd1ng on the unit tested

e I

’ loss of fhe input and output ports averaged 14 dB

v

- - ")~ - .
1 e . . A

An 1nterest1ng property of. Tow noise amplif1ers is that the
equ1va1ent noise temperaturejof the EE can be lower than the

%ﬁﬁfv phys1ca1 temperature of the device (Perciva] 1939, Frater and N1111)ms
: -0 o
1981,: Forward and C1sco 19835 The no1se power emerging from the
' ’ -
’ 1nputs of the LNA’S w%s measured and found to be equivalent to a x

a ~

res1st1ve load at 70K. Extra'ambllfwers wereaconstructed and used as §3:5{§§v¢' .

Since

loads on tﬁ//unusedagece1ver port of the feed comb1n1ng network

v the amount of coup11ng between the used and unused receiver ports 1s
: *::w_';{ L EE T g

- e 1/20,_changing ‘the. 1oad temperature from 300K to ‘70K has reduced the
_*noise added to the system from.15K to 3.5K. With a system temperature

of 104K, .this means that the signal to noise ratio has beén improved by

~ [ . »

. about 10%. oy

=
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For a full survey (140 spac1ngs or 35 days) the rms noise is ,

2.4 nUy/beam

i

K

T
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_ ‘ R : }%ﬁ@
A readily avéilé@ﬂe ¢ommercial mixer-was»used for the'receivei_ oy
W e
m1xer. The device is a ‘double ba]ance mixer. w1th a ring of fo %
i
diodes. * The conversion gain is about 1/4 or -6 dB with a Tocal & © v
i g
osc11]ator s1gna1 power of 5 mw or +7 dBm. The IF”buiput of the ‘mixer . - %
- goes to the IF preamp11f1er stage.. 3, *f ” , . - lpﬁ;T§$’ 3
E R ST S e
"The seﬁﬁgt1v1ty of the synthes1s te1escope to a p01nt source 1s an
3} e %
1mportant stat1st1c. Nap1er and Crane (1982) show how.the follow1ng .
relatIOn is obtained:. S ::7' 9 , ‘
. . ‘ ] ; . . - ey
. N . : " . I B " "
) ‘o ". '“.\?%:3,? - ’ L iy '\.n [
. . ! T, Gﬂ :
22k T, . g B :
AS = S "’.'. k’,‘\;,_‘ i @f & .
VBtc non A, | B L
AS .= nojse.powep '
.k = Boltzmann's constant = 1,38 x 10-23 Joule/°K
Ts = system temperatune = 104K B : T
PO " - S .
B = receiver'béndwid;h 4 MHyﬁ R - ~
t ='obsenving period = 12 hr. 7 o 's
¢ = number of‘cbrre]atIOns = 140 (for fu}] Suryey)
ne = correlator efficiency = 0.89 ;o S / *
- ' Y
" fg = aperture eff1c1ency of antenna =0.6.
A.‘- antenna apa = n(4.5m)2- -
pa‘f‘} a o oE /pé . ( " ) S, R |
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. C. Automatic. Gain.Control .. Do
K

Each v1s1b1l1ty measurément of,mhe shy consists of two numbers
" the ampl1tude of the correlated signal, and the phase d1fference. If

there 1s an error 1n the ampl1tﬁde of the»v1slb1l}t1es, then the

]

strength of the mapped sources’ Will ot be known for. certa1n. «If th1s
- . oo g,
»error varies w1th tlme, then the noise level of the map w1ll 1ncreag?

t“‘“-‘\’:gince the F0ur1er compopents (or v1$1b1lit1es) w1ll not add together in

k1 way that tends ﬁb can?el the side lobes, Thus for - the best map, }he o A

v1slb1J1ty amplﬁtudes must be - well known ﬁh1Ch is ensured if the

&, 2 \.._a

. receiver’ §a1ns are kept constant.
: ) P

- . : ot . - - o . -

oo, % e
A S

The max1mum allowable error. 1n the ga1n sgouldwbe determ]ned
wMl:"bxpemenced 1nterferometrlsts at Cambr%dge (B:ldw1n and Narner 1979)
_ statetthat most 1nterferometers are capable of a ga1n stablltty (AG/G)
of 1%, and that better ampl1tude stab111ty would not be useful because '

it would be hidden by phase errors._

constant 1ntens1ty, and adJust the ga1n to keep the output level
.constant. Fortunately, there is one such 51gnal that is inherent to
' ’ - ‘the System “the system noise. The Treceiver noise or1g1nates from many
,sourceS' .the. rece1ver mixer; the Tow n015e amplifiers, losses in the “
cables to the horn the comb1n1ng ‘network, and the horn 1tself

~§f’ o spillover the galattic background and the, sourchbeing mapped

Vo ° v . . N

o
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Assuming that these stay constant, ang%that a reference vo]tage Tevel

stays constant, then a d1fference amplifier can compare the output

; Tevel to the reference Tevel and adjust the IF amp11f1er ga1n to

counteract any changes in gain between the antenna and the IF s

B!

amp];‘f‘ler S OUtPUt;,_. -,

- The AGC .circuit used islShown 1n Fig. 3. 3 The IF amp]ifiers’used

_have two outputs:- an 1ntermed1ate frequency output and a’v1deo (or
.,)’-‘~

'rect1f1ed) outpgn'w

v1deo output 15tﬂzfuf

output represents the output signal TeveT - This signal 1s f11tered 1n A

&an R-C £1rcu1t and is app11ed to the 1nvert1ng 1nput of an operat1ona1

) amp11f1er. The non- 1nvert1ng input is connected to a voTtage reference

formed oy an adJustable res1stance w1red into a vo]tage d1v1der. The

a

__d1fference between thele two 1nputs is amptlified and is applied to the .

) eﬁ“‘ o , '
.ga1n contro] voltage 1n‘ut,of the IF amp11f1er. THUS this closed-1oop
) S 4 5“
tends to m1n1mﬁze the dlfference'between the reference and the v1deo

i?;‘“keep1ng the IF output TeVel constant. : » ) . r

N .
. -, . [}

(' : - : &
The AGC 1tseTf creates a problem. IH keeps'the output power of

A

) 'the rece1ver constant 1rrespect1ve of the br1ghtness of: the reg1on

S
be1ng-mapped Thus the system gain wiTT‘be different for’ sources that
produce a different antenna temperatures Th1s mu1t1p11es the source

br1ghtnesses in‘the map by a factor that 1s ‘constant across the map.

The intens1ty scale of the map can. Be calibrated Qy mu1t1p1y1ng the map :

v

>
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> quant1zat10n, the 1nput mgg #gt be t @$large nor

D
1. Need. for Phase Stability . .

78

yby the system temperature.correction. This correctien'factor can be

obtained by dividing the System temperature ‘with a dish po1nted at a

region of the sky with a known temperature by the system. temperature of

the dish po1nted at the mapped region. - : o 3w

Another-reason to use an. AGC circuit is‘to keep the rms input

- TeveTs to the analog to- d1g1ta1 convers1on circuits, known ¥
nquantlzers, constant The 1nput signats are quantized to onejof. three

-possmle Tevels. The dec€€1on levels ﬁe 'fix"ed so for nieaningfui- ‘

too sma]] oo

The LocaT Osc111ator System and Phase Stabiligy

%

Tr

. R
Phase stab111ty is essent1a1 for an 1nterferometer of this type, ,_,}9

for w1thout 1t 1mages of the sky With- @3rﬁ8ct?§ﬁsolute pos1t10ns of

sources cannot be made. The prlnegsourcg of phase error, is changes of

‘N

Tength of the coaxial cable transm1ss1on line due to temperature

changes. The system deve10pe§ controTs the phase from the output of s

N the LNA to the G@&put of ‘the "IF ampl1f1er in the Synthesfs Te]escope fvv

bu11d1ng.. With th1s system the change in IF. phase for a Change 1n" {

%ransmiss1on T1ne Tength is at least 7 t?mes better than would be

. expected for a system that* only stabilizes the L0 phase, and at Teast

.
2

90 times_better than a system with no phase stabil1zat1on.

Y

-
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The relative phase between receivers making up -an interferometer {
'determines the position of the fringes in the sky. A phase error |
changes the pOSltlon of the fringes and results in a position error of
the Fourier components that form the the map.. Since a p01nt source is
Vactually the sum of many Fourier components, random phase errors will
.tend to blur the p01nt source. Equally important at locations where
~there 1s no source, the components must add fﬁ zero, but errors may L

N TR

“lead to a non-zero sum, which means that'théiﬂbise level of the map has

risen.’ An equ1valent way‘ffl

beam has been broadened and reduced 1n ampli
dﬁ

u‘ 3 V.2
sm, e

level has been raised This kind of phase error with a synthe51s

telescope is analogous to errors on the reflecting surface of a filled

)

The question of specifying the maximum phase error now arises.
‘One might get an estfﬁ%te by con51dering filled aperture radio or ~
. optical telescopes. The.maximum allowable rms error with these

~instrumeénts is often specifiﬁﬂkas A/IO This corresponds to a maximum

‘ rms phase error of 72°. Before this is applied to a synthesis

hL.

telescope one very - import;ht pOint should be kept in mind That ts°

in a filled aperture.each‘spaCing is efﬁectively measured many . times, e
‘while with most synthgsis telescopes there is no redundancy and each TR

spacing is measured only once.- Thus in a filled aperture telescope,

- many measurements are added together and the phase errors tend to

‘cancel, ‘while with a synthesis telescope,’there is only'one‘opportunity

. - - . \
v O R B ) o . ' k



to measure the phase for one spacing, so the phase had better be r1ght.hu

“Rahmat - Samii, (1983) has ca]cu]ated the rad1at10n patterns for ref]ect-ﬁj
antennas w1th random surface errors of var1ous magnitudes. H1s results

“

show.a surface w1th A/lO errors has a reduced ma1n beam amp11tude, -6dB

in his examples, and 1ncreased s1de10be 1evels. He also shows that to . -
4 [% . ’

ma1nta1n the correct sidelobe amp11tude the surface accuracy must be

much better than A/lO Dragone and quQ (19637 have .done a s1m11ar

study, but out. to h1gher order SIdelobes. They show that to keep these .
_sidelobe 1evels to- within 3 dB of fhe 1dea1 pattern the sdrface _ h
5 accuracy of the d1sh should be +0 le or. f7° 1n phase. Th1s suggests

e : b
- that the peak-to- peak phase error in a synthesis telescope should be _% :

i smaller than 14° to produce a beam with s1delobes that have sma11 :
. dev1at1ons from their 1deaT values. s - - TR
R S 2 : o

o e S . S e v o « ¢ . e o

B o
’ B N ‘

[t is useful to consnder the phase stab1]1ty requ1rements for Lo -

AN

. B vu," ~ N . \'
¢ R

\ ~ other synthesis te1escopes. Based upon e%perlence at’ Cambr1dge S ;%3
| Baldw1n -and Warner (1979) have p]otted expected pﬁase error d\g/to the = - ‘;

ionosphere verses\frequency and base11ne.‘ Foi a 600m base11ne‘at 400 -

¢

~TTTT * MHz, their expected rms error 1s about 1° For the des1gn of the, Very \j'f

}

c Large Array 1n~New Mex1co, Nap1er Kt al. (1983) spec1fy a phase error-

of 1° rms.. per g1gahertz. Based up n cons1derat1ons such as these, it
\

was decided to make the phase of the 408 MHz receivers as accurate as'
B 4 S . E :
poss1b1e, preferably less than 1° rms. e e

&0
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ﬂJnterferometer - v1rtua11y every component F1lters, amp]1f1ers,,;ﬁ
' ‘ SR

Larger phase errors can be acceptab]e if adaptive optlcs
bechn1ques are used. Th1s is done ‘to produce maps from. Very Long

Base11nem1nterferometers consisting of antennas scattered around the -

' "wor]d (Steer 1984) H"ever, these methods rely upon a large number of

A

-'s1mu1¢aneous corre]at1ons and a smal] number of uncomp]icated source -

[~

structures in the fleld prped The 408 MHz system has.. onlz_jgu;;////

:s1mu1taneous corre]#t1oh§ and w?]l "be used ‘to’ map comp11cated obJects

o

- 'that fil ‘the f1e1d S0 these 1mage construct1onBtechn1ques are not |

C.

'“approprwate._ Lh add1t1on, one of the or1g1na1 spec1f1cat10ns for thist@

-J,,, "" '.. R ’ . ' - . ‘ ..
ct19n programs as used for 1420 MHz observat1ons which depend on

. Yol . .
e s » . B A‘ R

"accugﬁte phase. “;. PAE ' v e

oA * . "
(TR SE S TR e
W R . . - . P a 0 . .

A . o

L

— B ;

i It shou?dgbe c]ar1f1ed here that the phase stab111ty that is of

’ 1 concern 1s the d1fferent1a1 phase between antennas.'»There are a 1arge B

-;number of potent1a1 sources of dszerent1a] phase errors in- the

.l,m1xers and transm1ssion line all change the phase of s1gnals pass1ng

‘through them.u;On the short term the phase characteristics of these |
‘devices are\stab]e. As they age, these characteristics may "change, but

“these changes\are corrected by the routiqe ca]ibrat1on observations.

&

One source of\rap1d phaSe changes 1s rap1d’temperature change.’ If a]]

. parallel sets of components undergo the same temperature change and if

- R
cod
[

3

2. '-Sourcesvotlﬂhase'Instabilfty ”,hi : ! \#\7., L ~,v".‘ - 4%;
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o all the- componentsxhave similar characteristics the differential phase

will not change. To establish this Situation, all components were

either qonstructed as similarly as possible or Specified to be phase

‘tracking when ordered In addition, the components were placed in Q\

constant &kmperature environments at the focus of the dishes: and in the o

. SyntheSis§§e$§scope building. The temperaturee%ontrol_an the focus

.7

1

i J

'boxes i

e @
".ld to within 1°G of 26°€« and to w1thin several degrees in

N

the Synthesws Telescope building. . - RIS

.-;}).’ L - . ‘ ‘\' o ‘ : ;«:‘5‘.

~ LT . _\\

The coaxial cables running from the receivers on the dishes to the ‘

BTN ,‘n

(/J

central SyntheSis Telescope building are not at a controlled '.Me ,'5*"f‘v

temperature, and the characteristics of different cablesgmay not be

| !

"‘. exactly the ‘same. Although ‘the’ phaée temperature,coefficient 1sllarger

,“ manufacturer s specified phase temperature coefficient )

" for the- short lengths of'RG 214 the ‘phase change will be dominated by

the much longer Heliax cable, For a one degree increase in '

to -1° at 30 MHz._ (The uncertainties are due to uncertaint'es in ﬁhe

l

.\v

[, "
frequency. Even if a subharmonic of this frequencx 1s sent down the
ey

=~
cable, the phase gets multiplied along ﬂith the T‘equency when 378 MHz i

E

is generated, so the change in phase 1s the same as 1f 378 MHz were

L L)

,s‘-

used 30 MHZ was. also used in this illustration because it is the

K

intermediate frequency.‘ The phase change due to temperature would be

Lo ' cs.
y | T i !
we . . . e - {0 e

i

Ihe frequenqp f,}
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and 3.7 arcminutes in the east-west direction. The map encloses
7.4°x7.4° of the sky.
A second map of the 3C295 region was made, but with the map centre
! j |
moved north 2,65° so that 3C295‘NQ§ at théfha1f-power point of the
. ’ -
primary antenna pattern. The CLEANed map 15 shown in Figure 4.7 with

1dent1f1ed sources ]abe]led The flux scale 1s the same as the
prev1ous map. / /;
s | e ./k/ J

The amplitude of 30295 on this-map is 8800 units, which is .4 of
the fje]d-ce?tre intensity. However, one QBUTé/;;;ezt'it to be .5

é

@

times. the fie]d-eentre;intensity since it is at a half-power point of
the primary beam. This discrepancy is‘due to a phenomenon known as
radial smearing which is,ahaldgous to chromatic aberration in optical
telescopes. Radial smearing occurs because the effective array size is
a function of frequenqy which in turn means that the ma; rad1a1 scale:
1s a function of frequency. Since broadband noise is received by the =
te]escope a point source 'in the sky will produce a point on the map
on]y if it s, at tha : atre of the map, otherw1se the source on the map
is broadened in a radial direction from the centre. Since the flux is
spread over a greater area on the map, the peak inten;ity is Tess. If
the beam is assumed to be Gaussian, then from a graph pletteq by
Thompson (1982) it can be eétfmated that the peak flux will drop to 95%
of its ceﬁtre value. A va]ue of 80% was obtained in this experiment.

The difference between the two numbers may be due to the actual beam
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. shape, "the actual bandpass shape, and errors in the measu ‘ment of the

half-power beamwidth. ¥

H.  Telescope Sensitivity: Maps of the 5C2 Region

a

The previous maps have included strong sources and the map
sensitivities were limited by the dynamic range of the map rather than
the ﬁoise teﬁberature of the receiver. Thus it was desirable to |
observe part of the sky where there are no bright sources iﬁ order to

‘

push tHe instrument to its sensitivity limit.

The region mapped is called the 5C2 region and was originally
mapped at 408 MHz with the Cahbridge One-Mile Te]escope‘(Poolgy and
Kenderdine 1968).‘,Two nights were used to map the region in this test
and the:CLEANed m%p is ;howh in Fig. 4.8. The source positions and
fluxes were compa}ed with the original Cambridge survey and with Tater
surveys (Gillespie 1979, Pauliny-Toth et al. 1972, Brundage et al.
1971, Més]owski 1971, Katgert 1975). The numbers by the sources are
the 5C2 survey number, OM and OL prefixes designate Ohio Survey
identifications, and othe} numbers refér to other survéys. 48 sources

have been identified in this map. - 0

~

There wre a number of flaws in this map. The‘first indiéEiTOn of
this is that the noise level in the map is at least a factor of three

too high. Thus the number of sources identified is too }ow. When the
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residuals from the CLEAN process are added back to the map (as was done

- . h '
with Figs. 4.6 and 4.7), Fig. 4.9 is obtained. The residuals are very

large, peaking between 500 and 1000 onits, and have a “striped"
appearance. As shown by Thompson (1982), artifacts of this type are
due to 1nterference. With fhis telescope, the most probable

£3 .
interference signal is the spurious signal at thé centre of the IF

band.

A set of simple L-C notch filters were constructed and placed in‘
the signaT lihes preceding the correlator. The filters have notch
depths between 11 dB and 16 dB with half-power pandwidths of 120 kHz.
The reduction in sensitivity due to the filters is about 1%. The 5C2
region was obeerved again, but for on]y one night, and the CLEANed map
with residuals added is shown in Fig. 4.10. Stripes are not present in
these resieuals. Th1s map is plotted at the same scele as the previous

map. The residual peaks and standard deviation are a factor of 3.4

larger in the old map than the new map.

hl

. \ :
Before the measured map noise levels can be compared with the

theoretical noise levels, the map flux scale must be calibrated. In

the map making process, the ca]ibration coefficients were selected to

give a map scale of 10 units/millidansky (mdy) However, comparison of

'source intensities 1n the first map (Fig. 4.9) with well-known fluxes

in prev1ous surveys has given a ratio of 6.8 unlts/mdy. The source of

this error s not known for certain, but it may be due to errors
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3

introduced by the large residuals.

For a two-night ﬁap,,the gheorétfcal rms noise level is 11 mly,
and for one night it is 16 mJy. Using a conversion factor of 10 map
units/mdy (6.8 unitS/ﬁJy) the rms noise in. the first 5C2 hap~is 37 mdy
(54 mly) and 11 mJy (16 mJy) in the second map. Thus .it caﬁ be )
h concluded that the notch filter has reduced the noise level in the map
fo.appkoxfmate]} its theoretical\léve].

Oﬁe further comment shOyld be made about these maps: they\ﬁeré
made for engineering purposes and have little astronomical value. This
is be;ause the total obSerVing time was short and hence the amount of
inaependent data available to make the map is small. This is
espeéja]]y true with the one-night 5C2 observation where avsmall number
of data points must define a large number of sources. Thus-it is not
surprising to find that some real sources in the first 5C2 map are not
present in the second map. However, this was a very useful engineering
test to determine the suppression of the ;elf-interference.

»

I. A Complete Survey: HB3 Supernova Remnant

The first'complete survey made at 408 MHz was of the supernova
remnant HB3 and eﬁvirons. HB3 subtends 70 arcminutes and the 408 MHz
field also includes the HIl regions W3 and W4 as well as another super-

nova remnant called 3C58. Maps at 38 MHz (45 arcminute beam) and
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178 MHz (21 arcminute beam) were described by Caswell (1967). It has
also been mapped at 2700 MHz with a 5 arcminute beam by Velusamy énd
Kundu (1974) and with a }2 arcminute beam by Wendker and Altenhoff
(1977) and at 1420 MHz with a 9 arcminute beam (Kallas and Reich 1980).
Thehcomp1ete shell has been observed optica]iy.by Fesen and Gull (1983)
and X-ray emissions have been defected by Galas; Tuohy and Garmine
(1980) using the HEAO 1 satellite. From these observatfdns it is clear
that the osject is a supernova remnant because of .its shell-like
appearance with a céntral depregsion and its non-thermal spectral index
with a=-0.52.
'

These earlier observations have prompted a number of questions,
HB3 1ies to the north west of a "chain" of HIT regions composed of W3,
W4, and W5. It is not yet certain if HB3 is at the same {istance as
the HII regions. If it is, the expanding shock front from the
supernova may be interacting with w;. In any case, the true extgnt gf
the supefnova remnant has not beeﬁ established because the edge of thé
shell is a]ong the same 11ne of s1ght as ‘the edge of W3. Read (1981)
has made HI emission maps of the reg1on around W3 and has ev1dence that

the neutral hydrogen is being swept ip by the.expand1ng shell.

The observations at 408 MHz are part of an attempt to answer some
of these questions. The set of maps at the two frequencies can help to

separate the non-thermal emission of HB3 from the thermal emission of

the HII region beside it. Only preliminary results wiH] be shown here.
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R e éﬂjw&x . .
Detailed analysis and interps;ﬁa%igh:éreibﬁyépd :;2\§h0pe of this

' RN

-thesis. Figures 4.11 and.4;1?’bﬁ§§ent thé%ﬁéigﬁfs of the HB3 survey.
These maps are superior to the ﬁ;é?fgus subvey% in a number of ways.
Most of -the earlier maps suffered from p§or dynamic range, which can be
1nferred'from the fact that the& displayed only. 3 or 4 contour levels.
The other main deficiency in thé4earliér maps is poor resolution; the
resolution in these new maps fs a fsctor of three better than>prev1ous

‘maps.

™
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