SPECIAL ISSUE:
THE AUSTRALIA TELESCOPE
IREE

Five of the antennas of the Australia Telescope Compact Array, near Narrabri, NSW
Photo: J Masterson, CSIRO

JOURNAL

OF

ELECTRICAL AND
ELECTRONICS ENGINEERING,
AUSTRALIA

Published by
The IREE Australia

The IE Aust College of Electrical Engineers
Volume 12, No. 2

Registered by Australia Post Publication No. NBP2876 Ju ne 1992




EDITORIAL POLICY

The policy of the publishers of the Journal of Electrical and Electronics Engineering, Australia is to publish a variety of contributions to the science and practice of
electrical engineering. Major fields of interest include electronics and communications engineering; electric energy; automation, control and instrumentation;
computer and information technology. The Journal of Electrical and Electronics Engineering, Australia aims to publish reviewed technical papers in the major fields

of interest, as well as in allied fields.

Papers should relate to the relevant field and will usually fall into one of the following categories:

a.  Research paper. A paper making an original contribution to e.  Tutorial paper. A paper which explains an important subject or

engineering knowledge.

clarifies the approach to a matter of design or investigation.

b.  Special interest paper. Report on significant aspects of a major or f. Engineering Communication. A technical communication or a letter

notable project.

c.  Review paper for specialists. A critical survey of a relevant area, constitute a full paper.

to the Editors not sufficiently developed or extensive in scope to

intended for specialists in the field covered. g. A contribution to discuss a published paper to which the original

d.  Review paper for non-specialists. An overview of a relevant area, author's response will be sought.

suitable for a reader with an electrical/electronics background.

From time to time invitations are presented to particular authors to write a paper for the Journal. This most usually occurs when it is decided to collect a number of

papers relating to one subject into a given issue, often with a guest editor.

The expected length of acceptable contributions will vary considerably but 4 000 to 5 000 words or word equivalents for papers could be the norm. Engineering

communications should not exceed 1 000 words and contributions to discuss published papers should not exceed 500 words.

THE INSTITUTION OF RADIO AND
ELECTRONICS ENGINEERS AUSTRALIA
Incorporated by Royal Charter

A. Baitch

Patron: His Excellency the Honourable Bill Hayden A.C., Board Chairman

Governor-General of the Commonwealth of Australia.

THE INSTITUTION OF ENGINEERS, AUSTRALIA
Incorporated by Royal Charter
COLLEGE OF ELECTRICAL ENGINEERS

R. A. Breen

College Executive Officer

BOARD MEMBERS: EDITORIAL PANEL:

A. Baitch (Chairman) C. G. J. Streatfield D. Hill
OFFICERS AND COUNCIL 1990/91 N. W. Bergmann  B. W. S. James (Chairman) M. J. Miller
D. N. Cooper, President D. J. Brumby J. E. Ower W. A, Brown V. Ramsden
J. Hiller, Council Chairman P. B. Cheesman  J. M. Saundeérs A. Cantoni P. H. Sydenham
G. A. Rigby, Immediate Past President G. H. Couch C. B. Speedy J. R. Dixon Hughes
D. E. Robinson, Deputy President F. G. Clerk C. G. J. Streatfield
G. D. Sizer, Vice President C. F. Cooper P. N. Walsh
J. R. Spencer, Vice President J. W. Howerth Gabrielle Young

E. F. Adcock, Honorary Treasurer
J. 8. Ratcliffe, Honorary Assistant Treasurer
B.F.C. Cooper, Honorary Editor JEEEA

Editorial Secretary

NATIONAL COMMITTEES:

Heather Harriman, Executive Director

Electric Energy:

G. H. Couch E. Hobson Corresponding Members:
COUNCILLORS: (Chairman) T. C. Horman J. N. Allen ‘
E. F. Adcock J. R. Kerrison V. R. Dooley C. G. J. Streatfield 1. G. Forfe
A. P. Boon R. W. King M. J. Geeves D. K. Sweeting V. J. Gosbell
C. Borger D. Le Comte R. H. Golding A. T. Wilson H. K. Messerle
T. K. Bourke F. Novacco J. M. Porter
W. D. Burrows R. Penno . ) D. W. Stott
G. F. Cochrane W. Raeside Automation, Control and Instrumentation:
G. J. Cohen J. S. Ratcliffe C. B. Speedy (Chairman) 8. Lieblich Corresponding Members:
D. N. Cooper L. W. Renfrey E. Betz N. W. Rees R. W. Gellie
M. G. Duncan G. A. Rigby R. R. Bitmead P. M. Stone C. A. Stapleton
D. W..Edwards D. E. Robinson M. L. Brisk P. H. Sydenham
J. C. Gordon L. H. Shearman C. R. Guy
P. O. Guenther G. D. Sizer N. H. Hancock
J. Hiller J. R. Spencer
R. Horton A. N. Thiele Information Technology:
R. M. Huey 0. Wellesley-Cole N. W. Bergmann F. J. W. Symons Corresponding Members:
D. J. Hutchinson (Chairman) P. R.. Tompson R. H. Frater
C. J. Connaughton P. N. Walsh R. Grevis
‘ G. O. Cosgriff J. A. Vipond W. D. Humpage
PUBLICATIONS BOARD: J. R. Dixon Hughes P. L. Wilkin P. C. Lane
J. G. Rathmell, Chairman G. N, French G. W. MoAuslane M. P. Moody
B. F. C. Cooper, Hon. Editor M. R. Haskard D. A. B. Sangster D. J. Newnham
R. M. Brown, Technical Editor R. Horton A. J. Riley
J. M. Albiston G. A. Rigby A. Sale
H. F. Bartlett I. Shearman D. J. Watson
H. 8. Blanks G. Sizer Building Services:
E I\-/\./CEh:war ds C m E}:}Ie :A r\g %Tg\r;/cri]ers (Chairman) Corresponding Members:
AR R. E. Brothers
E. W. Donnelly R. H. McKerizie
P. Hein P. G. Stewart
('; é '\'(‘ACGt'" G. R. Medley
urton ;
B. A Narm G. B. Nicholls
A. E. Purkiss
Journal of Electrical and Electronics Engineering, Australia - IE Aust. & IREE Aust. Vol. 12, No 2. June 1992



JOURNAL OF ELECTRICAL AND
'ELECTRONICS ENGINEERING
AUSTRALIA

Published by . o o ' Volume 12, No. 2

The IREE Australia =
The IE Aust College of Electrical Engineering ‘ JU“er 1992

SPECIAL ISSUE: THE AUSTRALIA TELESCOPE

iv Foreword e e e R H Frater & J-W Brooks
- Chapter 1: The Australia Telescope
103 Overview . .. .. e e e e e R H Frater, J W Brooks & J B Whn‘eoak
113 - System Descnptlon ........... e e T, L.ad Ne/son
. Chapter 2: Slgnal' Path '

121 ‘Antennas.... . e e e - D N Cooper ‘G L James, B F Parsons & D E Yabsley
137  The Feed System G e e e ... GL James
147~ The Receiver System ........ i.. M W Sinclair, G R Graves, R G Gough & G G Moorey
161~ . " The Local Oscnllator System . ....... e A C Young, M G McCulloch, S T Ables, .
: ' RV .M J Anderson & T M Percival

173 The Sampling and Data Synchromzatlon Systems ......... W E Wilson & M W Willing
177 The Optical Fibre System . ... AC Young, MJ Anderson M J W Hayes & R C Ticehurst
183 ~The Delay System .. ... ... oo e e e WE Wilson & C N-Garter

‘ Chapter 3: Signal Processing:
187 The Correlator ... ........... ... WE Wilson, E R Davis;, D G Loone & D R Brown
199 - On-Line Computing for the Compact Array . ... M J Kesteven, D McConnell & J F Deane
205 - ‘Data Reduction and Image Processing .. . .. R P Norris, M J Kesteven & M R Calabretta
_ Chapter 4: Operations -

o211 Monitoring and Protection Strategles for ' ’
: - the Compact Array ... P J Hall, M J Kesteven, ‘R J Beresford, R H Ferris & D G Loone

219 Operations Begin . . . . . e e e e e G J Nelson & J B Whiteoak

s ~“Chapter 5: Radio Astronomy ,
225 . The First Radio Astroromy: Results and Future Developments R D Ekers & JB Whiteoak :

-Published by The Institution of Engineers, Australia, 11 National Circuit, Barton, A.C.T. 2600. Telephone: (06) 270 6555 and The Institution of Radio and Electronics. -
Engineers Australia, Commercial Unit 3; 2 New McLean Street, Edgécliff, N.S.W. 2027, Telephone (02) 327 4822, .

Pnnted by Ambassador Press Pty. Ltd., 51 Good Street, Granwlle 2142,

Responsibility for the content of these papers rests upon the authors and not on THe Institution: of Engmeers Australia or The Instltutlon of Radio and Electronlcs
Engineers, Australia. Data and conelusions developed by the authors are for information only and are not inténded for use without independent substantlatmg
,|nvest|gat|on on the part-of the potential user.

Journal of Electrical and Electronics Engineering, Australia is published quarterly by The Institution of Engineers, Australia-and The Institution of Radio and Electronics

- Engineers, Australia. All correspondence, including manuscripts and advertising-enquiries, should be addressed to the Secretary. of either Institution. Abstracting is
permitted with due credit to-the Journal of Electrical and Electronics Engineering, Australia. Price: members; $10.00 per annum (included in annual subscription), $7.50
per single extra copy; non-members, $48.00 per annum, $15.00 per single copy. REPRINTS: Reprints of technical- artlcles are available. Quantities of not less than 25 may
be ordered.

' Journal of Blectrical and Electronics Engireering, Australia - vI,E\‘ Aust. & IREE Aust, Vol, 12,No 2, -, o L al " June 1992 - -



Journal of Electrical and Electronics Engineering, Australia * IE Aust: & IREE Aust. Vol. 12, No 2.

g 1992



The Australia Telescope is an example of the best design andengineering skills of this country. We who
have been associated with it take great pride in that it was built with an unprecedentedly high Australian -
content, that the Australian companies invoived showed themselves to be internationally competitive in
- price and quality, that it was completed ‘within the agreed budget and that it is now performing as a
.world-class astronomical instrument. This is rio accident, Extensive planning went into the design, and
into the considerable task.involved in getting it funded. It was funded fully by the Australian Government,
In this. special issue, those responsible for key aspects. of the design, construction and early stages of

~ . operation of the Australia Telescope describe the elements of this complex_sys'tem,. S

‘The Australia Telescope owes its existence to the presence .in Australia of a healthy and coherent -
astronomical'community, involving many scientists and engineers in universities. and other organisations

- around the country. The existence of a number of these internationally competitive groups.is partly due

- to the decision, made back in the 1950s, to build.the Parkes Telescope. The construction of the Parkes
‘telescope was seen in the CSIRO Division of Radiophysics as the way forward at a time when several, now
famous, Australian astronomers working in“lhe‘Divi'siosn' had competing ideas for major new facilities.

Competing proposals came from J. P. (Paul) Wild, W.N. (Chris). Christiansen and B.Y. (Bernie) Mills.
Paul's proposal to build a radioheliograph was supported by the Chief of the Division of Radiophysics at
the time; E. G. (Taffy) Bowen. It is interesting that the Parkes Telescope and the Radioheliograph at

- Narrabri were built with substantial US money from the Rockefeller and Ford Foundations. With two major

facilities in train, it was clear that the future for Bernie Mills and Chris Christiansen lay elsewhere. Bernie
went to the School of Physics and Chris to the School of Electrical Engineering, both at the University. of
Sydney. -Bernie obtained funding, primarily from the US Nationdl Science. Foundation, for the:Molonglo

- Mills Cross; Chris arranged to take .over the historic Fleurs observatory from the CSIRO and set about

- converting the Chris-Cross solar. radio telescope into a compound interferometer synthesis. telescope. -
- Funding for this came from the University and the embryonic Australian Research Grants Committee, as .

did the.later funding for the Mills Cross.

The major proponent of the Parkes Telescope was Taffy Bowsn. Assistant Chief at the time was J. L. -

(Joe) Pawsey. Long acknowledged as the ‘father’ of Australian radio astronomy, Joe accepted the position
~of Director of the National Radio Astronomy Observatory, Green Bank, USA in 1962, one year after the

Parkes telescope was officially opened and its first Director; John Bolton, appointed. Joe Pawsey died in

1963 before he was able to take up his new duties.

By the 1 970s, Australia had five'wdrld-.ranking groups in radio‘afstr'o'hIOmy‘:'t‘hose at Molonglo, Fleurs, the
 University of Tasmania, led by Graham (Bill) Ellis, and the Radiophysics groups at Parkes and Narrabri.
- Each had expertise in key areas of radio-telescope instrumentation. -

~ The possibility of building a large synthesis telescope in Australia became a topic of discussion among the

- world’s astronomers in the early seventies. The Westerbork Telescope, for example, had been a highly
.- successful venture in the Netherlands, and Dutch astronomers were considering ways of establishing a

~ comparable instrument in the south — a 'southern Westerbork’, At this time, too, the Cambridge 5-km
telescope was operating in the UK, and the VLA (very large array) was under construction in the US. '

In1975,a stee'(ing 'commiitee ways:eStabli‘shé\d;;Undgr'_the éﬁaii[ﬁanship of Paul Wi_ld, fo'build an Australian.
- Synthesis Telescope. Dr Kelvin Wellington was chairian of the Technical Design group associated with
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this proposal. By.that time, the astronomical community had a well-identified need, and it was clear that,
within the various Australian groups, we had the necessary scientific knowledge and engineering skills to
conduct such a major project. The Steering' Committee and an associated Design Study Group worked
on various designs during the late 1970s. This led to a proposal being developed for the Australian
Government to fund a new facility (the Australian Synthesis Telescope) on the Parkes Telescope site.

When RHF became Chief of the Division of Radnophysncs in 1981, this first proposal \n/as well on the way

to being rejected. When this was formally known, he was faced with a dilemma. The project.had been

dangerously under-budgeted. Its scope was limited in terms of the ability of the proposed telescope 1o

meet future needs, and we ran a high risk of getting devastating interference from proposed mining
- operations at Goonumbla near Parkes. The proposal was not’ resubmltted the following year.

By this time, RHF, as Chief, had already decided to close down the Radtohellograph at Narrabn giving
us an available site. The original proposal had not provided for very-long-baseline-interferometry (VLBI)
use but, by having the main array at Narrabri, we would have Narrabri, Parkes and the 70-m antenna of
NASA’s Canberra Deep Space Communications Centre at Tidbinbilla available for VLBI. A dlscussmn with
Dr Brian Robinson late one afternoon on the radio- mterference problem at Parkes.led to a discussion of
alternatives. Restnctmg alternatives to servnced sites, we' reallsed that a main array .at Narrabri with a
single antenna at Siding Spring mountain near Coonabarabran gave an almost perfect four-element array
with Parkes and Tldblnbllla The new proposal was conceived. Specmcatlons for the system were reworked
to be more competltlve in’ every d|menS|on of proposed operatlon and we were ready to promote |t '

The tlmmg of the proposal was such that we were. Iooklng at the possnblllty ol openmg ‘the telescope in the

bicentennial year, 1988. We riamed it the Australla Telescope and promoted it as a Bicentennial Prolect _
it was formally endorsed by the: Bicentennial Commtttee andfunded by Maicolm Fraser's Government in
the 1982 budget. -It was opened in September 1988, a month after the first pair of antennas had been ..
operatnng successfully as an interferometer. During ‘its’ construction, a' close association developedw :
between CSIRO and the engineering firm Macdonald Wagner (now Connell Wagner) WhICh has contlnued' e
mto successful commercual ventures L . S : o

The completed mstrument is the work of many people some ot whom appear as authors in this issue. We
comrhend the skill and cooperation of the Laboratory’s ‘Engineering Services Group, mcludlng the workshop
and drawing office. Thanks are due also to the administration and support groups, and to Mrs Eileen
Barnett, personal assistant to RHF, for her dnplomatlc handllng ofi issues coneerning the Offlce of the Chief,
Mt Johh Masterson, assisted by the staff of the photographlc laboratory, was responsnble for many fine
photographs taken dunng the constructlon of the Austraha Telescope and tor many ‘of those |n thls lssue o

The expert advnce and support given to the pro;ect by the late Alec thtle was mvaluable Two other-*.
members of staff, now deceased, made substantlal contnbutlons to the prolect ' Dr Max-Komesaroff in

. the area of polanzatlon and Mr Paul Rayner in computlng ‘We also owe thanks'to Mr Arthur Watkinson
who joined the project in 1986 as systems advnser, and toour tnends at the US Natlonal Radlo Astronomy' :
Observatory for the support and adwce they gave so freely o \ -

The task of making the matenal forthls issue presentable has been tlrelessly and mettculously carned out
by Dorothy Goddard, editor at the: Radiophysics Laboratory. Brian Cooper (ex Radiophysics and engineer.. .
- par excellence) undertook the colossal task of refereelng Gwen Anne Manetleld s secretanal help is .
, gratefully acknowledged : : : v

What follows: in '(hlS issue is: the nuts and- bolts snde ot burldlng a radlo telescope Some ot the more!
colourful aspects will have to wait for another tlme U

R H Frater:
<. wJd W-Brooks
~ Guest Editors
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103

The Australla Telescope
o Overview

. RH. Frater*, I:W. Brooks* and J.B. Whiteoak*

SUMMARY - On the second day of September 1988 ata w1ndy ceremony held at CSIRO’s Paul Wlld Observatory
“near Narrabri, some 600 kilometres north- west of Sydney, Australia’s then Prime Minister, the Hon. R.J.L. Hawke,
* declared the Australia Telescope off1c1ally oper. This heralded a new exciting era in Australian scientific research,
because the ‘Australia Telescope is an advanced radio telescope network which will keep Australia at the forefront of -
radio’ astronomy for many - years to ¢ome. Des1gned and built in-Australia, and containing a:high Australian content,

‘this “50-million dollar natlonal fac1hty 1s a subStantlal monument to Australlan manufacturrng expertlse and

- hrgh technology capabrllty

1 INTR‘(‘)‘DUCTION“

: In general terms the: Austraha Telescope (AT) is a

collection of eight antennas located: at three drfferent ,
- sites in New South Walés (see- Fig. 1). Six new identical -

' antennas, éach ‘with a parabolrc reflecting surface 22

. ‘metres - in diameter, are located at the Paul erd’ :
~ - Observatory near Nartabri. A seventh 22-m" ‘antenna - -
(the Mopra’ antenna) has been constructed a few ¢

" kilometres west of Coonabarabran. The 64-m diaméter
Parkes antenna completes the collectron after more than
thirty ~yeats of’ operatron it~ contrnues to y1eld
high- qualrty radro astronomy results S -

S 1.1 Compact Array

- The six antennas hear Narrabrl form the 6 km Australla
) Telescope ‘Compact Array “(Fig, 2). They operate
. together as a "synthesis’ telescope. All can be self-
propelled along 4 railtrack; five are set on a 3-km
east-west section, while the sixth is on a small 75-m

" “track a further 3 km to the west.- For operatron the"

antennas are installed with an accuracy of a few

- millimetres on stable concrete platforims (’stations’), 35
along the large track and two along -the small track..
“The srgnals recerved by the 1nd1v1dual antennas are

* Instltute of Informatlon Scrence & Engmeerrng’, o

‘CSIRO, PO Box 93 North Ryde NSW 2113

. .07 Australia.

#K  Australia Telescope Natronal Facrlrty, CSIRO
- PO Box 76, Epping. NSW 2121, Australia.
‘Submitted to The Institution of Radio ‘and -

" . Electronics Engireérs Australia in June 1992,
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.- Figure 1

Narabri o
g Cfoonabarabr}an: °

‘ Parkes o . Newcastle.

Sites of AT antennas and other antennas
used in long baselme array networks :

transmltted toa central control burldmg for processmg ‘

' usrng spe01ally developed correlators

The constructlon budget provrded for Compact Arrayk' |
operation in wide bands centred at frequencies of 1.5,

. 2.3, 5.0 and ‘8.6 GHz." Dual- polanzatron systems are

currently available for these frequencies. For the 6-km

“array operating at the highest frequency, the-angular

resolution is 0.8 arcsec, similar to that of conventional

. optical telescopeés under stable atmospherrc conditions.
-When fully developed, the Array will also operate at

other frequencres between 0. 3and 116 GHz (see Table

). Many ‘'of the bands were selected to include the

" ung 1992
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Figue 2 -

F1ve of the six antennas of the AT N
Compact Array ' ‘
CtapEl
Observing Bands for the Australiz Telescope - -
Frequency Wavelen gth Important
Coverage . Designation - Molecular
(GHiz) S . P Lines
osme0me . | s . [0
0.5825,\- 0603 ; - | B0am. . . ,
1.25-1.78 (L) * Wen © .HIL,0H
22-2508)r | B ] o
C44-610C)* | 6am’ * H,CO,0H
Bo-sztea: | san R
(200-25(K) | 12mm | HO,NHy
42.0- 30.0 (‘Q.')_ Jmm .- :si_o’,'cs_ ‘
84.0-985(W) | ~ 35 mm Si0, HCO*, C;H,
S : : *HON, NHT, cs,
X ‘ ’ CHOH
1050-1160(F) | 26mm o -

|+ bands available initially
“#° later extension to '10.»7@}"12 s

frequencres of astrophys1ca11y 1mportant spectral lmes '

from mterstellar atoms, . ions, radicals and. molecules»;

Other bands contain the frequenc1es commonly used by ,

VLBI (very large baselrne 1nterferometry) networks

- The frequency range coverage was ‘extended up to’

115 GHz to enable observatlons of a llne of carbon

monoxlde one of the most abundant 1nterste11ar. T
. molecules

v

;71-21.";:Whﬁt' is a ’Syhtﬁesié’» T'Ii:lescope?

A synthes1s radro telescope 1s ‘an array of separated’l_' N

antennas Wthh operatrng together ca_g synthesrze an

Journal of Electrical and Electronics Engineering, Australia, - {E.Aust..& IREE Aust. Vél. 12,No 2,. .- -
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aperture much larger than those of the individual
antennas. For a conventional reflector -telescope the
angular beamwidth varies as the inverse of the antenna
aperture measured in wavelengths. To obtain .a
beamwidth of one second of arc, which is similar to that
of -conventional optical - telescopes under average °

‘atmospherrc conditions, an aperture of 200,000

wavelengths would be needed. This aperture would be
40 km for operation at a wavelength-of 20 cm, i.e. at a
frequency of 1,5 GHz! Clearly, such a single aperture

" is not possible. ‘However, it is possible to synthesize

the aperture using observations with a two-dimensional
array of antennas arranged to cover all the spacings of
the synthesized ‘aperture. By correlating the signals
from pairs of antennas, and two-dimensional Fourier -

. ltransformmg the product total, a radio source 1mage is
- produced w1th angle resolutron approprrate to ‘the
i, synthesrzed aperture ‘

1 _‘;However the Compact Ar1ay 1s only one d1mens1onal
v 'Although it prov1des hlgh angular résolution in the
direction of the array extensron the angular resolution

in the orthogonal direction is only that of a 22-m
antenna. Fortunately, for radio astronomy observations,
the rotation of the -Earth. enables. high-resolution
observations to be made in all- directions. . This.
technique, known as Earth- rotation synthesis, was first

) apphed to cosmic radio sources in a survey of the north’
" polarregion pubhshed by Ryle and Neville [1}i in 1962
~'As a radio source moves across the sky, it. appears (o
' rotate, and an array trackmg the source for long periods

of time" can sample the d1fferent orlentatrons The -

o degree of rotation depends on the locatron of the - source.‘
For s southern sources, the Compact Array can sample all
or1entat10ns However ‘observations. of more northern -
“sources near the celest1a1 equator yreld 1mages with high

" resolution only in an. east-west direction;” to provide

hrgh resolutron at’ other orientations, antennas wrth
north- south separatrons would also be requrred

‘ »The number of spacmgs for n antennas is n(n 1)/2: Six

antennas prov1de only 15 spacings, and the Compact

' Array ‘cannot provide all -the spacings to cover the
h synthesrzed aperture fully i ina smgle observmg period.-
‘ However, -additional spacmgs can be added by

ryrng _with the .antennas’. set. at different

*con fiigurations. of statrons Many confrguratlons would

be needed to. prov1de a ’frlled’ array, but, by us1ng"
sophrstrcated image processrng techmques it is poss1ble '

,to obtam hlgh qualrty 1mages w1th as few as ‘three.

3 Long Baselme Array

‘ The Compact Array, Mopra antenna, and Parkes radlo'
telescope-can be linked together to form the Australia

Telescope Long Basellne Array. "The’ s1gnals received.” ‘

.t each site are récorded with tape recorders, . At the .
" moment, correlatmg the: srgnals from -all the sites is
" carried out at the US Calrforma Instrtute of Technology ,
* Ultimately, correlation will be,possible at Narrabri, AT

- June 1992
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frequency bands betweén 1.5 and 23 GHz will be used
- for observations. : The array -extends more than 320 km
in "a “north-south - direction, providing -an angular
resolution fifty times higher than the Compact Array.
"Even h1gher resolutlon is requrred forsome studies, and
- the Array will be rncorporated into large VLBI networks

containing. . other  antennas in Austraha in- other .

countries,. and 1n orb1t

1.4 »’Stand'—‘alone’ Ope‘ration
Apart from its " tise in the LOng Baseline ' Array;- the
Parkes radio- teléscope: w1ll continue to' be used ‘for
’stand-alone’- -operation. - In addition, it is planned to
outfit the Mopra antenna for widé-band (700: MHz)

operatlon at 115 GHz; at- this' frequency its” only -

competitor in the Southein Hemlsphere will be the: 14-m

.Swed1sh-ESO Submllhmetre I‘elescope (SEST) in Ch1le ,

3 THE AUSTRALIA TELESCOPE o
‘CONSTRUCTION PROJECT

2.1 Background

The reference to° astronomrcal and meteorolog1cal ‘
observitions in ‘Section” 51 ‘of the Constitution ‘of the

Commonwealth of Australia implies a fesponsibility to

© Carry out such observations. Australian astronomers
" - have accepted this challenge. Large optical telescopes -

. have been built, starting” with the Great Melbourne
- Telescope in 1858, and progréssing to the presént 4-m:

Anglo- Australlan Telescope (AAT) near Coonabarabran ’

1n NSW

Austrahans featured prommently in developmg the
younger ‘science" of ‘radio ‘astronomy. ‘At thé‘end of

© World War ‘11, pioneering" work was - carried out by
- scientists formerly engaged in wartime radar researchat -
/Their achievemenis ‘in- tadio"

CSIR .(now CSIRO)."
- astronomy, initially' obtalned using* surplus - ‘radar
équipment, - brought great’ -préstige 1o Austraha
- -Australian. res¢arch remained at the forefront for - the

‘mext thirty. years as CSIRO and ‘university ‘scientists

‘constructed a stceession of fine radio teléscopes. The

more récent additions include’the Parkeés 64+m antenna
“(completed in 1961 [2]), the 1.6-km Molonglo Cross
arrdy - (completed in 1965 [3]); - the - Culgoord
Radioheliograph (completed in 1967 [4]), and the Fleurs
Synthesis Telescope, commissioned in 1973 [5]). Many
important discoveries were made, particularly involving
unique and important objects of the southern skies
: whrch cannot be v1ewed from northern observatones

In subsequent years: both the Parkes antenna and the
Molonglo- Cross: wete - upgraded even’ today’ ‘they
continue - to" ‘support - good research, and: produce
- scientific breakthroughs from time to time. "Howevet,

diring: the 1970s, it became apparent that the existing’

* instruments could not opérate at the high freqiiencies

Journal of Electrical and Electronics Engineering, Australia - IE Aust: & IREE Aust. Vol. 12, No 2.

required for some astronomy. research nor could they

. image .celestial objects with the fineness of - detail

available with optrcal and space telescopes. Moreover,

‘other countries were constructing a new generation. of

telescopes that could give their astronomers the leading
edge 'in research. It was obvious that a new radio
telescope was needed to preserve the research. v1ta11ty of
Austrahan rad1o astronomers : :

In 1975 a steering committee, chaired by Dr J.P Wild
(then Chief of CSIRO Division of Radiophysics) and
with members drawn from CSIRO-and Australian
un1vers1t1es developed a propoSal for a high- resolution

“radiotelescope; the “Australian . Synthesis Telescope

(AST). - The proposal ‘was - supported by ASTEC
(Australran Science and Technology Committee) in
1979, which’ recommended .that "the Australian

~Synthesis Telescope be given first priority ‘among

telescope proposals...", The Executive of CSIRO
included the request for funds in their 1980/81 list of

" high prtorrty prOjCCtS that was submitted to the Fraser

Govemment However fundrng was not made
avallable ‘ ,' " :

Dr R: H Friter became Chref of Rad1ophysrcs in 1981
and 1mmed1ately initiated a redeveloped proposal, thie
Australia Telescope As ' a result of widespread
consultation, the AT was ‘more in tune with the

- astronomical objectives of Australian radio astronomers

than the AST. In addition, it planned to use front-line '
echnology that would result in an instrument capable of

-leadmg edge research up to and beyond the turn of the
- century. Learning from their previous experience with
‘the unsuccessful AST, radio astronomers lobb1ed
. politicians, and embarked on a major program to 1nform'

the public ‘of ‘their needs:  Preliminary - technical

. spec1f1catlons weré drawn up, based on the results of a
. symposium ' Astrophysical Objectives for the Australia

Telescope” “held at the Radiophysics Laboratory in
February 1982. These defined the AT as a set of six
22-m antennas- in a 6- km array at Narrabri, a seventh
22-m -antenna ‘on Sldmg Sprmg ‘Mountain, near
Coonabarabran, ‘and the' Parkes radio télescope. The

‘ h1gh frequency 11m1t was set at 40 GHz ‘

In’ May 1982 ASTEC recommended in‘a report ’New

Telescopes for Australian” Astronomy in the 1990s’ that
the 'AT be accorded the h1ghest level of pr1or1ty, for
reasons mcludmg ' .

(-1') national prestige -
“* (i) responsibility to study the southém skies

(iii) impetus for technological innovation and

- ‘manufacture of radio and other equipment
- (i‘v‘) status as sole current source of observations
" of southern skies at radio wavelengths needed

“io’ complement those’ of - other wavelengths
made from ground and space instruments.’

o Tuné 1092
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In. 1982/83 CSIRO’s Executive gave the proposal top
priority. The Minister for Scrence and ‘Technology also

included it as the top prlorlty item.in his submission of

new pollcy proposals for 1982/83 In its 1982 August
budget the Fraser Government. approved fundmg for the
AT at the level of $25 million (January 1982 values)
spread over six years.: 1t also agreed that the project be

endorsed as a Blcentenmal PI'O_]CCI: with an. official .

opening as part of the 1988 celebrations. An AT Advisory
Committee was set up; at its first meeting in October
1982 it enlarged its membershrp to include overseas
scientists. An AT System Concept Workshop was held
in.December 1982 to establish a total concept and to
1dent1f1y key personnel requirements for the prOJect

The Hawke Government galned offlce early in 1983 and
referred  the project to a Parliamentary Standmg
Committee . .on Public - Works.
Commlttee 8 1nspect10n of the Radrophysws Laboratory
' and the proposed s1tes for the fac111ty in August. 1983
Government fmally approved the AT prOJect m
November 1983, ata level of $30.7 million (indexed to
March' 1983). As recommended by ASTEC, it was
agreed -that the: AT . "be -built - and . operated. by’
CSIRO.. Jand] that the telescope be regarded as
National Fac111ty available for- use by all Australlan
astronomers", W1th1n CSIRO respons1b1hty for the
desrgn and constructlon ‘was vested in the Chief . of
Radlophyslcs . : :

The major constructlon lasted flve years, durlng Whlch’:
trme inflation and currency. mdexatmn took the prOJect'
cost to $50 million. After the first interferometer tests

and durmg the 1988 Bicentennial celebrations, -the AT‘
“was_formally opened It was then fitted out in trme to
begln operatmg asaN atlonal Facrhty in Apnl 1990

2 2 Management

,/_p»

A well structured management group was set up to

bu11d the AT, After. the system concepts had been

defined, and core 1deas estabhshed teams were formed‘

to explore and expand these concepts to gauge
feasibility, and to estimate the financial and human
resources requrred to 1mplement them, Team. leaders‘
~ were selected who were techmcally strong, system’
orientated and stimulated by new challenges. They also
had established track records. Other key positions
developed during the course of.the project.

The management of the construction project was carried

out by the CSIRO Division of Radiophysics, and was
divided into policy and planning groups, technical and
construction groups, and advisory and working groups
(Fig. 3). Dr R.H. Frater, Chief of Radiophysics at the
beginning, and Director of the CSIRO Institute of
Informatlon Scrence and Engmeermg later spearheaded
the management as Pro;ect Director; dlrectly responsible
to him was the Project Manager_Mr,J ..W. Brooks,
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Management stnlcture for AT
. construction. - N .

Progress monitorihg e

Progress monltorlng was carried out at several dlfferent
levels, At the top level, an Advisory Committee was
establlshed in the initial stages of the  project to prov1de 4
general policy guidance on construction, and to review
crltlcal areas. The Commlttee, chaired by: Dr R.H,

Frater, consrsted of three screntrsts from the Division of
Rad10phys1cs three:non- -CSIRO Australian astronomets,

and ..three experts from overseas. radio astronomy
1nst1tut10ns It met ‘at. intervals, of approxrmately six
months and produced an annual progress report for the
Federal Minister for Science, It was advised on detailed
scientific matters by a sub-committee, the AT Scientific

_ Objectives Committee (ATSOC).: Chaired by Dr R.N.

Manchester, - ATSOC’s:~* membership - represented

" astronomers.. at Australlan universities and other

IIIStltlltIOIIS

' T.h'e Project Office, the. Director, -and . others - when

relevant, met- regularly to ‘review management and

- contractual issues. The Project Manager held monthly

meetings. with the technical groups, project office and
site repr"esentatives', to monitor and coordinate p‘rogreSS.
When required, -other ad-hoc review or information
meetings were organised to discuss key problem areas;
the participants: 1ncluded both Radrophysms staff and

relevant external’ experts
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Several documents were used in the monitoring process.

- At the start of the project, a system definition document -
" was. drawn- ‘up, . prov1d1ng ‘the “goals against  which._

progress -could -be measured: -In addition; the groups
- produced .’critical “path: charts’  related to .their
operations. These brought into stark relief critical areas
such as the development: of the correlator, -From. a

prOJect management .view, they showed clearly- the -
“scope of the project and the. required sequencing of -

tasks. - After extensive - consultatron with the' groups,
standards -were “set- for various - components of the

construction; These were documented and followed by
“all groups.. Th1s undoubtedly fac111tated the mterfacmg .

~-of- hardware

Finance‘ and Per'sonﬂel S

Careful fmancral management was a key requrslte of :
~'Thé.- construction- project was: 1n1t1a11y~

the. pI'O_]eCt
funded in"March- 1983 dollars (at $30.7: million). .

" agreement with the Federal ‘Départment..of Fmance
-quarterly. ‘balances . -were. - calculated, -indexed ;. for -

variations -in. ‘the CPI (Consumer Price Index), ‘wage
rates “and foreign . exchange. .:Due .mainly.-to these

- factors, over the coursevof -the construction the -total -
amount expended. on. the pro,ect mcreased to $49 5 :

m1ll1on (June 1987 dollars)

.Some 40 extra staff were. employed durmg constructlon T
Many ‘members of Radiophysics™ joined: the ‘project, =

-some: by - secondmient.. In ‘all,'73 positions’ were

- associated with it: Many of the new appointments were -
~ Although - this -practice affected - the ° -

- continuity of the project it was nevertheless consistent
‘with a policy . supportmg the transfer of training and

* o expertise from CSIRO to industry. Furthermore; inthe - .
* final - stages, .-it- enabled .a :smooth- conversion . of

COnS[fUCthD pQSlthIlS mto operatrons pOSlthl’lS

o (,. .

T *Pubhc Relatwns

Publ1c1ty ‘was an lmportant facet of the pro;ect Many S
" technical. presentations ‘'were made at.engineering and:
astronomy. imeetings; and durmg visits to Auslrahan and'» ‘

overseas screntrflc and engmeermg 1nst1tut10ns

rIn addltlon to the Annual Report prepared for the '
Minister,: numerous - pamphlets and . brochures  were.
‘produced ‘before and .during construction, illustrating:
both the technical extent-of the project and the proposed

use-of ‘the: finished product for: radio .astronomy. A
- six-monthly -series; Countdown, ran from January 1984
to’ -December-1988. - It-followed -the .progress of .the,

project; and highlighted new developments in astronomy: " .
“that would. ‘be “relevant -to.-the’: Telescope’s. future.
" operation.’ “Another series, AT Newsletter, focused more .

~ on-the- actual * progress--ofthe project.:- -It . is- now- -
- -produced: at:four-monthly. intervals.‘and deals: wrth_x'
... operational. aspects and scientific results.: T
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-In 1986, a -contract was. lee to- ‘produce -4 video
- documentary of the construction history.” This resulted.

in twoVCR versrons ‘a; 65 m1nute, and a shorter ‘
17-minute version.

The ‘construct,ion, project-had- a high profile, and there
was. a- constant demand for speakers by astronomical

“societies - and groups,  sérvice. .clubs and schools.

Significant ‘events were given a w1de coverage by the .
news medra S ‘ :

S 'B‘oth the‘» Parkes and Paul'Wlld‘Observator{ies nowr have

extensive  visitors ceritres. - The Parkes Observatory

" Visitors Centre:began operating about 20 years ago, and

has'been extremely successful.: The Centre at Narrabn

was completed in 1990

SCIENTIFIC DESIGN GOALS

In,planning the AT werecognized. that the instrument
would have to compete on equal or better terms ‘with -
overseas radio telescopes already operating” or being

- -planned,-such as the US: Very Large ‘Array (VLA), the

UK Multiple Element Radio. Linked . Interferometer
Network (MERLIN); high-frequency ‘arrays in France,

- Japan and the USA, and the US Very Long Baseline -
~Array <(VLBA). -
considerable geographic advantage; the only large radio-

- telescope - in ~ the.: Southérn . ‘Hemisphere for  the
- foreseeable future, it would have wunrivalled access:to =
. many- southern celestlal obJects demed to northern
: mstruments ' ~ | SR

‘In ‘operation . it -would - have

) L.It WOuld complement the tnewi-generation of telescopes

operating in' Australia at- other wavelengths. These
include. ground-based optical telescopes:. the AAT, the

. Australian. National:  University’s - 2.3-m - Advanced
- Technology Telescope (ATT), the 1.3-m UK Schmidt -
" .Telescope, -

~7and - the.»Sydney . University Stellar
Interferometer:. (SUSI). - Also included are orbiting

~ gamma-ray,- X-ray, ultraviolet,  optical and ‘infrared

telescopes that already-exist or-are being planned.

I the- ,-in.itial, ..planning; . :several . performance

requirements were identified:: . -

SRS

(i) - . an ability. t0 ' map large fields of view
- with ‘high sensitivity and a maximum °
-+detail that - would far-exceed that seen’

Wlth conventlonal optrcal telescopes

"-v,(11) spemally des1gned spectral.—lme
- i.capab111,ty for - studying narrowband
-« signals from the multitade of atoms.and.
. .molecules - 'in- ~dense. . interstellar gas:
clouds and the outer envelopes of some.

stars.« L ‘ r
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(iii) -~ acapability for accurate measurement of -

polarization, by: means of which ‘mag:
netic -fields; important constrtuents of
galaxies, can be traced - ‘ :

Civ) the ‘ability 10 observe at. two widely
~o spaced wavelengths simultaneously.

4 BUILDING THE AUSTRALIA TELESCOPE

41 MaJor tasks , |

The major tasks 1dent1f1ed in the final- specrfrcatlons .
presented to the government in 1983 were to- des1gn and.

-construct the following:

@) 'seven 22-i diametér antennas, operating
Cat fre.quencies of up t0 115 GHz -

cdi) o precrsron servo- control trackmg systems g

“(iii) o hrgh precrsron surface panels for lise at -

: frequencres up to 115 GHz

vy 'v-fantenna feed systems to operate ina -

wide " frequenicy -range;: and ~with

simultanéous receptron “at v two
frequencies sy
«(v)is 7 vlowsnoises “receiving \systems‘ ~and

: frequency conversion units -

(vi) fibre-optics. s1gna1 network lmkmg the.'

: Compact Array antennas n

So(vi) reference frequency s1gnals to transmit

- to Long Basehne Array srtes v1a satellrte .

Covid) systems requrrmg the development of a:

‘suitable VLSI chip, to ¢cortélate: signals
-« from. - pairs - of ~anténnas -capable: of
. “handling “up to 2 x 10'? prodiicts per
second
4.2 Choices and Decisions-
’Chowe 0f s:tes

In the orrgmal AST desrgn the array would have been

located -at- the ‘Parkes “Observatory, incorporating - the.
64-m radio telescope as one of the array elements. For .
the AT, although a similar lo¢ation would have been an

advantage in terms of array collecting area, there was
-some-concern that electrical equipment: (e.g. crushing
machinery). for mining; planned-for the vicinity of the
. Observatory, would produce harmful radio interference

‘in the "operating frequency bands ‘of the array. -
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Furthérmore, it ‘was . desirablé - to ‘have the  artay
separated:from the Parkes radio telescope to provide a

_reasonable baseline in a long-baseline configuration,On
the - basis of -these: considerations, wé -decided -to -

construct the Compact Array on land already owned by.
CSIRO néar Narrabrii However; because the CSIRO |

.site was not large enough to contair the entiré array we - -

bought a small parcel of land for the 6-km antenna from

-aneighbouring landowner. - A 10-m wide easément on-

the land between ‘this site and the CSIRO site was:

' established to.provide an access road and’ accommOdate

burred cables between the two sections of the Array

The 22 m antenna near Coonabarabran was orrgmally' :

-.planned for an -elevated location on- Siding Spring .
‘Mountain, on land owned-by the Australian National . -
. University.

However, the site: was found to be .
unsatisfactory on :several grounds; potential- radio -
interference . from line-of-sight .- microwave * link
transmitters, poot:- quality :of- foundation :material;
prevalence of-high winds, inadequate. protection from -

bushfires, and objections to-the antenna’s ’visibility’ - -
.~ from the adjacent ‘Warrumbungles National Park..
- . During 1985,

. measurements, ‘an altérnative site; protected from both
- intérference and ~high ‘winds, was sélected on“the :
-property’ "Mopra’ neat' the “base- of Siding "Spring
. "Mountain. Theé location was:approved by the NSW -
- National Parks' and Wildlife Service, the  Federal

“following = .radio - interference

Departmeiit of Arts, Herrtage and the Envlronment and
local governmg bodles R P

Compact Array des:gn ,

Like :most large constructlons the frnal desrgn of the -
-Compact' Atray ‘was. driven by the amount: of money.
‘available.: The concept of a linear array was accepted -
“early in the planning as the cheapest means of achiéving
- the longest spacings (i.e. highest angular résolution).

Aligning the array east-west rather tham north-south
facilitated some of the image formation and processirng.
The addition of a north-south arm was ruled out mainly -
because of the €xtra: cost.- We ‘realised that images of -
objects -located 'near -the ‘celestial equator ‘would have
poor north-south arigular resolution, but reasoned that
such objects would be easily accessible to ‘the largé

- arrays of the Northern Hemisphere. Nevertheless, early
- in 1984 -the Advisory Committee supported the future.
. provrsron of a north south spur o -

Asrde from cost, the ratronale behmd the selectlon of a: -
6-km maximum spacing was that, for obsérvations at

. the' highest frequencies ‘implemented on - the Array
(8.6 GHz), the angular tesolution (0.8 arcsec) would be
. .similar’ to that obtained ‘with ground-based optical

telescopes. From this evolved the plan:to locate one
antenna at-the 6-km- position, -and theothers on a- -
3-km=long railtrack " at thé. other.end. of the -array. -
Preliminary estimates - indicated- a‘ “high cost- for
providing - connecting railtrack ~to- enable the -single:
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antenna to be moved to the 3-km - railtrack v(.fér:’tﬁ'e*.
- with-
maximum basélines of 3'km and less); afid-5o, to save -

purpose - of  participating - ‘in - configurations

- money, we decided to forgo the connection. .

If we were designing the Compact Array.today, we -

would probably give more consideration to providing a -

north-south extension, because the -self-calibration
routines used in processing observations to improve

final images appear to be: less effective for -data: .
More émphasis. might be -

-.obtained with linear arrays.’
given.to station settings yielding better-configurations

with small maximum baselines.  Experiénce has shown .

that small configurations (e.g. 0.75-km and 1.5-km sets)

are suitable for many spectral-line: projects, and evén .
when -
high- frequency capabrhtres are 1mp1emented on’ thev K

smaller - configurations = will. - be  desitablé

- Array.

The required nuniber ‘of stations and ‘their -locations +-
along the railtrack were investigated by an-ad-hoc-

configuration-study group : chaired by -Dr . R.N.
Manchester. - The aim was to provide -for 'both

" minimum:redundancy grating arrays and grating drrays-
~with sufficient- redundancy ‘to enable .antenna :phase -

e
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‘Feed systems

: For the antenna feedhorns operatlng at frequencres~

‘above ' 1'GHz, "Radiophysics produced.an innovative .

“wideband design enabling dual-polarization observations-

at-two . widely: separated “frequencies. - . Currently,
dual:frequency’1.5'GHz/2:3- GHz and 5.0 GHz/8.6 GHz -
feedhorns. are-mounted within a rotatable turret offset

~from. the c_entre of . the reflecting. surface, and an
iappropriate: rotation»sets the required feedhorn -at ths

Cassegrain focus of the antenna. The 1.5:GHz/2.3-GHz
feedhorn is quite large - over 2'm long and up to 1 m .
wide. - If “eonstructed -conventionally from a cast -
aluminium billet (as for the smaller 5.0 GHz/8.6 GHz .

feedhorn), the-weight would. have been prohibitive, In

1985 ‘a new. construction technique was deviséd;. in

-which:a light-weight’ corrugated conical horn was -

“¢onstructed from bands and rings of sheet aluminium. .

v.'Feedfsy-stems:operating over the frequency range quoted - .

above ' require - band ‘- splitters . which . provide

-dual-polarization’outputs in two frequency bands up to

an octave apart.: These were not available commercially -

sim- 1984, and. development work was - started at -

~-Radiophysics:

errors to.be calibrated. ‘The final tésults [6].provided. - =~

good baseline distributions with four or more different
antenna settings, for ~1.5:, 3+

: the 6 km locatlon were requlred

’The new 22 -m antennas

and: 6-km . array. -
configurations. Thrrty seven stations, mclndmg two at'

- After considerable discussion between
astronomers’ and-engineers '[7,8] .it' was decided to.use.

- linearlyyrather-than- circularly: polarized, systems.

Technically; ‘the-fortner+provided: a wider fréquency -
coverage; less'crossepolarizétion Jdower-insertion loss,

--and,.more engineering: flexibility, Astronomers ‘were ..

undecided; some arguedithata linearly polarized system -

. could. -yield+accurate measurements -of low levels of - -

.circular:polarization; while others:were concerned about

The antenna ‘design began dunng the 1970s In 1978

budget estimates were sought’ from several ‘overseas.
These were -consideréd - quite: high: -

manufacturers. v
Consequently, CSIRO" commissioned Ma'cdonald
Wagner .and ~Priddle : (now Connell Wagner)

association with  Dutch antenna engineer Ir- BrG o

Hooghoudt, to des1gn an antenna’ which ‘cotild be built
in ‘Australia with high' local content;

- carried out between 1979 and 1982, -Macdonald;

Wagneér “and ‘Priddle used the regilts, in: conjunctlonv e
with advice from CSIRO and overseas experts, for:final
Bécause the base of“the. -
“stiffer” -

“design optrmrzatlon studies.

- Coonabarabran antenna "‘is -~ fixed,: ‘a

This. workwas:.

* wheel-on-track design was adopted in preference to:the..-

fork-and-yoke design of thé Narrabri. antennas.:

performance, and lower pointing ‘errors.  The extra

design costs were offset by cheaper construction costs.

‘In July 1985, a' $15 million contract was awarded to
Evans-Deakin Industries, a former

reflecting panels backed “with circumferential - ribs.
Relatively low-cost techniques for panel. construction
were developed in the Radiophysics workshop, and

these ‘were taken over by the. company manufactunng-

the antennas.
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[ - shipbuilding:
company based in Brisbane, to construct and. erect-the - :
-antennas. Each antenna ‘contains six. concentric rings of

“The
former was expected to yield a better’ high- frequen’cy" :

the use of such a ‘systemiin calibrating system gains. In-
1987~ after testing: several: types of polarizer, a
quad-ridged polarizer-design was' ‘adopted. These units

' were constructed in: the Radrophysrcs workshop

. 5

’ Recewer systems

The 'signal§-collected: by the feedhorns are: fed to -
--low-noise- réceiver :-systems for amplification and -

“conversion «to: 'signals: ‘at lower, more ‘manageable

- frequencies.:
. ranges:+of ‘each feedhorn:ar¢:-housed in-.a ‘common

Separate systems: for the two frequency

- stainless; steel:Dewar-directly. below: the feedhorn, and

refrigerated down to -263° € with a.closed-cycle helium
gas system. . The réceivers initially contained low-noise

-field” effect -transistor -(FET) amplifiers; in future

upgrades, -thehigh-frequency FETs will be replaced

- w1th hrgh electron mobrhty trans1stors (HEMTs)

~-Data: transmission

* Each antenna  provides * foir - signal streams with
- bandwidths-of-up 't0:256 MHz for transmission to the

‘Control Centre through optical fibres. These: srgnals are.
digitised-at 512 -MBaud/s before  transmission. = One

early difficulty“in:setting-up this system' was to obtain
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an_optical-fibre. connector robust enoug_h o withstand
repeated disconnection. and -reconnection in the dusty
- envirgnment of the Obsérvatory, . Because of potential

reciprocity and phase -problems with the. fibres, -the

narrowband reference-frequency. signals required: by

- each antenna are transmitted from the Control Centre )

: through conventronal coax1a1 cables

For the Long Baselme Array, it was orlgmally proposed

to interconnect the Parkes, Coonabarabran and Narrabri-
sites using microwave links. Howeuver, the available -

bandwidths would have been too small to provrde good
sensitivity and enable effective on-line correlation. In

addition; the -annual licence fees would have been
substantral . Therefore, in 1984 -we decided to store the -

- antenna signals received at each site on. magnetic tape,
* for subsequent correlation at Narrabri. .‘The lack of

surtable recording and playback systems has delayed'

this.part of the project.- Suitable recording units at a

reasonable cost have now been developed in.Canada and:

will- be purchased In 1987 -we decided to use..the
communications satellite: AUSSAT (now Optus) to beam

to: the sites the frequency reference 31gnals tlansmltted ‘

~from the-Narrabri Control Centre

Correlarors,

,The s1gnals reachmg the Control Centre from the o
Compact: Array .antennas. or on ‘magnetic tape..are. -

- processed in’ large. cotrelator systems. . (At full:Compact

. Array-operation. using-all 15 baselines, .the correlator
fmust cairy out 2.x 1012 multiplications per second.), A

h,corretator ‘has. been - constructed, to. process. Compact
- Array observations. Smaller correlators have also been
.- constructed for :the. Parkes: and Mopra antennas, . to

support ’stand-alone’ operation at these sites.: ‘The Long -
- Baseline Array correlator has still-to-be constructed; it -

‘ w111 be separate from the Compact Array correlator

Spe01f1cat10ns for the correlator system were estabhshed
-at a:Correlator Workshop held at Parkes Observatory in .-
The success of the . AT, design
. depended: largely on . the -success.. of - the correlator; .

- - design, which in turn. depended-on developmg asuitable :

November .. 1983,

very: large scale integration (VLSI) chip: The chip, was

* . 'based on test structures developed by Dr:J.G.:Ables.and.
. Mr' A, J. Huiit as part of the Australian MultlaPrOJect s

- Chip: program -of ‘the .CSIRO :Division’ of Computmg
Research in Adelaide. - Designed by Dr W. E -Wilson to
operate at 14 MHz, the chips were found to. operate

. successfully at hrgher frequencies. Therefore, in 1986
the operating.frequency was increased to 16- MHz, thus -
. increasing the. Compact Array bandwidths ‘from 160 to.

256 MHz

The largest computatronal Ioad for the correlators is

'provrded by spectral-line : observatlons ~The

« . spectral-line emission ‘and absorptron assomated ‘with: .
- gas clouds:in our and ‘other ga]axles have: freque‘ cies
~that are’ DOPPler shifted ac\cordr,n_g“ to .‘the,,hn‘ 0f-sight, -

T ?J.ou_rnal\.qﬁElecrricalv and Electronics ‘Engineérih'g,rAyﬂ;’rql‘iq:-;.IE Aust &IREL: Aust..Vol. 12, No.2;, FReY

: Computmg

.. motions of -the. clouds.. Therefore, o study: ‘these

motions,. images are requ1red over the range of the-
shifted frequenc1es T

P

; Software based on.a sophrstrcated processmg package

AIPS (Astronom1ca1 Image Processing System), initially
developed for the US.Very Large Array, was adapted to
enable final analysis and image processing: of Compact
Array data. This is generally carried out on-an off-line
computer..network - at the- - Radiophysics Laboratory,
although computing facilities at Narrabri can.also be

used. . In ,1988 a CONVEX. C1 supercomputer was '
‘added. to . the. Radiophysics network, and-has been

progressively. upgraded. to. a- dual-process CONVEX -

- C/220 configuration. Other computing. facilities in the

network include a-MicroVAX 3400 processor, several

. SUN-. workstatlons,h and, an-  Intergraph; : IP-120

workstauon

5. ..cfbnéxjﬁ’sxon .

2 1& st

: 5 . From Constructmn to Operatlon

poe

T Durmg the latter phases of constructlon, system testing
~became- a-major actiyity. . It began in 1986, when a
contamlng -

multi- frequency receiver »System.
dual-polarization prototype. models of all -receivers

_currently on_the Compact Array, was-installed on. the

Parkes telescope- for real-time- testing.: This-system is
© - still suppotting front:ling research at Parkes. At the end

of 1987, a room was set up at Radiophysics. for, testing.

overall systems before installing, them on’the.Compact -

- Array. <During the- same ‘year, tests of - the. Narrabri

~ -antennas-operating as an interferometer array. began the

- first successful operation occurred in-August 1988. The .
 incorporation of an antenna into a VLBI nétwork a few

monthis later marked the fitst use of the Array for radio

. sastrenomy. .During the. [following two. years; additional
.- antennas were brought. into operatlon and periods of
- time.were allocated for radio.astronomy: observatrons
In Aprll 1990, wrth five -Operating antennas, one

polarrz_atlon -and - two* operatmg frequenmes the
Compact Array began operating.as a National Facility.

- By mid-1991. it was operating w1th all antennas; four

frequencres and two polamatrons In November 1991

. -the Mopra antenna’ was" used for ‘radio astronomical
- observations,.. In that month, the. Steerlng Committee
- announced the formal .completion of the constructlon‘ :
pro;ect ‘The’ Austraha Telecope had amved' 4

5. 2 General mllestones in the AT PI’OJeCt

Natronally ‘representatlve Steermg Commlttee '
- proposes.to: ASTEC: that_a. new hlgh resolutlon
~radio télescope be burlt in Austraha S

oo ung 1992,
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1979

proposals.

Unsuccesssful request by CSIRO for Government

funding of the AST: Redeveloped proposal (the -

Australia Telescope) becomes CSIRO top pr1or1ty
item. ' . :

August 1982

Approval of Australla Telescope Pro;ect by,‘

November 1983

- Final Government - approval as a’ $307 mlllron "

construcuon prOJect (March 1983 values)

September 1984

. Ceremony at. Paul W11d Observatory Narrabn to‘,f“

mark official maugurauon of constructron

July 1985

- Government approval of . project recostmg to ,

$43 094 million (March 1985 dollars)

December 1985 o .
- Completion of civil works

'May19s7"" o =
First completed 22 -m antenna handed over to

- Minister for Sclence, Custom- and Small Busmess[ :

(B 0. Jones) at a Narrabri- ceremony

J uly 1987

" Parkes radio telescope off1c1ally 1ncorporated into

Australla Telescope Project.

December 1987

Construction of the seven 22 m antennas formallyi

completed

January 1988 k

Government approval for rev1sed cost est1mate of

$49 457 700 (as on 30th June 1987)

February 1988
R.D. Ekers takes up: appomtment as Foundatron
Director of Australia Telescope.

August 1988
- First correlated cosmic signal detected using two
of the 22-m antennas. :

September 1988
-Prime Minister Hawke off1c1ally opens Austraha
Telescope at a Narrabri ceremony.

B November 1988 .
‘ Australia Telescope antenna at Narrabri mcluded in
- Australian VLBI project. ’

Journal of Electrical and Electronics Engineering, Aiistralia - IE Aust: & IREE Aust. Vol. 12, No 2. '

ASTEC recommiended that the Australian Synthesis -
Telescope be given first priority- among telescope '

- Deceimber” 1988

First radio astronomy results w1th two antenna
array — flare-star observatlons by O B. Slee and
colleagues «

' .-January 1989

Australia Telescope Natlonal Facility becomes
independent CSIRO unit with Divisional status.

April 1990
Compact Array begms operation as a National
Facrhty :

. Aprll 1991

Sixth antenna - at’ Narrabrr incorporated  into
Compact Array ‘

. November 1991

- First-observations made with the Mopra antenna.
. Formal completion . of the Austraha Telescope
Constructlon PrOJect ,
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| 'Th‘e‘ Australia TéleScdpe
System Descrlptlon

GI Nelson* :

SUMMARY The Australia Telescope Compact Array comprrses $ix 22 m moveable antennas w1th a maxrmum
“east-west baseline of 6 km. ‘Provision is made for operation in the frequency range 0.3 to 116 GHz. Flexible array
confrguratrons, wide, instantaneous bandwidths and tuning ranges, high polarrzatron purlty, aberration-free wide-field
1mag1ng, simultaneous operatron al two frequencies, powerful spectral lme capabrlrnes and hrgh trme resolutron operatron :

_ Care 1mportant features of the system

_;rflerRoDUcrrON'“*5

The desrgn of the overall Australra Telescope (AT)

Compact Array was a compromise between scrennfrc :
objectives, costs and technical feasibility. For example, ,

the number and’ size of the antennas was a trade-off
between antenna, Teceiver and: cotrelator  costs. "As a

tesult, the decision was made to build six (quite a small_

number) antennas in an east-west array allowing

‘wide- field, abertation-free imaging. This was judged. o k
~ be the most sc1ent1f1cally rewarding configuration. ‘The .
additional costs of providing a two-dimensional array’

may, for example have resulted 1n one less antenna.

The desrgn of the recervrng system was partly driven by
the availability of octave- bandwrdth feeds and linear
'polarlzers “This led to"a recervmg system “which

. provrded wrde bandwrdths and tumng ranges and hlgh ‘

.....

VLSI chip technologles ‘enabled the wide bandwrdths,
available at the receivers to be readily transmitted: and <

correlated The corrélator technology also offered very
powerful spectral- 11ne capabllrtres ‘and  good trme—
, resolutlon :

In the followmg drscussron I w111 descrrbe the ATIG"

system as orrgmally concelved and w111 1nd1cate which

patts have been completed to date. Itis unlikely thatall -
of the:remaining parts: will. be 1mplemented exactly as.
_ envisaged but the prov1Srons made to accommodate them

have influenced the desrgn.tn_a number of ways.

* 'Austraha Telescope Natronal Facrlrty, CSIRO
PO Box 94, Narrabri NSW. 2390 Australia.
‘ VSubmrtted to The Instxtutlon of Radro and.
Electronics Engineers Australia in June 1992.

Journal of Electrical and-Electronics Engineering, Australia.- IE-Aust: & IREE Aust. Vol. 12, No:2i. -
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2 ANTENNAS =

Frve of the Compact Array antennas are transportable on .
~a 3:km rail track with 35 stations on which antennas can
be positioned. The sixth antenna is located a further

3 km to the west and is transportable to erther of two -

statrons separated by 75 m,

The antennas are each powered by a dresel generator

-when berng moved between stations. ‘Whén on stanon‘,
~_they ar¢ powered from - a mains supply which is =
drstrrbuted underground to ellmmate RF 1nterference '

The antennas are steerable about azrmuth and elevatron

o axes the - azrmuth bearing is a 4 m: drameter slewmg

ring. Two servo- controlled d.c. motors power motion
about éach axis and the posrtrons are measured by 23-bit
encoders. The i range of motion is. from ~10 to ~ 95° in

‘ elevatlon and nearly 540° m azrmuth “

-. The optrcs are Cassegram wrth both - the marn ‘and'»

sub-reflectors ’shaped’ . (non parabolic) to improve
1llummatron effrcrency and to reduce reception of ground

' radratron ‘Both reflectors are symmetrical and the feed.
s located on the’ optrcal axis at the Cassegram focus. A

rotating turret allows drfferent feeds to bemoved to the
focal posrtron with minimal loss of observing time. The
main reflector. is suffrcrently accurate to operate at

frequencies.up t0'50 GHz. The inner 15 metres is more

accurate and is des1gned to ‘operate to 116 GHz. The .
surface of thesé more accurate inner panels is solid,

whereas the outer panels are perforated to reduce wind ‘_

loadmg on the structure

The total desrgn of the antenna structure provldes fora - _

. trackmg accuracy of better than 10 arcsec in winds of up”~ - B
o eight metres per second. To avoid dlfferentlal “heating

 June 1992



L4 R

by the Sun.the whole of the-structure below the

. elevation axis is shielded and is either air-conditioned or

“ventilated with ambient air. - Tilt meters-to be installed -
at the elevation axis will further reduce thermal effects

-on the porntmg accuracy

" Focusing of the antenna is achleved by movrng the sub—"

- reflector. Initial transverse adjustments were carried out fo
produce a circularly symmetrical antenna pattern. Axial

movement under computer control is then used in real time . - . .

to compensate for changes in focus of the main reflector
- with elevation and for the variation with frequency of the
- focal point in the compact corrugated feeds.

3 ARRAY‘CONFIGURATIONS

_ The posmons of statlons along the 6km east west‘,,
o baselme were. chosen 1o ‘meet many criteria,- The'
- stations.on the 3. km rail track are such that all basehnes_ :

- -between. 30 m- and 3 km in. 15-m increments are - -
They can all be achieved with minimum -

available.
redundancy using a set of 25 different antenna
configurations. . Whereas ten- different baselines are
obtained simultaneously with the 3-km array, only five

are obtained in the range 3 to 6 km by adding the 6-km - -

antenna, Baselines in, that range are therefore less well
- distributed and only half as dense. Srmrlarly a set of 12

C conf1guratlons is avallable that gives complete coverage ,

of baselmes up to 1 5 km

Wlth several years of operatlonal experrence we have
found :that . many. observations require, configurations

consrderably different from those originally envisaged,
Fortunately the distribution of stations is such that a- very:
rich variety of specialized conf1gurat10ns can be eas11y .

- realised. At present 14 different configurations are used
. routinely, These include sets of four .configurations with

maximum basehnes of 0.75,1.5 and 3 km, Each member .

of a set gives. a relatlvely un1form d1str1butron of
basehnes while the combined set also gives a good but

more dénse drstrrbutron with no redundancy The 6-km

- antenna canbe used with any of these sets to-give, longer

. _baselines but. will be used, most commonly, with the

3- km set to add baselme coverage between 3 and 6 km

Even shorter arrays wrth max1mum baselmes of 120 and
' 375 m.are.in frequent use where reduced resolutlon and

. increased brightness . sensitivity are . needed. These, .
,.shorter arrays also highlight the madequacres of having

stnctly 15- or. 30-m_.baseline increments. - These
$Q- called ‘grating’ arrays. produce strong artefacts in

some images:that-will be removed only by adding new. .

stations: to prov1de dlfferent baselme 1ncrements

:One reason that sets of four confrguratrons are adequate :

~ even when imaging quite- complex regions, is that all

* . baselines can be effectively varied simply. by changing

- .the observmg wavelength. The wide instantaneous and -~ . .
tuning bandwidths. available with the. Compact, Array. * -

,recervers -means - that frequenc1es (and effectrve

:Journal of Electrical and Electronics Engineering, Australia - IE Aulst: & IREE Aust. Vol 12; N2y i = o
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baselines) can be changed ~cyclically during - an

" observation, reducing the need to observe with additional
- -physical baselines. This flexibility is, of course, not

available when .observing specific spectral lines or

regions with complex- spectral’index in the continuum.

4 FREQUENCY COVERAGE

Figure 1 shows the AT frequency coverage as currently
planned.- The cross-hatched areas represent frequencies

“now in use. . Originally, two bands-sharing a common
- feed were planned in the range 20 to- 50 GHz. These

have now been replaced with the bands from 12 to 26,
and 42 to 50 GHz. Two separate feeds will now be

. needed.. Signals. at frequencies above 1.25 GHz .are
. lﬁ'accepted by wrdeband corrugated feed horns. on. a
‘_rotatmg turret. - Feeds are rotated as requlred to the

Cassegrain focus ‘which_ is located on the axis of the

~ 'main reflector. Signals. at frequenmes below 1.25 GHz )
~will be accepted either by arrays of dipoles near.the -
. Cassegrain focus or by dipoles near the prime focus.

Any two frequencies. within- the bands covered by a:
given feed can be observed simultaneously. These two
frequencies can be as close together as required or up to
an_.octave - apart. - .Frequencies .can be. changed with

.complete flexrbrhty at the .end of -each array cycle

(typlcally ten seconds) w1th no loss of. observmg t1me

The change to a parr of frequencres covered by a
drfferent feed requlres a rotation. of the turret and takes
aboit ten seconds There are no serious. operatronal
11m1ts to the . number of such . rotations. .- Thus a~
time- sharmg observmg sequence whrch 1ncludes all
available bands is: qurte feas1ble TRy

5 THE (CONVERSION SYSTEM

Frgure 2 deprcts the conversron system for the 8 6— and
50 GHz, and 2.3- and 15 GHz receivers. From the

first convers1on onwards only one . of the four - IF

sohvd ;\w_'_

S emTeeT a5 2s 14 9‘2'1‘2:‘

T2 4‘5‘563 o ne'

: ' Frequency (GHZ) ‘ v o
Frequency coverage of the Compact
o Array receivers. The bands shown -
... cross-hatched are currently available,

" Bands shown bracketed share the same.

. feed and are avarlable ‘simultaneously. -
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3
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L1l

The: Compact. Array receiver system. The conversion-system is designed-so that local oscillator
«..frequencies are.in the gaps between the wide front-end bands: To achieve wide. front-end turiing -

St Eiiter

[} <= signiatlevsl control-

4nd monitor

" .10 MHz steps

B LR

| i S_amp’lef and ,digltlz,ér”' '

.«ranges -with narrower LO tuning ranges, a-choice of two IF channels is provided after-each mixer. -
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channels (two frequencies, two polari’zationS) is shown.
Provision is made at ¢ach stage to accept IF signals from
future receivers.

_The first mixer- for the 8.6- and 5.0- GHz bands uses a

local- oscillator (LO) _ tuneable- only within the .gap

between the bands. It therefore operates as an upper

" sideband .mixer at 8.6 GHz, -and as a: lower s1deband ‘

mixer at 5.0 GHz. This narrow LO range is imposed so

that in -dual-frequency operatlon any two frequencres,

within the bands may be used. The tuning ‘Tange is
insufficient to allow all fréquencies in the. wide front-end

bandwidths to be converted down to a common IF, Thus.

a choice of two IF bands is provided. These were chosen

to coincide with the 2.3- and 1.5-GHz RF bands, and

- inputs from these receivers are accepted at this same

stage. The 8.6-.and 5.0-GHz LO provides tuning in
320-MHz steps. . Flner tunmg is prov1ded at subsequent

COI]VGI'SIODS

The next conversion stage operates ina srmrlar fashron, $
~accepting inputs in either the 2.3- or 5.0- GHz bands with .

outputs into a choice of four IF bands The local

oscillator is:tuneable in 10-MHz: stéps over the gap -

between the 2.3- andL.5- GHz observing bands. ’

The final converslon places the signals in the band

required for sampling.. In general this is not baseband

but a band immediately above or below the sampling

frequency. This allows imageé rejection exceeding 40 dB

to be readily achieved. " (Slgnals at image frequencies

produce ghost features in!the synthesized telescope

image.) Three choices areavailable: one-, two- or four- :
bit digitizing with sampling frequenmes of.512, 256, and ;
128 MHz respectively. In'the one-bit case no convérsion -

is required. For the conversion to the two- and four-bit

samplers, an assortmen{ of UHF LO frequencres is

- provided giving 1-MHz tuning steps at frequenmes clear
of the appropriate IF bands. .

6 ,’ PHASE AND DELAY TRACKING

s

' Dependrng on the geometry of the s1tuatton a wavefront S
incident on the array will arrive at a drfferent ‘time at g

each antenna. Compensating time delays and phase ;
offsets must be inserted: in the -signal paths before -
correlation. The phase correction must be accurate to a

small fraction of a wavelength while the accuracy of the
time-delay. correction must be a small fraction of the

inverse signal bandwidth. - These required corrections -

” change with time as the earth rotates and. the source is
tracked across the sky , .

On. the largest baselines (6 km) of the Compact Array,

and at the highest observing frequencies (116 GHz) the -

rate of phase change may be as high as 2.5 kHz, and the
corresponding rate of delay change is ~ 25 ns S“. Higher
rates are required for the Long Baseline Array (i.e.:the

six- 22-m- antennas at Narrabri, a. séventh 22-m- antenna-
-at Coonabarabran and-the Parkes 64:m antenna).: = .= -

- Journalof Electrical and-Electronics Engineering, Australid - JE Aust: & IREE Aust, Vol. 12, No 2

In the Compact Array the phase corrections are provided

by controlling the phases of various local oscillators. (In

the Long Baseline Array, special hardware in the

- correlator will perform this /funCtio‘n.)

For two- and four-bit digitized s1gnals the phase rotatlon
is provided by the UHF local oscillator, The starting
phase, and the required first and sécond derivatives of
phase with time are loaded for implementation at the

~ start of each array cycle. Phase rotation for signals to

the one-bit digitizer will be implemented at the 13- and
20-cm LO. Different starting phasés can be set for the
oscillators "associated with: the two  polarizations if
on-line correction. for. phase offsets is required.

In a similar way the phases of the sampler clocks are
controlled to provide ’fractional sample’ delay tracking.
Subsequent hardware: provides delays in in¢réments of
whole sample intervals. In the Long Baseline Array
both whole and fractional sample delays will be provided
by special hardware assoclated W1th the correlator

7  SIGNAL-LEVEL MEASUREMENT AND
CONTROL S

For efficient sampling and accurate normalisation of
~correlation functions the signal levels at the samplers

have to be accurately and dynamically controlled. For )
example, with the two-bit sampling system adopted for .

- the Compact; Array the srgnal level should be such that

_the upper and lower decision levels are at + 0.94 of the
-rms signal level respectively. Four levels of control are
provrded to achieve this goal

()} Provision is made for ’solar attenuators’ to be
inserted after the low-noise amplifiers where
very: strong sources such as the Sun, are being
observed

fore ,‘e'23 and 1.5- GHz mixer 0-, 6-, 12-
or' 25-dB attenuators can be selected 't0
_compensate for' £ross differences between
different receivers.

(i)

(iii) Just -before sampling, ’constant phase
- switchable’ attenuators with eight 2-dB steps
can be set junder. computer control.

L (i‘y') The sampler decision levels themselves‘canbe _
varied over a range in excess of 2dB to
- achieve the required 0.94-rms setting.

Two measurements are made to provide control
information for the above systems.
(1) A ‘total power monitor directly determmes the..
s1gnal level at the inpuit to the sampler and can
* be used to control the 2-dB attenuator steps.
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(11) The distribution of samples amongst the four

possible states is measured. For whité noise

‘with a Gaussian amplitude distribution; 17:3% -

. of samples should be in each’ of the exireme
= states'if the decision levels are set at 0. 94 ms.

The de01s1on leVels are automatlcally adjusted unul the

required result is ‘achieved. - Similarly, the zero (sign)
decision level is adjusted so that 50% of samples are

positive.. Small errors in the reference levels can be

cotrected in the correlator by applying appropnate d.c.
offsets or normahsatron factors ‘

8 AMPLITUDE AND PHASE CALIBRATION

The drgltlzed s1gnals sent to the correlator from each

-antenna contain. no information :about signal ‘power
because the signal levels are adjusted to match the
sampler :decision- levels: precisely. .- The ‘correlator

* measures: thecorrelationbetween eacCh pair:of “such -
signals. If two signals are identical the correlation is
100%. To determine the noise power of-the correlated
component-requires separate knowledge of -the noise
power at-each’ sampler. - To achieve this, a small but

stable noise step is periodically injected into each feed.

Its amplitude is typically 5% of the total system noise;

Phase-sensitive “detectors “measure thé noise step for

comparison with the total- power- at’the input- to: the- -

samplers.. “The noise steps -themselves “are cahbrated
'agamst standard astronomlcal calrbrators

‘The added noisé .is also used to- measure. the phase:
difference between orthogonal ,polarrzatron channels. -
The noise is. injécted at 45° to the polarization planes

and a correlator between the two channels is controlled

to. accumulate : positively - while thenoise:is on,- and -
- negatively when it is off. ' The phase of ‘the resulting.
Ccross power spectruin is the required phase difference.’
It is-a crucial factor in accurately determining the

polarization parameters of the incoming signals. -

9 INTERFERENCE AND IMAGE SUPPRESSION
"Correlated mtemal mterference such as local oscrllator
leakage or d.c. -offset errors  in tthe - samiplers ‘can bé:
reduced by cyclically: imposing 180° phase changes on
incoming signal and" then removing the -effect by
synchronously reversing the sign’of the sampler outputs.

The- antenna signal is thus. unaffecied,; but spurious.
signals injected between the two 180° reversals carry the:

cyclic phase reversal through to the correlator. Provided
the switching waveforms used are orthogonal between:all

antennas then .in principle -the -effect ‘of .the correlated -
interference ‘integrates to zero in the ‘correlator,. - In’
practice, depending on:‘the precision of ‘the’ 180%phase -
change, suppression of up to 30 dB can be achieved.
Provision*has been made to implement such a system on

the: Compact < Array - using, -square-wave switching
functions ‘with-frequencies of 0.125, 0.25; 0.5, 1, 2-and
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4 kHz.: Prov1ded the integration time is a multrple of
8-ms these waveforms are orthogonal for all lags in the
correlatron functron ~

Another system using srmllar waveforms to' impose
cyclic '90° LO phase shifts can be used to Suppress
signals at image frequencies, At various phases of the

two waveforms the signals are in phase (50% of the

time) + 90° out of phase (25%) and -.90° out of phase:

(25%). . At the same times, ‘signals at the image

frequency are offset in phase by 0°, -90° and 90°
respectively. In the correlator, corrélation functions are
separately accumulated for the 0, 90° and -90° phase-
offset periods. - The phase offsets are then corrected and
the separate cotrelation’ funct10ns are added. After this
process, signals at the image frequency have zero phase

“offset for half the time, and 180° phase offset for the

other half. - In the final  correlation function they
therefore cancel. - The dégree of i 1mage suppression that
can be achieved: agaln depends on the: prec1s1on of the
90° phase steps | :

Locally generated 1nterference that enters the receivers

via the feeds .is not removed by the 180° phase-
switching, To protect against this, provision has been -
made for RF shielding of- the vertex rooms of the -

antennas. ‘Most potential sources of interference such as
the oscillators are located in these rooms. The feeds and
low+=nois¢ amplifiers are in a separate room h1gher up in
the antennas = : -

‘ 10 BANDWIDTH

-The Compact Array has been desrgned to promde ‘

bandwidths ranging from 0 5 to 256 MHz mcrementmg-‘

- by factors of two

The 128 MHz bandw1dth sampled and dlgmzed to two’

bits, is the standard for continuum obsérvations. (The

256-MHz, ‘one-bit option - offers the same contintium

sensitivity, the loss in 'sample efficiency cancelling the

improvement due to the wider bandwidth.) - The other

bandwidths ‘are - required for spectral-liné observations

where the bandwidth is matched to the Doppler spread’
of the source. Thé number of cross-spectrum channels -
available from the ‘correlator incréases inversely as the
bandwidth decreases. The frequency resolution therefore

1ncreases as the inverse square of the bandwrdth :

The 64 MHz bandwrdth is digitized to four bits 4t the
antennas. “At the control centre thése data can undergo
digital-to-analog conversion, narrowband. filtering and
re-sampling to provide bandwidths below 64 MHz, It is
planned that these filters w1ll be Tocated in a common
thermal envrronment to" improve bandpass tracking
between -anteénnas; Thiere - will-be several conveision’
stagés in the filtering process so' that most filters will "
have ~-50% bandpass.- This system has not yet been.
implemented-but in the interitn a selection of filters can

-be connected in series ‘with' the’ 64-MHz filters at the
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- antennas. These filters have ~ 5 and 10% bandpasses
respectively - and -are:. each. . in . different = thermal
environments. The effect of the correspondingly poorer
bandpass tracking on closure phase and dynamrc range
has not. yet been evaluated

11 FIBRE OPTIC DATA TRANSMISSION o

Whether or not the IF SIgnal is dIgItlzed to one, two or
four bits, the data rate is the same; 512 Mbits s for
each of the four IFs.. These data are Manchester.coded
and used to amplitude: modulate a 1300-nm fibre-optic.
laser driver. - Four:-multi-mode - fibres. run- from - each
antenna station to the corrélator (one for each of the four
IF channels).  The coding ensures that a level transition
occurs at every-clock interval enabling the recovery: of
the clock at the correlator. Synchromzmg code is added
to. the data stream at the: start of.each array cycle. *This
allows each bittobe correctly identified at the correlator

1rrespect1ve of temporal changes in length of the fibres.
~ The timing of the synchronizing code is determined by
a specral -purpose clock runmng on: the LO reference

srgnal at128 MHz. - -0

The data flbres are also used to transmlt tlme frame'

mformatron from- the central clock to the antennas and

to provide communications between the central computer
“To.achieve this; light at

_ and the antenna computers
'850 nm is modulated with the required 1nformat10n and

'multrplexed onto the fibres with the 1300 nm- data

carrier. . .

12 LOCAL OSCILLATOR DISTRIBUTION

The local oscrllator is drstnbuted from the centrali .
‘burldmg ona common coaxial cable to the 35 stations

on the:3-km array and via. mono—mode optical fibre to
the -isolated -6-kim antenna.:

returned ‘to- the central’ building ‘and - the ’round-trip’

travel times monitored. - Corrections for -variations can. -

‘be applied off-line to the data, or on-line by individually

compensating the starting phases of the phase- tracklng:f '
oscillators in- each antenna. . The outgoing and return
reference signals are time- multIplexed onto-the common’
coaxial cable for the five antennas of the 3-km array.:

_ Flywheel oscillators at each antenna are used to maintain

. phase stability while the coaxial cable is multiplexed
_ amongst them. . For the isolated 6-km antenna, separate -

fibres in the same bundle are used for the outgoing and

- returning signals; and no time multrplexmg of the f1bre

rs requrred

The. LO drstrlbutron system ‘is desrgned o achreve

relatrve timing between antennas of ‘about 1 ps. This

error- is generally smaller than : the - relative  delays -
.. imposed ‘on' the signals: to the various antennas wh11e~

traversmg the Earth’s atmosphere
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‘In-each :case, reference;
frequencies of 5.and 160 MHz are used. To compensate‘, "
for temporal changes in travel times, :the. signals-are

13 CORRELATION

In'the control burldmg the drgrtrzed IF data streams are
1nd1v1dua11y delayed in the digital delay system before
being transferred to- the:correlator. ‘In-this process the
synchronizing code is identified and the data streams
aligned so that-all samples entering the correlator at a
given time are from the same wavefront at the antennas.

The input-to the correlator involves a seriall-tofparallel
conversion so that: the corrélator runs.at a manageable
16 MHz rather than at the 512 MHz of the incoming

~data. Cross-correlation functions are then computed for

all combinations of antennas. Both parallel and
orthogonal polarization signals are correlated so that the
full ‘polarization state of incoming signals can be
determined.  The -correlation functions are Fourier

' transformed to produce cross-power spectra

B At the end of each correlator cycle the output therefore
- consists:of a matrix of correlation measurenients of the

incoming radio signal as a function of frequency,

polarization, . baseline - and - orientation of the array

(determined.- by -the. rotation. of the Earth).  Each
correlation is a measure of the one-dimensional spatial
Fouriet componént of the ‘brightness distribution across

‘the sky corresponding to the frequency, baseline and’
- orientation : of the observation.
‘ components ‘are: measured for sufficient baselines and
_ orientations, then a two-dimensional Fouriér transform

1If -such : Fourier

of the data will yield images- of. the ‘brightness and
polarization - distribution as a function of frequency
across the reglon of sky being observed: In practice,
these -data are . -accumulated. for  as. wide a ‘range of

" baselines and orientations as'is demanded by sensitivity
B requrrements or by: the: complextty ‘of 'the region being:
' 1maged. The subsequent ‘Fourier transformatron -and

'rmage enhancement is done off-lme SRR

" CO'MP.UTER@NT'ROL:

‘The various and quite intricate operations “of the

Compact Array system are coordinated by a network of
computers. . The - functions of each computer: were

7 allocated mostly for easé of initial development. Thus

the servo- -control: of - the -antennas, the control of other

f antenna systems, the opetation of the correlator and the

design of the main- observing control system . were
developed independently, each with its-own: computer .
and each with: srmple and clearly defined: network
intéraction. ' SRS

: Thrs approach was successful in.. many ways but.
- networking problems encountered in'operation now make

it worthwhile to amalgamate some of these distributed

“functrons ~At this stage the antenna servo-control and
‘the general antenna control have been re- implemeénted in

a single. computer at éach antenna. - In fature, the

~-correlator. control and- the main observing ‘control will
) almost certamly be combmed in a single machine.
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15 CONCLUSION

More- detailed descriptions of the implémentation and
performance of each” part of the system are g1ven

. elsewhere in: thls issue,

‘The basic operation of the system was proved: in
Laboratory tests before the various components were
installed at the Observatory. Final testing on a single

pair of antennas was undertaken in mid-1988 before -
full-scale production was begun. ~Testing and refining

the system, as new capabilities are added, is still
continiing, To date, no insurmountable problems have
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" least 80% was set.
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The Antennas |

| “D.N. Cooper*, G.L. James*, B.F. Parsons* and D.E. Yabsley* :

SUMMARY As part of the Australia Telescope construction prOJect CSIRO ‘in conjunctton with Macdonald Wagner
& Priddle (now Connell Wagner), produced two new designs for 22-m diameter antennas (one moiinted on bogies, the
other fixed), to operate at frequencies up to 116 GHz. "In the evolution from currently operating anténnas, special
attention was given to transportability, azimuth transfer, control systems, thermal perf()rmance wind loading; and surface
panel manufacture. Seven antennas were constructed, six movable msl:ruments in"an array near Narrabrl and a smgle

' frxed (’wheel ~on- track ) antenna near’ Coonabarabran

1 INTRODU_CTION -

The Australia Telescope project included the: desi'gn‘ and

construction of seven 22-m didgmeter antennas, six:(the "

Compact Array) located at the Paul Wild Observatory

near Narrabri, and ‘the seventh (the *Mopra’. antenna) -
near Coonabarabran. These antennas had their origins in -
the design-study undertaken for an eatlier unsuccessful

- . proposal, the Australian Synthesis Telescope. (AST).
- The AST antenna design provided a-good benchmark for

‘an updated version, The original intent was to produce

. a design capable of manufacture in Australia with a very
~high" Australian content ‘This became. even more of an
- imperative for the Au_stralra Telescope and a target of at
“The specifications for the new
antennas were. cons1derably tightened, - to enable

o ‘operation - at frequenmes up to 50 GHz using the full - -

‘reflecting surface’ (compared with a maximum frequency
-of 22 GHz for the AST), and up to 116 GHz using a
srgmfrcant part of the surface. Anothér major change in
design was the need for the Compact Array antennas to
be movable, so that'a full coverage of baselines to the

maximum of 6 km could be attajned- for radio-source - -
imaging with high dynamic range A third change was

the- inclusion of a long baseline array - (LBA)

- configuration i m the Australia Telescope This consisted *
of the Narrabri Compact Array operatrng in conjunction.
with the fixed: Mopra antenna and the Parkes 64 -m radlo :

telescope B

“The D1v1s1on of Radiophysics maintained overall -
tésponsibility for the design and constructlon of the new
: antennas subcontractmg many aspects of the work In.

* ‘D1v1s10n of Radlophys1cs CSIRO PO Box 76
- ‘Epping NSW 2121, Australia, -~ ¢ -
* Submitted to The Institution of Radio and
Electronics Engineers Australia in' Tune-1992.
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' .not usinga more. tradrtronal desrgn and-construction

contract, CSIRO was prepared to trade the performance
risks for additional flexibility’and reduced cost during
the desrgn and construction stages

The"vD1v1s1on-s consrderable e‘xpenence gained from -

~ designing, and continually. upgrading, the Parkes. radio

telescope provided a -confident base from which to

‘embark on the new project. - As well, the Division had, .

over the years, developed new techniques for high--

* quality-surface - panel - fabrication suitable for local

manufacture through both ‘the surface upgrades of the

. Parkes antenna and the Interscan landmg system prOJect

The metamorphosrs of the AST antenna des1gn into the

‘Australia Telescope antennas has been fully descrlbed by
'Cooper and Guoth [l] S , ‘

2 THE AUSTRALIA TELESCOPE 22-m .

ANTENNAS

2 1 Desrgn Development

. In planmng, the A"ST, the design by-197,§ ’called for a
- number-of antennas' with diameters .in the 18 to 24-m

range, operating at’ frequencies from ‘1.4 to 22 GHz,
Budgetary estimates for the antenna elements were:
requested +:from- ‘a - -number - of - overseas antenna

‘manufacturers. ‘After reviewing these estimates the AST
- Steering Committee;, given that-the CSIRO' Division of

Radiophysics had considerable experience in all facets of

. "antenna désign and construction, assessed the possibility -
- -of having the antennas désigned’and ‘manufactured in

Australia:- As a result, CSIRO engagéd an experienced

- European- antenna’ consultant, Ir.B.G. 'Hooghoudt, to
“advise-a design: team consisting ~of -CSIRO -staff and
-private consultants. - This team undertook 4 design study
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for antennas suitable for Australian manufacture, with
" the  express . purposes of educating ‘an Australian
company in the field of precision antenna structures, and
obtaining cost estimates for an antenna with a very high
Australian content, '

The AST failed to gain Federal Government fundrng B
However, the AST antenna design work provided an ‘

excellent springboard for another proposal. This new
proposal considerably modified the AST design and was
renamed the Australia Telescope (AT). The AT received
Australian Government funding in the Aungust 1982
budget and was endorsed as-a Bicentennial Project in

1983. The responsibility for its design and construction

remained with the CSIRO Division of Radiophysics.

. The  Division .established a. design. téam comprising.-

groups within CSIRO for the radio-frequency ’optics’, : : .
feed and panel aspects, the consulting engineers Connell .. . -
Wagner (then Macdonald Wagner-& Priddle) Pty Ltd for. -

the civil, structural, mechanical and electrical work; and
- the University of Newcastle for the control system
design. Towards the end of 1982 a detailed design
began.

22-m-diameter antennas: ey

The first phase of the AT project required a critical
review 'of the antenna-design with particilar regard to:
During :this. period: several-
overseas radio ‘astronomy institutions -and -antenna:
marnufacturérs wére visited to obtain up-to-date comment: -

B the size/cost. trade-off [2]. .

on ‘the ‘AST désign and> on recent developments - in

antenna structures. As a resultof: thrs study tour some_~ ‘

: specrfrc observatrons were made

i T NP R

The consultants worked closely with CSIRO
under -the- direction of the AT.antenna manager in-
estabhshmg specrfrcatrons and detarls for séven .new:

(1) The d1sh back-up structure requ1red deepenmg

10 1mprove strffness

(11) The plated fork-and yoke approach

elevation -axis support could result in serious

~ thermal drstortlon effects under solar loadmg

ERANC

(iii) leed wheel -on- track antennas usmg a

ground-level azimuth transfer cost less and arei

superior in performance.

Also, studies in Aunstralia concluded that careful design

of the quadrupod system-would obviate the need for

mechanised lateral subreflector, movement,- saving the:
cost.and weight of compléx ‘equipmeént “at the: prime/

focus position. - An assessment: of panel manufacturing .

techniques,:

patticularly - the: . low-capital-. equipment-

approaches devéloped. at the Division of Radiophysics,

led to- adoptrng a 2 x 2 <m max1mum panel srze .,

As a consequence, the drsh back “ap- structure and 1ts,

support were re-designed. -

A préliminary-cost study’

evaluated 18-, 20-, 22- and-24-m- diameter dish designs '
and:concliuded that seven:-24-m: or-eight.22-m. diameter:

-antennas . were ~possible - within. ‘the -original.. budget.
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‘up and quadrupod structure.

“found to be in the 5-m diameter. range:

Figure 1

Subsequent detailed costing of the overall project
established the final choice of seven 22-m. diameter
antennas. The upper frequency range was extended to
50 GHz over the complete aperture, with operation to
116 GHz over the half-diameter central region.

In early 1983, a prelinrinary wheel-on-track approach

was evaluated, incorporating a re-designed, deeper back- -
Although the ultimate
decision was to retain movable elements for the AT,
examination of the wheel-on-track antenna approach
suggested incorporating its best features into a movable
antenna array. The  solution finally adopted, . as
recommended: by the mechanical engineers, was.to use
a large slewing ring, trading off the costs of what was

- becommg a complex bogie system

i R R

The effect of bearmg comphance on antenna perform-,

. -ance reduces as the cube of the diameter. Consequently,
... -the largest possible slewing ring will allow less'stringent
“specifications for bearing manufacture, eriable the widest

. possible separation of the elevation bearings and provide

' The best trade-off was.

Finally, a
diameter of 4 m was selected to accommodate the
machining capabilities of Australian industry. The fmal :
antenna desrgn 1s 111ustrated in F1g 1 :

good pointing performance.

The stlffness of the basrc back -up slructure was. assured
by a.relatively deep radial truss system supported on.a -
stiff .central ring .truss.. ‘The" transfer of dish: loads

uL :
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Frnal desrgn for the AT slewrng-rmg, .
open- -alidade; - movable 22 31188 dlameter‘ o
antenna e e
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Figure 2. - Final design for the AT wheel-on-track, -

fixed 22-m  diameter antenna.

© throtgh to the elevation bearings is accomplished by a.
cone-pyramid member system. The ring truss is‘attached
at eight points to-a "cone” of heavy members. The apex: -
~ . of:this cone is coincident with a pyramid of members -
- formed by the elevation-gear rack - structuré < and:
connections to the elevation bearings. At the zenith

~ positions, loads are transferred through this apex. - The

near-uniform loading condition on the reflector maintains

symmetry in surface deflections. -

~ The quadrupod is ‘sUppo’rtedvdirectly from: the pyramid,

totally découpling it from the back-up structure. - This
results in little movement in‘the focus position. The net’

lateral distance: between the subreflector focus and ‘the
best-fit paraboloid focus is constrained within the design

criterion of 4 mm. The axial movement of the focus’

is designed to be within the ‘specified & 2 mm; -

The bdesig‘n»for the fixed Mopra anterina’ (Fig.2) was’

developed from the earlier conceptual wheel-on-track

layout.  The possibility of stand-alone usage at high'
frequencies' made theé improved performance over the:

movable antennas attractive. The additional design costs

were balanced by‘éxpeCte'd savings in construction. The -

pointing errors for this antenna were expected to be only
70%. of those for the movable antennas.  In a wheel:on-

track design, to Totate a-very 'heavy' structure.on a -
circular rail to"high accuracy: presents considerable.

difficulties. Typically, the- task ‘of: transmitting large
- -loads through wheels can'.be simplified by limiting
individual wheel loads by an-equalising-bogie system.
If variation in- frictional torque is to be minimised

however, it is essential that the wheels. rotate. without:

skew, requiring the' wheel axis to align to the centre of
rotation'— in this case, the intersection of the top-of-rail
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. Table 1
o ~ Australia Telescope
" Antenna Element Design Parameters
Diameter - - ‘ , 22 m
Focal ratic _ 0.32
Elevation range 10° to 90°
. Azinith range © '+ 285°
Cone of avoidatice. - 19
Optics - shapéd dual reflector; on-axis
' : feeds .- '

0:43 mm rms (D = 22 m)
0.24 mm rms (D = 15 m)
1.25 - 116 GHz in rotating turret -
*330, 600 MHz (nominal) Y
2.3/8.4 GHz simultaneous
(VLBID), ‘
11-arcsec rms, precision
operation -
8 m's™! precision operation
© 220 m 5! mechanical limit
("autostow’)
45 m s sur\"if/al

Surface accuracy

Operating frequencies -

Pointing accuracy

Wind réstrictions

Axis rates: , Azimuth - - Elevation

- maximum ‘tracking 03°sT 0150 §]
minimum tracking 0 0

slewing ‘ 0.8°5! . 040571

- 0.15° 52

slew acceleration . ”'0-.3° 5,'2’ .

plane and azimuth axis. The alignment of two wheel
axes ‘in .a single bogie frame is therefore a relatively
complex, costly fabrication and machining exercise, and
is avoided where cheaper solutions are possible. The
-design selected for the Australia- Telescope used a
traditional wheel support in conjunction with a crowned

rail tread. ' -

Table 1 gives a summary of the - AT antenna element

- design ‘parameters [3]. “We stress ‘hete that these were

the design goals.* The performance actually achieved for
parameters such as surface accuracy are given later,

. 2.2 Mechanical Features of the A’I‘A«Z"Z-m Antennas

Thé seven new AT antennas are of dual-reflector design

- with:axisymmetric Cassegrain optics. Figs 3:and 4 show

the Compact Artay and Mopra antennas.
Movable Compact Array :'Ar‘u‘ennas

Each of the antennas at Narrabri is composed of three.
main parts. I SN, '

.+ (i) . The reflector consists of the reflecting panels,
. their  back-up structure, and a pyramidal
- support < frame which - rotates “to- form - the
“elevation axis in a vertical plane about a
- hotizontal axis. It also includes the quadrupod

* which supports the subreflector. =~
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.One of the six. movable 22 -m antennas of

Figure 3
' the AT Compact Array near Narrabri. -

(u) The alldade supports the reflector structure
- and rotates in plane to form the-azimuthal axis:
“‘about -a. vert1ca1 axis: on a 4 Sl dlameter

slewmg bearmg : :

R (iii) The pedestal supports the slewmg bearmg and
is normally fixed in position on reinforced-
congrete footings.; For relocation; the pedestal
is jacked-up from its.footings-and driven along

. the railtrack to reconflgure the array'.«.:,,-. Yoo o

Electrrc systems prov1de the facrhtres for changmg the
position of the antenna in azimuth and elevation, rotating -

the -feed-cone "turret, - focusing- the “subreflector,” and. -

-moving it- along the railtrack. - Safety interlocks and
emeérgency . trip “devices - are: -major - features. .of. the
systems. The power supply for each antenna is provided-
either from the mains, via a flexible “umbilical’ cable or:.
from an on-board diesel generator set. '

The major mechanical items are the main axes bearings,
main axes drives, feed-horn turret, subreflector support
—and antenna relocatlon mechamsm

- The. elevatlon axis bearmgs are self—ahgnmg, spherrcal
roller -bearings, - both mounted -as fixed bearings to
- distribute ‘axial loads.evenly to the alidadé. .Extra-high- -
- precision bearings were.selected and mounted: with zero

internal :clearance :and -mutually - aligned. .points -of- -
~maximum inner-ring run-out for the:two bearings to. -

Jouma‘lrof Electrical and Electronics Engineering, Australia : TE Aus:. & IREE Aust, Vol.. 12, No.-,2.;> e

acceptable -

Figure 4 The Mopra 22 m wheel on—track antenna

near Coonabarabran

A

,v' :
o

. reduce random porntmg error and more: s1gmfrcantly, to,

permit  the coupling of .the 23-bit inductosyn-type

" position encoder” with a minimum of mtsahgnment-’

mduced eITors:

Therazimuth axis, bearing. is a three-row roller-caged
slewing ring, mounted between companion structures on -
the pedestal.and alidade: The selected bearing represent- -
ed the ‘best compromise against. the- competing require--
ments of low capital cost, maximum- internal stiffness,:

- maximum “accuracy . with tespect: to- pointing error;

encoder coupling; and optimum frictional characteristics: . -

(minimum: variation - in - frictional - torque). -

- characteristic in particular proved 1o be,diffleult to over-
- come;-given - both an:accuracy-dictated- zero-clearance

- roller configuration, and undetermined roller, cage and. -

- lubricant behaviour at the exceptionally -low. rotational

‘speeds..-

* manufacturer, however,  helped. to establish an ‘upper

The  ldst -

“Frictional testing carried out by the bearing’

boundto possible frictional torque variation which, when
applied step-wise 'to the drive control system, gave an
predicted - - pointing-error... component. .
Differential..deflections -around the 4-m bearing. dre
approximately 0.25 mm in 20 m.§* Wmds ‘The run-out

- for the bearing is specified as 0.075 mm both radially

and axially;.and.the: compliance-as 10:8 mm N—l,. .

Direct-current. motors driving : ‘th,rough -multistage

- planetary gearboxes. and pinions were selected for both

axis- - drives, -using a 'large-diameter  bullgear for
elevation, and an internal gear.integral with the bearing
for. azimuth... Two - torque-bias. drives -on "each -axis
resulted .in zero backlash .operation. . Qutput-gearing
accuracy was determined on the basis of the predicted.

- pointing-error- component from:a gearing transmission .
“error applied-through the drive -control system. Gearbox

selection proved to'be dictated by stiffnéss requirements,

whereby the lowest natural frequencics of the antennd - »
~were refined-to.be-appreciably. above. the. closed-loop

bandwidth of the-drive control.system:for:stability.- To:

-~ maximise stiffness;-all output pmrons were supported on

outrigger bearings..::
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-+ The rotation about the-two antenna-axes is controlled by
" a servo control system. It ensures that the antenna dish -

follows the .desired trajectory at the desired raté: while:
 maintaining pointing accuracy, despitethe" effects of .
- external disturbances such as wind. The system consists

. of two identical d.c. drive motors for each’ axis; servo

_¢ontrol; instrumentation: (azimuth and- élevation shaft. -

' ~encoders.and - tachometers), and a: position: ¢control
“computer.: -

to improve the antenna pomtmg accuracy.

A turret, eccentrically mounted in the focal plane of the
. antenna dish, houses four separate feed horns and
associated cryogenic receiving-systems for operdting
over a range of radio frequenciés. A drive system can

rotate the turret so that any of the feed horns can be -
positioned in the focal plane. The system consists of a:
two-speed, pole-changing, reversing electric motor fitted .

with an'electrically operated brake, an index pin thruster;,
- ‘and a rotary limit switch. - The automatically operated
1ndex1ng pin ahgns the “feed horn to an accuracy of
better than 1 mm The System is discussed more fully
in [4].

The electromaénetic design incorporates the use' of a
subreflector and -signal collection at the CasSegrain

focus. To achieve remote axial focusing of the 2.75-m

-diameter subreflector, a novel support system using 16
pre-tensioned, stainless-steel wire ropes was developed.
Axial movement is provrded by an electric actuator, with
positional adjustment to ‘a fraction of a millimetre over
a 50-mm travel range. Control is by a microprocessor,

which communicates via:a serial data link with a

position-control computer‘in’ the pedestal room,

.Observmg programs with the Compact Array require
- frequent changes in the: arrdy configuration, effected by
‘rélocating the antennas.” Accordmgly, a self-propelled;
long -travel systen was provrded for each antenna.
‘Bogies are located at the four corners of each antenna
pedestal; a hydraulic jacking system is incofporated into
-each bogie. - Under operating conditions the afténna
- pedestal rests on concrete piers-for maximum- stability
Extending the four-rams results in raising the 230-tonne
antenna off the .piers, -and. support being transferred to
“the bogies. With a nominal 100-mm ground clearance,
the-antenna can then be driven to a new location. The
drive system - is -a dieseél-eléctric; two-*speed* a.c. drivé
system ‘with -a variable-frequency ‘speed control  for

"inching” at low speeds. - The maximum travel speed-is
1m s in winds up to 18 m's™.. At the new'location,
the antenna is inched into position to within 5 mm; the
error  is- subsequently calibrated *out via. - optical
measurement. The antenna is'then lowered onto the new
piers to resume operating the new array. Durmg long
travel, two of the hydrauli¢ rams are intérconnected: to

provide a statically. determinate support for the antenna -

under varying conditions of vertical rail alignment.

- Journal of Electrical and Electronics Engineering, Australia - IE Aust. & IREE Aust. Vol. 13, No'2: .

‘During - tracking, a dlfferentlal speed or:

torque bias is applied between the two motors.on a given -
axis. This bias depends-on the speed of the axis -
rotation, and is used to overcome gearbox backlash and.

‘présents difficulties.

- sidélobe  levels,

Mopra Antenna

. In.contrast. to the Narrabrl antennas thrs antenna is not

transportable.: The supporting structure consists-of an

-alidade with 4 square base, the four corners of which ™
- have ~wheels: running ‘on -a: circular track, = This
“configuration was chosen in preference to the Narrabri

design, to- provide a stiffér structure; more suitable for

2o hlgh frequency observations. . The extra design costs .
Were offset by lower productlon costs

n

In: the main, mechamcal components for the antenna

_ were designed to be identical to those on. the Narrabri

antennas. The obvious exception to th1s is the azimuth
support ‘and drlve whereby wheels on a circular track
take the place of the azlmuth slewing ring as used at
Narrabri. :

As already stated, a wheel-on-track design, rotating a
very heavy ‘structure on a circular rail to high accuracy
The _selected desrgn uses..a
traditional wheel support in con]unctlon with a crowned
ra11 tread, ‘giving an - elongated elllpse contact area.

'Allowable stresses were evaluated ‘on the basis of
: comparable mechanical components such as roller

bearings, noting, however that dissimilar parameters
(such as steel quality and lubrication) required careful
evaluation. The final design was a compromise between
steel hardness, . rail width -and . structural . stiffness,

- ensuring that the contact ellipse remained on the rail
* surface under all condltlons of loading and installation

tolerance A

The azimuth drive consrsts of two torque-biased- driven -
wheels, with the gearbox spline-mounted onto the wheel
shaft for maximum stiffness. This arrangement, in turn,

‘requires accurate alignment of the wheel- bearing housing

to ensure minimum additional loads into wheel and
gearbox bearings. Thére is a ceéntre pintle bearing
consisting of a fotir-point-contdact ball-bearing, sized to
permit the transfer of electrical cables through its centre.

[

2 3 Electromagnetrc Deslgn Features [5]

Flg 5 shows a cross-sectional dragram of the reﬂector
area. 'Givén the diameters of 22 and 2.75 m for the
main réflector and - subreflector respectively, it was
necessary to- optimise the reﬂector optics from an
electromagnettc pomt of v1ew

In dual- reflector antenna desrgn it is-standard practrce‘
to shape.the reflector profiles in such a-way that, for a

-given feed-horn radiation paitern, any desired ‘aperture
- distribution can be produced. For maximum gain; a

uniform aperture distribution is required. ‘While this has
been widely used in the past, it is not-necessarily the
optimum- solution, since high levels of energy at the
reflector edge give rise to correspondingly high far-out
‘and  thereby ‘a higher antenna.

temperature, T,. A better measure for antenna
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- performance is the ratio of gain G to antenna

temperature; G/T,. Using this criterion, an aperture
distribution with a taper towards the outer edge of the
main- reflector is found desirable in order to_minimise
T, -In maximising G/T,,. the aperture. distribution

shown in Fig. 6 was finally chosen-as the basis for .

"Note that as well as- .
tapering the field towards the. outer edge, the. centre of -
the-reflector, which is taken up by the base of the feed-

designing the. reflector optics. -

_ cone housing, is. under-rllummated

‘Given the set dimensions of the main reflector aud

subreflector. diameter, a varlable to be chosen was the

~ semi-angle from. the. Cassegram or secondary focus to
_the. subreflector edge The . ch01ce of this -value. is-a

-compromise. between the: space within the feed .cone
required; size of the feed homs, and the accessrbrhty of

the associated electronics. As shown in Fig, 5, a value
of .14° was finally. chosen. o ,
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- Figure 7 - - Feed radlauon pattern used for des1gnmg :

reflector optics. -

For maximum efficiency, the feed radiation pattern taper
to..the  subreflector - edge: should :be in. ithe. vicinity. of
-18 dB (with respect to the on-axis intensity).. However,
several feed horns will be required.to support. operation
in-bands within the frequency range 1.25 - 116 GHz. To
be able to. accommodate all feed horns w1thm the cone
without the. latter getting; too large, the size of the feed .
horns, especially the large. 1.25 - 2.5 GHz.band horn,

had:-to.be minimised as much as possible. This led to a
compromise in. the- feed-pattern . taper;- the taper to the:

‘subreflector. ¢dge -was reduced -to.-12 dB. . .. This’
~compromise in edge. illumination, causing an: in‘Creased

subreflector spillover, together with.the use of compact
resulted in a reduction in overall
effrcrency : I

Whrle the vanous feed homs do not have 1dentlcal
radiation amplitude patterns, the optics design is not
especially - critical- for small deviations in amplitude

distribution between horns. In designing the optics, the

typical feed radiation pattern of the 1,25 - 2.5 GHz horn
at around 1.4 GHz was used, as shown in Fig. 7. This,
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together with the aperture “distribution given in Fig. 6,
determined the -reflector profiles.. The resultant sub-
reflector is somewhat conical in shape. The profile | for the
main reflector shows deviations from the best-fit parabola
(Fig. 8). This means that if the main reflector is
- ¢onsidered for use in prime focus mode, it no longer has
a point focus. For the AT design, the reflector has a point
of ’least confusion’, denoted as the ’prime focus’. position
in Fig, 5. Compared with the best-fit parabola focus, this
- position is 46 mm towards the main reflector vertex.

In an axisymmetric dual reflector it is usual for the base
of the cone housing to be within the shadow cast by the
subreflector. However, although the. development of
wide bandwidth feed horns reduced the number of feeds
fequired to cover the desired radio astronomy bands to
four, it was nevertheless necessary to enlarge the feed-
cone base to a diameter larger than that of the
subreflector, to have all the feeds available within the
cone housing. Thus, it is seen’ from: Fig. 5 that the
“feed-cone base diameter of nearly 3.6'm is somewhat
larger than the shadow cast by the subreﬂector :

' leen the extremely w1de frequency range requrrement
~ for the AT antennas; the reflector profiles were designed
on purély geometrical optics principles. However, in cal-
- culating the overall electromagnetic performance of the
antenna, a full drffractron analysis was undertaken. Table

C2is a summary of the overall predicted performarice of-

the antenna ata number of selected frequencres

. To verrfy the theoretrcal desrgn the far freld radlatlon
pattern of a completed antenna was measured at the
AUSSAT (now Optus) satellite beacon fréquency - of
', 12.25 GHz. .The results are shown in Fig. 9, and the
close agreement between theory and experiment is clear,
prov1dmg a considerable - ‘measure of confldence in the
overall performance R
2 3 Structural and Servo Mechamsm Desrgn
Features [3,6,7]

The structural and mechamcal desrgns of large radro
telescopes are dominated by the overall surface and
pointing accuracy: . requlrements ~In. both respects,

antennas for radio astronomy differ srgmﬁcantly from -

their communication counterparts. Access to all the sky
is usually required.” Continuous tracking at a sidereal
rate must be possible, and the pointing accuracy must-be
high in all directions. On the other hand, continuity of

service -is. less 1mportant and lower max1mum wmd :

speeds are accepted for prec1s1on operatlon

The desrgn centres on achrevmg the requrred spec1frca-
tions -under normal operating conditions. | In practical

terms, the objéct isto support the collectrng surfaces of

the antenna in a way which permits the antenna to be

pointed anywhere in the sky abové a defined lower limit -

near- the horizon, with the required degree of accuracy.
The tolerances involved are such that survival conditions

Journal of Electrical and Electionics Engineering, Ausiralia-- IE Aust. & IREE Aust; Viol. 12yNo 2: -~
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Figure 8 Deviations from thé best-fit parabola for

- chosen main-reflector profile.

i

o ooy

o '-—-—-E‘%-— Messured -

Relative powar

COmparison of measured far-field radiation
pattem of 22-m antenna with theoretical
pattem r

o tend to be automatlcally satrsfred deﬂectlons and

dynamics control the des1gn For the most part wind is

- the 1mportant desrgn parameter .
- For the AT, there wete some. other spec1a1 considera-

tions, Of necessity, mechanical simplicity and:ease of
‘maintenance became important criteria in the design.

Surface Accuracy

The surface érror is defined as the rms. deviation
between: the real distorted surface and the so-called

.. ’best-fit paraboloid’." The latter is an ideal surface which

best fits the distorted shape with the least rms of residual
errors. Table 3 gives the actual data, as manufactured,
for panel and subreflector surface errors, for both the
full 22-m antenna and the smaller central region.
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“Table:3
Actual Surface errors’ for the AT antennas .
S0 GHz 115 GHz-
: ’ s (mm) . rms (mm)
Panel manufacture - 018 . - 010
Panel measurement -~~~ 005 - 005 -
‘Panel deflection o032 008
Panel adjustment 012
Antenna holography * - o 0,05
Structural deflection . - . 013 “o 003
Subreflector - 0015 4020
rss e 2032 048

The surface.accuracy is limited by the economical panel

manufacturing methods available. The AT budget was -
 deliberately chosen to ensure that the. panel fabrication
- technology developed by the Division of Radiophysics.

“could be used (see later). The most significant back-up

structure deflections -are due to’ gravity loads as the -

shape changes durmg elevatlonal rotation. There-is-a

technique of design, known as homology, which pro-
- duces relatively ’soft’ structures. These always deform

into near-perfect- paraboloids' under: changing: gravity
~lodds:. However, this flex1b111ty causes large changes in

. focal position, and a mechanised subreflector is normally .
required to follow the changes to prevent degradatxon in: .

~ electromagnetic performance. ‘These soft structures also

deform. more: under’ wmd loading. Wind ¢an degrade

~.both surface. accuracy and pomtmg‘ ‘For the. 22-m AT

‘Apart from the Welght of the back-up structure, two

‘other: 1mportant elements-control the. distortions: of the -
- The quadrupod ~which supports the sub--
reflector system can have a thajor influence on: surface -

reflector:.

< accuracy .. ‘if- - supported -directly > from. the : back-up

© .. -structure. .On the AT the quadrupod legs are supported .
The dish support .
system-has: been des1gned to. apply uniform loading to- -
- the back-up structure -and-yet. transfer the. load through - -

~independently from the reflector.

to the two ’hard’ pomts at the elevatlon bearmgs

| ,»Pomtmg Accuracy

.o The: pomtmg spec1flcat10n is. 11 arcsec rms. errorin . -
»; winds less than 8. .m staIn, Jpractice, | the errors depend on -

site: wmd characteristics, the definition of rms, and’ the
‘precision operating wind speed. Long- -term statistics on

.. pointing errors' do- not- necessarily provide' the correct
- . information foran astronother observmg under particular -
weather ‘conditions. - Pointing-efrors are often based-on’
- empirical combinations of calciilated sub-components, °
+ .. known to-provide a good working ‘value. For: the :AT, -
site wind:statistics were combined with wind-tunnel data -

* to provide a comprehensive assessment of pointing-errors.

~:'J'a»urn'al;ofEléctrical.andEIectronics.'Errgineerling, Australia +*IE Aust: &IREE: Aust. Vol .12, No 2. sec vyt s oo i aivd o

- méchanism. -

Table 4+
~ Pointing errors budgets (arcsec) -
’ Mean peak ' Remarks
_ . Narmrabri Coonabarabran
| Reflector 105 . . ‘, 50 .
Alidade 30  30)
Companion . D
~ structre - - 20 ) “not
Pedestal 2.0 , -~ ) " independent
Foundations ~ 20  10) ~
“Mechanical 7 200 20
Servo- T hn el o IR
.. Mechanism. = 2.0 o 20

, The maximum thermal and wmd-pomtmg errors aré

mutually exclus1ve . The: greatest thermally induced

- efrors - occur: in very still conditions when large

temperature. differentials may exist across a structure.

+ . Quite low wind speeds of 1.to.2 m.§" allow convective

heat transfer from the structure and reduce the thermal

. gradients.. Thermal pointing errors. are contained by

.. careful des1gn of open structures. These allow good
~ ambient air circulation; the differences between shaded .
- and sunlit parts of structures are minimised.

: ‘_Structural-'stiffnes‘s is most important‘\‘in 'reduci‘ug the
- influence..of wind on’ pointing. ‘errors, Stiff structures.
~minimise changes in‘the shape of the reflector, due to

wind for example, There is another, more subtle, gain.

- from stiff structures, in that they considerably improve
. antennas, it .was. feasible to’ use both a design -that .. -
- controls its shape by minimising deflectlons ‘and:to - -,
'mcorporate some features of the homologous geometry :

the: dynamic performance. of the ‘structure and servo .
‘ - Increasing -stiffness  raises the natural
resonant frequencies of the structure, allowing -wider

- ‘bandwidth servo loops with a *tight’ response and good. -

disturbance rejection,  Disturbance rejection completely

. -controls the Servo. de81gn rathet than the ‘acceleration
- rates, ‘which -are vety- low for astronomy antennas.

Although increased stiffriess, morg than any other factor,
can improve pointing, it must be balanced agamst overall
welght and hence cost ;;5 .

: .The AT pomtmg error spec1f1cat10ns were calculated for

all precision operating conditions. For much of the time

- the errors will be considerably less than the 11 arcsec
- . specified. The wind-induced errors vary propomonally
v as: the square of velocrty ‘The upper precision operating
“wind speed was defined to include: observmg time when

the fifth highest gust in any one houris not greater than

-8 m:s’l, This somewhat arbll:rary approach was taken -
~after examining continuous wmd data records taken at
* the Narrabri sité. Tt was assumed that at least:five 30-s
. data - blocks could be rejected each hour. -Under the

‘above definition, prec1sron ‘operating conditions .occur
: 93% of the t1me. - . 4

The*assrgned pomtmg-error budgets for the movable and ‘
© fixed antennas are given in Table 4.. The entries in this
~ table«were allocated for the independent. design of the
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listed components. They ‘were chosen to give .an
acceptable overall peak value. They are the means,
calculated from all the' peak - values which occur at
8 m 57! winds. The corresponding rms wind speed for

pointing-error calculations is about 3.5 m s'l. This

reduces the errors to some 20% of the peak values.

‘The surface errors contributed to the overall antenna by
the structure itself are totally dependent on the dish-
alidade and dish-quadrupod connection systems. The
stlffness and relative deflections of these systems

influence the pointing performance under wind loading. -

Repeatable variations due’ to . gravity loading . are
calibrated by radio astronomy pointing  checks.
Evaluating both surface accuracy and pointing requires
_ that the propefties of the best-fit paraboloidal suiface [2]

and quadrupod deflections be examined for a number of
different loading conditions. Assessing gravity loading
is relatively straightforward. However, -wind-loading

calculationis atfe *complex: and -the” exact -loading

conditions uncertain. To “aid in" this latier assessment,
wind-turinel experlments were undertaken ‘at’ Monash
Umvers1ty - :

. Wind Loadmg

To model the porosrty of the proposed AT antennas
accurately,y CSIRO was advised to carry out wind-tunnel
tests on a model of the antenna before the design was
finalised. Monash Umversrty was engaged to carry out
, the wmd study wrth two main arms ’

‘(1), to predrct the d1str1but1on of normal pressures
© - over the reflector surface of the antenrias. This
was used to'determine the change of shape of

" the refléctor structure due to wind load which

“produces both porntmg eIror: and a degradatron
in surface accuracy : ,

'(ii) to predrct the forces and moments on:-the
' ‘ supporting stricture, alidade and pedestal and
the foundations as well as'the: mechanical
parts of the antenna — the azimuth bearing,
elevation bearmgs and the gear boxes and

: ”drrve motors o : :

An appraisal of the results was made, and design curves
developed for 'the forces and moments. ‘In these tests it
was shown that porosity of ‘about 40% for the outer
patiels reduced the wind 1oading on these panels by 25%
compared with'the solid‘countérparts. In addition to the
direct - reduction - in ~wind:distributed -amplitude,

secondary ‘damping of edge vortlces is achleved by the .

porous outer panels:

Based on overseas experience, the design was developed
with the intent that the antennas should operate with-full
precision ‘with “a wind - velocity up to 8 ms'l. - The
méchanical’ equipment was- designed -for automatic

Journal of Electrical and Electronics Engineering, Australia - IE Aust. & IREE Aust. Vol. 12, No 2. - -

stowmg of the antennas when the velocity reaches
20 m s, The antennas were designed for stresses which
may occur- when the adtennd is <in any observing
position, for wind velocities of up to 28 m §° ! (to give a

~.margin of safety).

‘When the antennas aré stowed in the zenith position, the

area of the panels projected to the wind is an optimal
minimum. The anténnas have been designed therefore
for a survival-condition wind velocity of 45 m s™! with

the dish at zenith. This velocity has not-been corrected

for tetrain and height. Rather, the provisions of the
wind-tunnel testing as regards modelling -of the terrain

and variation of velocity with height have been adopted
:and the wind loads ¢alculated from these data.

Tables 5 and 6 [8] summarise the calculated survival
wind velocities for the transportable Compact Array
antennas and the fixed wheel-on-track Mopra' antenna.
Thiese values show that the antennas are well within the

. specifications and provide a wide margin of safety.

Thermal Desrgn

The thermal control for the reflectmg surface and back-
up structure -is the-painting system; based on titanium
dioxide filler. This material provides good reflectance
of solar-heat radiation and yet re-radiates, efficiently, the
longer- wavelengths: from -the -structure; " 'The éxpected
gradients of 3 to'4°C have nosignificant-effect on the
pointing distortions of the  dish ‘but may: degrade the
surface accuracy by 30 to 4014 rms '

Overseas experlence has shown that ‘thé :most-serious
pointing errors are caused by thermal-length variations
of members on the pedestal and alidade structures. A

~ nuiber -of features “have’ been included in the AT

antenna designs-to. overcome this problem:: On the
movable antennas, the entire pedestal structure is within
the insulated and air-conditioned- pedestal room, whlch

. houses computmg equrpment

The ahdade systems for both antenias. are -open-truss
structures. ‘The vertical members which could affeéct the
pointing - significantly are' shrouded ~with “insulating

- material. - Ambient air is blown through the'gap between

the insulation and the member. The outer faces of the
quadrupod legs are also covered with insulation.

Whierever possible, open-truss-systems and open:rolled
sections have:been used in thé structure - instead of
enclosed plated members and pipe sections. Thrs av01ds
thermal lag by trapped air,

Servo Mechamsm Desrgn
The AT servo systems are based on four quadrant SCR

controlled linear- d.c. drives. - This technology was
chosen: for its robustness and ‘maturity. :
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Table 5
R  Survival Wind Velocities
- Transportable (Narrabn)
R L v | 'Wind Velocity (m/s) ‘ ,
Item: Mode " Any Angle Zenith. . Comment
Panels ' | Bolts Fail 55 | 68
: . | Rib Yield - 80 100 -
Back-up Structure Buckling of a Member 41 . 60 Not failure
Quadrupod | Buckling of a Member 63 | 63 | Not failure
El Bearings | Overload | NC b See footnote *
| Bullgear, EL Driveé | Brake Slip -~~~ 54 ok
| Alidade: ' | Overstress | >100 | >100  Fail >150
Azimuth Bearing Overoad . - .| 38 61
Azimuth Drive: | Brake Slip = @ .. 37 | owest Value)’
‘Pedestal | Overstress ¢ o >100 - 3100 Fail >150
" | Footing Pads =~ [ Liftoff - -~ | 51 | 63 |
1T fswpo L 360 52
“Damage “' e o 39. -} 57 oz
Pier's' o Damage . - 45 . 55 Not failure of Antenna
NOTE: R ‘
_Des1gn Wmd Velocmes Operation 8 mfs ~- "NJC 1 Not critical at’ feas1ble wind
a “Stowing . 20 m/s - velocities ,
Emergency 28 m/fs “oo % . Preliminary calculation mdlcates _
e Stowed < 45 m/s (zemth) ‘adequate safety factor
Table 6

Surv1val ‘Wind Velocmes
Wheel on—Track (Mopra)

T Wmd Velocn:y (m/s) o o
-+ Item Modc ' Any Angle | - Zenith | Comment
Panels” " | BoltsFail . > | 55 [0 68 - | (asNarrabri)
o | RibYield N 80+ | 100 | B :
.. | Back-up Structure - "Bucklmg ofaMember . 41 | 60 o ,
| Quadrupod . . | Buckling of a Member. . 63 63 B
El Bearings -7 | Overload-» v NJC S See footnote
"Bullgear, EL Drive ~ *| Brake Slip S >37 |k G ; ;
Alidade | Overswress 4 93 ’ © Fail 5100
Azimuth Wheels - - | Wheel Slip°®. .- . 44 . 2>100 5
B Lift Off . N 1. 69
Azimuth Drive . .. | Brake Slip - : 3T e R
Pintel Bearing ©~ | Overload - 60 80 -
Rail Overload . 151 | 65
Foundations Centre Pier R 48 | 60
~ | Ring Beam 6 | 70
NOTE; T A
‘Des1gn Wmd Velocmes ~ Operation 8 m/fs’ N/C : Not critical at fea31ble wmd L
_ - Stowing 20 m/s T T Uyelocities”
- ‘Emergency - 28 m/s © % i Preliminary calculation indicates
Stowed - 45 m/s (zenith) -~ - adequate safety factor
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* - Figure 10
S « from FFT analysis of antenna:spéed .with

“step inputs ‘over a- range of elevatxon '

L <angles e

 The drive for each-axis has. dual motors operatin‘g ina
‘anti-backlash mode  at low-demanded: -

torque-bias;
©totques, and in a -torque-share mode at high torques.

' The controllers use conventional current'and tachometer-- . ;

-~ budget;«the largest item .was an-allowance. of 0.25 mm. -

- for the manufacture of panels that would: be efflClent at,
f frequenc1es up t0-50 GHz

‘controlled- rate- loops. - The wide -dynamic range . of

speeds ‘required for tracking astronomical ‘objects iss -
‘ A discrete position.

. “controller was implemented in a microprocessor. - This: -
' ~allows ﬂex1b1hty in; modrfymg the algorlthm during-
commissioning.-If measiring: further antenna states with -
~ inclinometers or - accelerometets. is - ‘required - later, -
expansion.is easily accommodated. The posmon w111 be:

achieved under position control.

1 updated 15 t1mes per second‘ ;

'As wmd d1sturbance reJectlon is. the prrme deS1gna :
. criterionfor the servo mechanism system, bandwidths .
* The lowest . natural

must be as large as possible. .
-frequency for both AT designs is in the vicinity:of 3 Hz

for -locked - motor. -armature . (Fig. 10), - allowing - a
" maximuin position-loop. bandwidth of ‘0.7 to 0.8 Hz.’
The. -rate-loop ‘bandwidth. must ‘be’ much greater- and:.
" -approach: that of the’ free Totor_resonance, about-15-Hz..-
Provided - the: current:loop: appears. as..a pure:. torque
source, which -implies @ bandwidth: of. 50 Hz or: 50, the-.
- rate loop has good disturbancé cancellatIon and eases’ .

demands on the posmon loop

N Extensrve s1mulat10n of the antenna and servo COntrolv
-system: was, -undertaken::during th,ue\, design phase:to -
: evaluate the effects of structural resonances, compliances:. ' ;-

.. Jowrnalof Eléctrical and Electronics Engineering, Australia - IE:Aust. & TREE Austv:f-VoI.:vJZ;t,No T~ SR
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‘Movable: antenna- resonant - frequencies .

- and wind disturbance on the antenna pointing. For wind

components based on Narrabri data, the overall rms

- etrofs for the design of the movable antennas were'1.7

and 1,4 arcsec in azimuth and elevation, 'The errors for

.the Mopra antenna were about 7% lower. For a wind-

< burst: of 8 m s"l, the errors mcreased to about 4 5 arcsec

2 4 Development of ngh—Accuracy Low-Cost

Surface Panels [9]

‘“To operate the 22:m d1ameter antennas of  the - AT

efficiently, the whole reflecting surface had. to. conform

‘to the ‘theoretical shape within a small. fractlon of the

‘ shortest wavelength of operatlon .

For research

‘instruments it is commion to take as the operatronal limit
‘the ‘wavelength at which the surface efficiendy falls to

' 50%.

This occurs when the effective overall rms surface

-error (strictly the residual rms half-path:deviation from
“ the best-fit theoretical shape) is 1/15.of the wavelength.

" The reflecting surface of each AT antenna contains six
‘concentric’ rings-of panels — a total of about one

 thousand panels for the seven antennas. Efficient-use of

.. «the  whole surface . is: required. at. frequencies up to. -
- . 50 GHz (6-mm: wavelength); and of the central 15.2-m.
-diameter region-(i.e.-the fourinner rings of panels) for

hrgher frequencws up t0 116 GHz. (2 6-mm wavelength) ,

~When cons1der1ng the accuracy of a reflectmg surface, .
- pot only must. the surface panels be taken into account.

‘but -also the panel alignment,. subreflector accuracy, .-

effects-of wind loading, and gravitational distortion:of

- the back-up structure, . In considering the square root of .

the sum of the squares-(rss) of these errors, a maximum -
permissible value -of :0.42:mm- was set... Within .this

. An overall IS value of 0 172 mm. would be requlred to-.
*  achieve a surface effrcrency of 50% at. 116 GHz. This

“was: Jjudged to be not attainable within the financial

“ constraints of the prOJect

Instead, a goal of 0.24 mm.

" was'set: for:-the - overall accuracy, with .a-value of.

+0.15 mm set .for the iinner surface panels.
_yield-an- efﬁc1ency of. nearly 50% at; 85 GHZ but only
©127%-at. 116 GHz : ST i

: ,Developmem‘ Program ‘

This. 'would;

':.In practlce the panels as’ manufactured far exceeded the
- design specifications; with an overall :rms error for all .
- perforated panels.of 0;180.mm and, for the: solrd surface _
~ panels an rms error of 0.100- mm. ' ’

The manufacture of panels to th1s hlgh standard of

accuracy had not been attempted: prevrously in:Australia. -
- Howéver, over -the last. 20 years, the - ‘Division - of
Radrophysrcs has built up considerable experiencein-the
design-+and - manufacture: of “accurate - doubly-curved. -
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Figure 11

surface - panels. * These. panels were formed using
perforated - aluminium - sheets -riveted - to. extruded
aluminium frames.  The frames were-constructed from
preshaped = members.  These surface panels ~were
satisfactory: for- frequencies up to- about 25 GHz but,
without further development, they would have been
unsuitable for the AT project. Therefore, to meet the

tight specifications on the panels while containing the

cost, this technique was extended to enable 1ow-volume
manufacture without the need for expens1ve machmed
moulds.. - . ,

The key element in the project was the construction of
a ’bed of bolts’, an assembly mould which could be
adjusted to the contours of any of the six different

panels.  This. adjustable form consisted of spherical- -

headed. bolts on a 100-mm-square grid covering:-an area

of 2.1 x 2.3 m? (Fig. 11). A self-aligning head. with a

flat surface 20 mm in dlameter capped each boit.-

The procedure was simple; the main’ requlrement was a |
beam fitted with 24 dial gauges at 100:mm spacing. The

beam was initially set up over a calibrated straight edge.
Each'dial gauge was located in a slot which allowed its
position to be adjusted vertically as part of the setting-up
procédure, -
thickness, the position of each dial gauge in its slot was
adjusted so that all dials gave: equal readings when the
gauge t1ps lay on a curve 1dent1ca1 w1th the specrfred
profile. - :

| For the backing frame, stretch-formed’ ribs  were

preferred to slotted frame members because of - their .

greater - strength/weight ratio. . Figure 12 shows the
stretch-forming machine which was developed and which
can stretch-bend up to 2-m- lengths .of *I' section
aluminium to any of the required profiles. Extreme
frame accuracy is notnecessary, since the sheets making

up the panel surface -are¢ held by pressure against the

Journal of Electrical and Electronics Engineering, A’uvt'ralid-,é»lEv‘Aus‘tx& IREE Aust: Vol. 12;No'2. -+~ =

Finished' pane} being - lifted - from the
' adjustable assembly from *bed of bolts’.

Figure 12

Then, with the aid of blocks - of known

. The stretch-forming ‘machine for shaping
~the ribs of the.panel frames,

form with a layer of €poxy resin apphed between frame
members and the shéet. The epoxy plays a dual role,
acting as both a bonding agent and a gap filler, thus
removing the need for extreme accuracy 1n frame shape
or assembly

Solid aluminium sheets  were. used for the four inner

rings of antenna panels. However, to decrease the wind

loading, perforated sheets were used-for the outer two

rings.- To enable efficient operation at 50 GHz, 2.84-mm

diameter holes were spaced 4. 22 mm apart giving 40%
open-area. j ,

'3 CIVIL WORKS .

3.1 Narrabri e

The 3-km railtrack was designed, surveyed and built to

"be a straight line in $pace rathér than a horizontal track.

It could be considered a tangent to the Earth’s curvature
rather than a great circle as a ’horizontal’ track would’
be. ‘The foundation was made of lime-stabilised, natural
site= materral wrth a cappmg layer of crushed quarry
mater1a1 o .

Thevantennas» travel on -a wide-gauge, 9.6-m railtrack.
The - rails” are  continuously ~welded, 68-kg/m “head--
hardened rails, connected to sleepers and rail ties with -
Pandrol clips. Each rail is supported- on prestressed
congrete sleepers set in ballast. - Approximately every
10 m, rails are tied together with a steel beam supported
and shaded by ballast, This conflgurauon results in the

- d1st1nct1ve gnd pattern of the rail system

The track Crosses a very w1de and shallow depressronv
which is subject to flooding. It was not considered
possible to ‘bridge this area and low-level banks were:

* built to channel the flow around the western end of the

i June 1992 .
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track. - Here a causeway was constructed which will
flood but should still allow vehicular access except in
- the worst cases,

.The 37 ohserv’ingv stations near Narrabri each consists of
four concrete bored piers, one at each corner of the
pedestal; connected below the ballast level of the rail
track by a system of reinforced concréte beams. The
surface sandy clay -is underlain by a weakly cemented
sandstone, and the 900-mm diameter piers were taken
approximately 3 m into this matenal giving a total pier
length of about 8 m, The foundations were designed to
. be very stiff to introduce ‘a' minimum of pomtmg error
due to. w1nd loadmg on the antenna.

' The locatlon of the observmg stations was a very

. demanding surveying iask. The specification required

t 5 mm in absolute positioning at the centre of the 3-km

. track; with £ 7 mm at the east and + 12 mm at the west
end. To achieve: these high tolerances, an extensive

‘netwotk of surveying benchmarks, using geodesic
techniques, had to be established on the site.

2'3 2 Coonabarabran Slte

l"he c1v11 engmeermg works mcluded a sealed access

road, bulk rock excavation, water supply, reinforced-
concrete foundations and drainage works. * A ‘building
was- constructed - t0.--houge: computer and “control
‘equipment and some workshop facilities; - The- ¢ivil
© engineering ‘and building work were carried out by
- . Coonabarabran Shire Council and N." & J. Webber: of

- Coonabarabran respectively, under the supervrsron of -

Macdonald Wagner & Priddle:

The Mopra antenna is supported oni a. remforced concrete
‘ring beam excavated into rock with a central pier footing

which restrains the antenna against lateral loads.:

4 - THE AT ANTENNAS IN RETROSPECT - - - |
To alarge extent, the jury is still out on the.performance
of the AT antennas.. The telescope :has, so far, been
commissioned to an upper frequency of 12 GHz only, far
below the maximum design frequencies. However,
observations.often involve wide-field mapping of regions
of the sky at lower frequencies. . So. far; the results
* (discussed in [10]) show that the specified dynami¢
range for.observations is being met, which suggests that
pointing -errors are not significant at the field edges.

Other ‘conventional ‘ pointing-error- checks .at* 12 GHz - |

confirm that the antenna pointing is meeting the design
. criteria- under -most operating conditions.. The actual

surface errors will not be easily confirmed until the -

higher frequency systems are installed, but préliminary

. indications from the sidelobe performance and antenna-

pattern null "depthsat - 12 GHz show the expected
.performance : RIS R G
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" positive:: ottcome:

- One operatmg condition that has plagued, and contmues

to plague, telescope designers and users alike, is the so-
called "day-night’ effect. At suntise in particular, the
change in solar loading -on an -antenna structure can
cause uneven thermal distortions, often tesulting in large
unpredicted pointing errors until 2 new equilibrium is
reached. - The Australia Telescope -has proved no
exception.  Although the design incorporated special

- features to ensure near-uniform temperature distribution

across the structure, partlcularly the. alidade, as yet
unexplained errors still happen Fortunately, an heuristic
cotrection based on simple temperature measuréments on
site have enabled the high peak errors (up to the order of
30 arcsec) to be substantially corrected and the overall
pomtmg held within the specified 11-arcsec rms.

' CSIRO’s decision to take a local approach for the deSIgn'

and construction of the AT antennas produced a very
It gave; Aupstralian industry - the,
opportunity to' develop :the ability. to ‘design and build
large earth-station antennas indigenously. This is clearly
demonstrated by the number of large antennas construct-
ed for OTC Ltd (now AOTC) and the Department of

Defence; the dish diameters range from 7.5 to 26 m. ‘So
far, about 18 of the larger-dishes have been installed in

Australia and Asia with considerable. economic ‘benefit
to-: Australia . (accordlng to-a Bureau of Industry
Econom1cs study) S e et

Ll
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The Feed System

"GlL. James*

SUMMARY This paper describes ,théiwl'i.deband feed system. of the elemental Cassegrztin.antenna used to fotrm the
Australia Telescope array. . The development of the feed hoin and orthomode-transducer: is put in an historical .
perspective and how.the system.evolved is discussed. Results are glven showmg the. performance of the various

components as well as the overall behav1our of the antenna.

1 INTRODUCTION

‘In any - reﬂector antenna systern, the . feed-horn ;
performance is one. of the cruc1a1 factors in the overall

operation of the antenna. It not only determines: the

reflector optics (see [1]) but also strongly influences the

meéans -of implementing the -various frequency bands

required for a given reflector antenna, design; This. is.

-especially the case with the Australia Telescope (AT)

" ‘antennas, which aim. to provide for a large number of
frequency bands (see Table 1).” From past experience,:-
this list is not immutable, as scientific objéctives change -

with time. Some frequency bands not shown in Table 1
may well -be required-in the future, while:some of the
bands shown may.decrease in priority, *What is clear is
“that, for radio-astronomy purposes, numerous frequency:

bands ‘within the range 327 MHz (the deuterium-line)-to - - -
the carbon monoxide molecularling at 115 GHz will be.
-If solar observations. are.-.included, - then - . -
frequencies below. 327 MHz could well ‘be desired. At:
the other end of the spectrum, operating at frequencies-

required. .

much above 115 GHz is impedéd by atmospheric water

absorption which begins to limit seriously reception for.
antennas on low-¢elevation: sites, -as in the case.for the

various AT locations. .

,D,cve.!op,mg the fced System‘(whi‘ch zi_nc‘lude.sn the feed
horn and all passive microwave.components before:the

LNAs), where the.aim was to cover an extremely- wide-
frequency range, proved to be a compromise :between.

scientific: objectives and engineering . feasibility. T will

“begin by tracing this historical development, then give. -
details of the -feed system’s components : currently -

installed on the antennas; and end w1th -4 section--on
-pos31ble extensions. ; - ‘

* D1v131on of Rad10phys1cs CS[RO PO Box 76
. Epping NSW 2121, Australia. :
- Submitted to-The Institution of Radlo and
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Table i A

: Frequency Bands

~' B’ar‘id Freq Range(GHz)

(1) Initial ReqtliretnentS‘ ; o
1.25-1,.75'

2leme (L)oo %
“13:em - (8): L 2.20-2.50 -
6 ecm . (C). - . 440-610
.3 cm, vr.(X) o000 8.00:9.20,
'(n) Poss1b1e Extens1ons, S : ~
s 15 mme (K)o 20,00-25.50
o 7omm . (Q) - . :42.00-50.00.
-3 mm. (WF) ~85and~11500 "
~630 MHz - -

L. .~843 MHz

DEVELOPMENT OF THE FEED SYSTEM

21 The feed horns »

When we began the electromagnenc des1gn of the AT
antennas -in - the: early: 1980s, the nearest comparable
synthesis telescope design using Cassegrainian reflectors’
was the Very Large Array (VLA) in New.Mexico [2].

The": VLA - achieved - multifréquency :operation - by "
- - providing a narrowband. feed for each' frequency- band.
- compleéte. with its cryogenically ¢ooled LNA. The feeds:

are fixed and situated.off axis while the subreflector is

- tilted-at'the appropriate azimuthal position corresponding
= to'the feed horn (and hence frequency band)-required.for -
-a- particular observation... Thus, to covet, say, the four -

o June 1992
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initial bands given in (i) of Table 1, would require four ’.

feeds and associated cryogenics. A similar scheme was
suggested for the proposed Canadian long baseline array
[3] and the very long baseline array (VLBA) now being

constructed across. the USA uses this basic concept.

* Aside. from - the mechanical problems of ensuring
trouble- -free tilting-of the subreflector, such a design, as

- aresult of the offset feeds, seriously compromises the
7 - This_ has been
.. demonstrated- in practice by. the relatively poor
- performance of the VLA in this regard. While this
problem was given some attention [4] with respect to the .

-polarization purity -of the antenna.

- AT des1gn the strong desire to have good dual
- polarization characteristics, together with a wide field of

view (out to the 3-dB point on the main beam) made any
_off-axis design -look unattractive. It was decided,

therefore, early in the design of the AT, that it should =
operate with both-the feed hor and subreflector placed -

(symmetrically) on axis.

The initial - set of frequency bands required was
1.25-1.75 GHz, 2.2-2.5 GH%Z, 4.4-6.1 GHz and
8.0-9.2 GHz, as shown in Table 1. Using narrowband
designs, this would require four separate feed horns.
- Numerous alternative schemes were investigated at the

time, including using the prime focus mode for the lower -
frequencies [5]. A more attractive alternative was to use

a wideband feed design that would halve the numbér of

" feed horns required. This was a possibility as a result of-
the then newly developed corrugated conical horns,
capable of h‘igh-performanc‘e operation over bandwidth
tatios up to 2.2:1." ' (The development of these horns.
largely arose from work undertaken to upgrade the

: Moree 1.OTC earth station [6]. " The final outcomé is:
summartzed in [7])) The problem still remained of:
course as to how to place the des1red horn on axis-in 1ts
operattonal position. « z

Wldeband corrugated comcal homs are characterized by
a large aperture to produce the ’gain saturated’ condition
(8] and have a phase centre in the throat region of ther
horn.. Given the reflector optics design discussed in [1],
a wideband horn to operate over the frequency range’
1, .25 - 2.5 GHz would require an aperture of about 1.6 m

in diameter and an overall length of over 3 m with most

of the length protruding above the focus (since the horn
phase ‘céntre is in the throat of the horn). . The size,
weight, cost of manufacture and blockage created by
such a” horn made it an unattractive. proposition.

" Furthermore, given the size of the feed-cone housing on .
the reflector (see [1]) it would be difficult to fit into the -

space available, let alone attempt to provide some means

of  accommodating other feeds for higher frequency.

~ bands: - Clearly,: an altérnative solution was: called. for.:

- A number of possibilities were. considered, including -

using prime focus operation for the 1.25-1.75 GHz band:

[5]. - The. solution _finally. chosen for "the lower:

frequencnes --ignoring for the moment the provision of

-operation at higher frequenc1es < was: to develop ‘the -

compact corrugated -horn illustrated in Fig. 1. The main.

- advantage of this horn is its-relatively compact size with .

- Joiirnal of Electrical and Electronics Engineering, Auﬂr’a’lid v JE Aust. & IREE -Aust. Vol. 12, No-2. .

had a major impact on the AT design.

N Phase centre
position

~ Cross-section view of a compact hoin with
o+ -a TEy; to HE;;" mode converter asing
' ring-loaded slots.

- the phase near the horn aperture, 5o that thé bulk of the

horn can be housed inside the cone. This eliminates
blockage problems that can arise with physically large. -

"~ wideband horns where most of the horn is s1tuated above,

the top of the cone housmg

Inmally, the compact corrugated horn was thought to be
narrowband, thus requiring a° separate horn forthe
2.2-2.5'GHz band. However, subscquent analysis of this

‘horn using both the accurate mode-matching method

(previously developed in. the laboratory for analysmg
wideband conical corrugated horns) and ring-loaded slots

© in the throat region of thé horn (Fig. 1); showed that /

effective .widéband operation  was: -possible. - . For
example, in feeding the AT Cassegrain antenna, the loss
in overall gain was maintained within 0.5 dB over a_
bandwidth ratio of 2.4:1 with the focus at the average
phase céntre - position ‘[9].~ - It “'must be. pointéd- out,
however, that the compact corrugated horn does riot have

_ true wideband behaviour in that,' while the match and

cross-polarization characteristics afe maintained at a low
level across: the band; thé phase céntre and beamwidth
vary with frequency. This méans that at the upper-band
edge, feed phase errors cause most of the loss, while at
the lower band edge, the loss is mainly dué to réduced

-~ beam efficiency with the increasing beamwidth of the

feed. Nevertheless, the compact-corrugated horn, when
used as a feed in a Cassegrain antenna system, can give -

" an- overall performance close to that where 4 true-

w1deband horn is: used

Th1s (effectlve) w1deband behavxour of the' compact horn
<1t ‘was now
possible to congider secondary focus operation seriously
for all frequencies above 1 GHz. 'Using corrugated

- horns with effective bandwidths in excess of an octave
in-range, meant that-only four hioms were reguired to

cover the frequency bands above ‘1 GHz, as given in
Table 1: a:1,25-2.5.GHz and a 4.4-9.2 GHz band horn

- where ' the compact horn design is used; and a

Tune 1992 .
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Figure 2 The rotating turret system.

20-50 GHz and a 85-115 GHz band horn where, given
the smaller physical dimensions of these higher

frequency; horns, a conventronal comcal corrugatedr

w1deband horn desrgn rs feas1b1e.» S

As stated earlrer on-axis operatron of the feed was
considered essential to'maintdin thé dual polarization and
wide field-of-view performance required of the AT. To
this end, a.rotating turret system was provided as ‘the
means to allow each feed horn to be brought on axis as

required [5][10]. The mount arrangement for the four =

feeds is shown in Fig. 2. Even so, to fit all of these
horns into the space available, we had to compromise
further with regard to the larger 1.25-2.5 GHz compact

horn, While the best average phase centre for this horn -

was at a position of ~870 mm inside the aperture, if
placed in this position, it would still protrude too far in
front of the focus, thus blocking the:other horns, Given

that the phase centre of the hornat 1.4. GHz is ~250 mm:

“inside the aperture, then with the horn in this position,

the antenna performance is . optimized around this.

frequency and enough room is provided for the other
three horns. However, as a result, the phase centre of
the horn in the uppeér 2:2:2.5 GHz band is well femoved

from' the focus, theréby reducing the overall.efficiency
of the antenna in this band. ' To correct for'some of this
gain loss, we:provided for a small axial movement of the
subreflector so-as to improve the efﬁcrency in thrs band

by up to 10%::.

Flgure 2 shows the 1 25 2. 5 GHz band feed. to be in the

on-axis operational position. Also note'that all the feed
apertures -lie in - thé' same:plane.

1.25-2.5 GHz horn was very close to the value of the

best average phase centre. position of the 4:4-9.2 GHz -
compact horn.” The other two-higher- frequency: horns,.

which are to be wideband conical corrugated horns as

described in [7], are somewhat overdesigned: They: are:
larger than necessary so that their apertures li¢ in-the

Joirnal of Electrical and Electronics Engineering, Australia - IE Aust.’ & IREE Aust, Vol. 12, N6 2.

This.’ was . done
deliberately ‘to minimise- blockage and . interference:
effects between horns. . It turned out to be fortuitous that
the: 250-mm  phase = centre 'position - used ' for ‘the

plane of the compact horns., In practlce, this matters
little as the overall perforinance is generally rmproved as
the. hom (electncal) length 1ncreases t

2.2 Orthomode transducer (OMT) desrgn

With the adoption of w1deband feeds capable of
recéiving a pair of bands, came the almost immediate
demand for- simultaneous dual-band operation, : This not,
only increases the speed of the instrument, but also

" provides scientific advantages such as, for example, in

moriitoring the atmosphere in certain VLBI (very long
baseline interferometry) experiments, The emphasis was
therefore- placed ~on developing ~other wideband
components, such as polarizers and OMTs, to be iised-in -

-conjunction with the horn. Since it was doubtful that.a

waveguide polarizer could be developed to match the

- bandwidth performance of the horns, it was agreed that

linear polarization be the mode of reception with 01rcular
polarlzatron if requrred reconstrtuted further down the

~line at: the RF or IF. stage thle this went against
_ conventional wisdom at the time, it was argued that,

from the scientific point of view [11], this was also the
best choice’ of ‘operation. *~ Consequently, dual. linear

_polarization was adopted and we devoted our atiention

to developing a wideband OMT to match the capablhtles
of the horn

One problem in - desrgmng wrdeband wavegulde

- components in “general is the need to avoid exciting

unwanted higher order modes. If propagated, they can
have -deléterious effects on' the radiation pattern of the
feed . connected to- ‘the device. ' In particular,

- cross-polarization performance can be severely affected -

by-the -excitation ‘of unwanted ‘modes. * Therefore, .in
investigating ‘a wideband - OMT design, - it ‘seemed

“appropriate to transform the circular wavegulde output -

from the horn into a waveguide configuration that is
inherently wideband, ‘such ‘as"double or quad-ndged
waveguide: (By wideband in this instance, we mean -
where the cutoff. frequencies between the fundamental
mode and . the “first unwanted higher ordér mode are

‘widely-separated. - The fundamental mode can then be

excited in the waveguide over a wide bandwidth without
the unwanted higher- order mode bemg exc1ted and‘

'subsequently propagated )

Some earher work on quad- ndged OMT desrgn was not
particularly encouraging, obtaining a useable bandwidth
ratio of up-to 1.7:1 only [12]. " A more promising
approach. appeared ‘'to bethe finline OMT developed
many- years ago [13]. ‘In essence, this OMT operates by

* having a pair of diametrically opposite tapered metallic
fins fitted inside the waveguidé to transform gradually”

the ' dominant propagatmg waveguide mode polarized

parallel to the fins into a finline'mode. "The energy in '

the finline mode is essentially confined to the small gap
between: the fins in the centre of the waveguide. This "
energy can theri“be rémoved from the waveguide by7

simply curving the fins'around a-90° bend and out -
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Metallic fin \

Resistive
card

.. Firline ¢ ridged - . _. - Orthoegonal -
v 'mnsmdn\% " -double ridge -

; fransition

‘Cross—‘sectionail ttiew of .the 'finline.OMT. '

Figure 3(a)

Figure 3(b)

- through.a-small hole.‘i,n‘the side of the waveguide, It'is.

- then' possible . to- launch.. this: energy - 'into.: anothet:

. waveguide as desired. - The other dominant propagating:
- mode polarized orthogonal to the fins continues to travel. -

-along the waveguide unperturbed prov1ded that the fins
. are sufflclently thin. .. :

: ,We spent some t1me 1nvest1gat1ng th1s type of OMT .

Our implementation. of a wideband finline OMT is

illustrated. in’ Fig. 3. Two orthogonal polarizations, E1

and E2, are assumed to-be excited-in square. waveguide

. of ‘width-a,. Polarization E1 is gradually:transformed -
. ~over.a length 1; to:a finline mode within the small gap, -
-“d.-. This-mode is then taken through a.90° bend and-out -
throuigh a hole in the waveguide wall to permit removal:’
of E1 from the waveguide. A further transition from the
finline . to conventional, -wideband, double-ridged - -
waveguide over a length I ‘enables the signal to be,
-extracted from the waveguide system by a conventional
wideband coaxial-to-double-ridged. wavegulde adapter. -
The orthogonal -polarization-E2 is in turn transformed.
_into  double-ridged waveguide (to permit ‘wideband = .
-_.operation) -via -a. square-to-double- ridged' waveguide: - .
ransition- of -a length .15, -as. shown in Fig. 3. . The.
resistive: card is necessary; as in:[13], to suppress the, -
- excitation of unwanted modes at the termination of  the:
fin.: The only :purpose of -the 90° bend in: the square .
waveguide is to permit the coaxial outputs containing'El; -

and E2 t0.be located :physically close together, .. -

- Journal of Electrical and Electronics Engineering, Australia - IE Aust. & IREE Aust; Vql. 12,No2. .

Exploded view of the. prototype f1n11ne

Figure4‘ -

I < Iy

Metollic tins:

The quad-ridged OMT; -
(a) cross-sectional view; :
(b) end view. wrth shortmg cap removed

For acceptable performance, the various d1mens1ons of ;
the OMT shiown in Fig. 3 must be-appropriately chosen.
Suitable : dimensions; - together - with a.more - detailed
descrlptlon of this -device, are to be found.i in [14].- The
major disadvantage of the finline OMT is the relatively -

- high levels of higher order modes generated by the 90°
'Ibend which - give rise to- cross-polar peaks that are
. unacceptably hlgh for the present apphcatron

'To get a better solutron we tumed our attent10n to the
r quad-rrdged OMT. . This design is similar to the finline

case in that tapered frns, or.ridges, are.used inside. the

: awavegu,rde, where, in this case;.two. orthogonal pairs of
. ridges concentrate the.field into a small gap.in the centre
- -of .the ‘guide.
- waveguide. via-coaxial lines passing through ‘the. centre

- The -energy . is - extracted from - the . -

of the:ridges with-orthogonal. probes: extending across

-the: small -gap ‘between the ridges; ~'An outline of the
-~ OMT is shown.in.Fig, 4. R T
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With limited time available, we used the same sine-
squared-type taper for the ndges that-were ‘the most
successful: shape for  the  finline- OMT developed
previously. Design. details are presented in [14], but to
. .achieve wideband performance to match that of the horn,
_ithad to be suffrcrently long - at least four wavelengths
at the lowest operating frequency. This was about twice
the length of the OMT developed in [12] and largely
explalns the latter’s limited bandwidth performance

The ridge pr‘ofrles in [12] ‘were designed on the basis of
maintaining a.constant cutoff frequency through  the
OMT. In waveguide transition desrgn this is a desirable
approach for reducmg the effects -of changmg Cross-
section, However, in any grven desrgn it may not always
be convenient to maintain the waveguide dimensions for
constant cutoff. As an altematlve, and for coiparison
~ with the previous results, we designed ridge profiles
giving, with the aid of a computer program to analyse
waveguides ‘of arbitrary cross-section [15], the least
change in cutoff frequency. Qualitatively, the results were
similar to the earlier examples, and we concluded that,
for adequate wideband performance, the length of the
OMT is more important than the particular design of the
ridge profiles,-providéd the latter are smoothly varying
and the variation injcutOff frequency is n‘_ot too large.. -

3 FEED COMPONENT PERFORMANCE .

' 3 1 The compact horn

The same w1deband compact horn des1gn was used to -

cover the 1,25-2.5 GHz and the 4.4-9.2 GHz bands with
the dlfference between the horns being only a matter of
scale. Figs 6-9 show the results of the horn, normalised

-to-the des1gn frequency f where, for the 1,25-2.5 GHz - V

homn f; = 1.56 GHz, and for the 4.4-9.2 GHz horn

f,=5. 50 GHz. InFig.5a selectlon of measured co-polar

and cross-polar radlatron patterns ar¢ shown across the
band where the narrowing of the beam is with increase
in frequency. Also evident is the increase in aperture
.phase errors  with mcreasmg frequency as the f1rst
. s1delobe 1s gradually absorbed w1thm the maln beam

'shown are the predrcted values whrch generally are in
close agreement wrth the measured data; Frgure 7 plots
the predlcted beam efficiency whlch rapldly falls off
with frequency. The variation in phase centre posmon
is shown in Fig. 8. For the best average posrtton for
wide-bandwidth operatlon the value of g/l; is set at
“around a value of 4.5 which is the setting of the

4,492 GHz horti with the nommal phase centre at

250 'mm inside the horn aperture “With this settmg, the
g/l value for the 1.25- 2.5 GHz horn is 1.3, which clearly
vfavours the bottom end of the band as dlscussed earlrer

"Frgure 9 plots the retirn- loss performance of the hom
~‘where it is: seen to be at hrgh levels over the operatmg
bandw1dth ;
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Figure 5 Measured co-polar and  cross-polar

radiation patterns in the * 45° planes for
the compact horn where 8y = 15°, at the
following frequencies:
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© fif,=20

of the compact horn - .
—0~0- theory; -
.o ==x—x—measured. -

32 2 The quad-rldged OMT

.-The same: bas1c OMT desrgn is used for both the
.1.25-2.5°GHz and 4.4-9.2 GHz. bands. (
 illustrated in Fig. 4. Table 2 gives the parameters where

‘The OMT -is

for the:lower band, 1; =.24 cm-and for the upper. band,
};=6.8 cm. For thrs latter case, the gap between the

,fms A, is already very small at.a value of 0.34 mm.

For; this .reason, it is difficult to see this type: of oMT

?bemg used for. higher fiequency bands, and alternatlve
: solutlons will need to be found.

rWhen connected to the assocrated wrdeband compact

corrugated horn; . the return- loss -and. cross-polar

performance- are shown: in. Figs..10. and- 11 for. the
4.4-92 GHz and- 1.25-2.5 GHz OMTs - respecttvely
';These results are generally adequate for the AT needs,
especrally bearing in mind the wide bandwidth involved..

o lune 1992
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k Table 2
Parameters for Quad-Ridged OMT
oy/AL .“V]O.‘-75 ,
I/KL = 0.05 '
AyfA; = 0.01
1‘0‘ H ] I T 1
098
. 0:96
25
- 0-94
0-92
0-90
o8 10 12 1'6 .18 2:0
i /fI
Figure 7 Beam effic1ency N (fracttonal value of
Lioos o oeenergy-contained within the angle 0 =0y
from . boresrght) as a function of
normalized . frequeéncy: fif;.
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Figire 9 - - Returri 10ss of the compéct horn.

The two OMTs are not identical. One difference is in the

coaxial connector. For the larger OMT the coaxial line
through the ridge could be made the saine dimensions as
that of a Type-N connector, thus avoiding any mismatch
problenis. Practically, however, for the smaller ridges of
the 4.4-9.2 GHz OMT, it was not possible to have the
radius of the 50 Q of the connector to be the same as the

50 Q coaxial line through the ridge. Hence, an abrupt
JuIlCthIl between thes¢ two lines occurs, and the

characterlstlc shape on the return-loss curves in Fig. 10

compared to ‘the: "flatter’ response -of- the return-loss

reSponse in Frg 11, s consistent with - a (small), .
mlsmatch at the Junctron between these two lmes

: An‘other difference between ‘the two  OMTs ,1s in the

shape of 'the ridge profilés. “The 4.4-9.2 GHz OMT,
which was developed first, uses ‘a sine-squared-type
taper ‘for the rtdge profrles developed for the earlier
fin-line OMT. Further development continued with the
1.25-2.5 GHz OMT with a fin profilé based on a
minimal change in_ cut-off frequency. These two
dlfferent proﬁles are shown in 'Fig. 12, and while in
some ways qu1te drfferent weé belreve, based on
ompdrrson w1th other work such as’ in [12] that what is
more 1mportant for adequate performance, provided the
rldges are smoothly varymg, is that the OMT be made
sufflcrently long '

Fmally, F1g 13 demonstrates the effects of hrgher order
modes generated in the OMT on the fields in the main
beaim region of the AT Cassegram antenna when
illuminated by a. feed system consisting of a quad-ridged
OMT/w1deband compact corrugated horn combination.

- Fig. 13(a) shows the co-polar and cross-polar résponse

in the v1c1mty of the main beam with the feed system
operating at a low frequency so that no hlgher order -
modes are excited. The response, as expected is

Journal of Electrical and Electronics Engineering, Australia - IE Aust. & IREE Aust. Vol. 12; No.2. - - . R . Jure 1992
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0T ST AT S

" Return loss (dB)
Crosspolar, (dB) - B

Figure 10 Photograph of a prototype quad-ridge OMT des1gned for C/X ‘band operauon
(a) - General view with the shorting cap removed.
(b). -View looking into the-OMT.

> (c) Measured return loss of the quad- rrdged OMT connected toa wrdeband corrugated horn (fL =44 GHz)

- E1-polarization; -------- E2 polarization.
(d) Measured cross-polar levels of the quad -ridged OMT/ corrugated ‘hern combmauon (fL =44 GHz)
-El1 ) S
wlelolozia 2seumia B2 ) maxrmum cross-polar levels SR = E’Lzl ), on-axis cross-polar levels
— - — Hom alone ) . ST m———E2 )

- Journal of Electrical and Electronics Engineering, Australia - IE Aust. & IREE Aust. Vol. 12, No 2. : t 5 : C - June 1992
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. . Heturnloss {d8) . e

,»20:

Figure 11+ M ast

quad-ndged OM’I‘ des1gn -

'sym‘mem’c’al-v“&imlvery‘low cfdss-‘-poiaﬁ”zation’llés}e’l‘s: This
représents a 'best’ case. - Figure 13(b) shows the equiva-.

- ‘lent result for-an antenna operating at the top-end of the

_band .when higher orders are generated and propagate - -

. through: the feed system. The.effect is.most dramatic on

the: - cross- ~polarization performance. which .is- hlghly

: :asymmemcal swith increased. levels'of fleld strength This. -

- represents. a - 'worse” :case and,. w1th1n ‘the  3:dB
_beamwidth, - the max1mum Cross- polarlzatlon level of - .

. .about 26 dB is well w1th1n the. reqmrements of the AT R

4 FUTURE DEVELOPMENTS

other options such as beam-wavegutdes ‘beam splltters,' e o
and other - quasi-optical techniques, attractive. Up (8
115 GHz, the corrugated horn remains a su1tab1e cho1ce o

For. frequenc1es below. lGHz hghtwe1ght portablef

arrays which can be fitted on top of the cone.housing

may. be suitable -with prime-focus operating only a ..

- possibility at frequencies of ~327 MHz and below.

.Idu(nql of Electrical and Electronics Engineering, Australia:- 1E Aust, & IREE Aust Vol. 12,No 2. -

“Elevation (degrees)

Elevation _'('deér‘eés_) I

= L. CFigurel3:

Future developments for the antenna feed system depend : SN R
very ‘much on the frequency bands required.. Ashasal- -

ready been mentioned, the quad-ridged OMT design will

“be unsultable for hngher frequencxes above those current-. * . -
ly opérating. However," the 'smaller. wavelength.makes -~ o -

©-0:06 Lo

006 =002 . Coe02 006
T T Azt (degrees) i T
SRR L o

‘, Calculated co-polar and cross-polar flelds’

“in'the v101mty of the main beam of a:dual
©  OMT/wideband corrugated-horn' combina- -

oo the effects of hlghqorder mode excxtatlon[ -
e .. within the OMT. - P
(a) “Tow- frequency response
(b) hlgh frequency response

These and. other methods w111 need to be developed as
the usage of the AT evolves.: . :

June 1992

reflectoranténna fed by ‘a- quadsridged -

| tion operating at a-high frequency to-show -
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The Receiver System

© MW. Sinclair*, G.R. Graves*, R.G. Gough** and G.G. Moorey*

Y

SUMMARY The seven 22-metre antennas of the Australla Telescope (s1x at Narrabrl and one at Coonabarabran NSW)
have been equipped with a range of low-noise microwave receivers.” The system requirements, design’ concepts and
construction techniques of:the overall receiver system are discussed and some- early performance date indicated.

1 INTRODUCTION

Constructing the new 22-m antennas for the ‘Australia
Telescope (AT) has offered many new challenges for

modern receiver design engineers, Each of these
- antennas, equipped with low-noise receiver -systems
* designed . to. amplify = and down-convert incoming

cosmic ~radio - signals, must < satisfy - many - new -

. Tequirements- demanded by modein synthesrs radro
.telescopes : o o ‘

To provide such a receiver system to . match these -

requirements, many factors had to bé' taken into

consideration. To begin with, the designated observing

bands, 1.2 — 1.8 GHz,2.2 — 2.5 GHz,4.5 — 6.1 GHz

and 8.0 - 9.2 GHz,' selected - either because. of °

allocations to the radio astronomy service, or because of

the presence of astronomically important atomic and

molecular spectral lines, cover an ‘extremely - wide
frequency range which cannot be covered effectively by
on¢ féed -horn ‘andone. receiver: - ‘The -polarization
specifications called for an instrument  that could

perform high-precision polarization measurements over.

 the entire half-power beamwidth of the:antenna element;
This: feature- required .on-axis : feeding" of -the - antenna
refle¢tor and, because several horns and receivers wereé
needed to achteve the ‘wide frequency coverage of the

instrument, these - horn-receiver . combinations - were-
mounted on a rotating turret ‘to: enable -rapid‘on-axis .

‘ swrtchmg to the desned observmg band

% Australia Telescope National Facility, CSIRO;

. 'PO Box.76, Epping. NSW 2121, Australia.

- *% o Australia Telescope National Facility, CSIRO,

- PO Box 94, Natrabri NSW 2390, Australia.
‘Submitted-to The Institution of: Radio and

= 'Electromcs Engineers Australia in June 1992,

Sl

- (1v) They _must have a w1de range -of - output

Other receiver des1gn features ansmg out of the spec1a1
requtrements for the Austraha Telescope are

®- The receiver front ends must have the lowest -

‘- noise temperature achievable, consistent with

high reliability and - wide percentage
bandwidths of up to 30%.

© (ii) - Astronomeérs - must- be -ablé.  to observe,

simultaneously, widely different spectral-line
features within a receiver passband, or from -
two . different - receivers -with’ passbands
separated by almost an octave in frequency

(iif) “They must have a high degree of gain, phase '

- and frequency stability relative-to a variety of
external influences, ' the main one being -
temperature '

-bandwidths ‘ranging from 0.5 to 256 MHz in
~‘octave incremerits. - This -allows  for - good
: ;avelocity coverage-at high resolution for a wide
: range -of - molecular “gpectral - lings “in - the
centxmetre and mrlllmetre wave: bands

7

(v) Wherever possrble no srgnals generated within

the receiver system itself should fall into any
of the 31gnal or mtermedlate frequency bands .

(v1) The reltablhty and malntamabrhty of the.
-receiver system as a whole must be - high.

- Because of the small number of antennas in -

i -the’array, time lost due to equipment failure -
- ‘seriously limits the efficiency of the telescope.
Consequently, a compreliensive. monitoring
system is required which can pinpoint problem -
.aréas qulckly and facrhtate maintenance wheii
~faults‘oceur. . RIS

- Joiirnal of EIectric’aI .and Electronics Engineering, Australia - TE Aust. & IREE Aust, Vol. 12, No2. .- T . - June 1992
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Figure 1 .. Overall Receiver system block: diagram.

2 SYSTEM DESIGN

The system arrangement shown in Fig. 1s that which

was finally developed to meeét the requlrements 1nd1cated"

above.

" The development of compact and conic‘alb corrugated feed
horns providing high performance over a 2:1-bandwidth

ratio :[1]° has. enabled- two AT observing bands to be

- received by one primary feed horn; -This has resulted in

a-front-end - design. which -uses a wideband orthomode
transition (OMT) [2] to cover both AT bands provided
by the feed horn, a band separation ‘diplexer to select
each AT band from the orthomode transition output, and
a set of. low-nois¢ GaAs FET. amp11f1ers all cooled to

cryogemc temperatures -

The amphfred radio frequency (RF) 31gnals from the

front-ends, (covering the designated AT bands) are theén

passed to a tuneable multi-frequency conversion system
. where, by appropriate filter selectron and local oscillator
(LO). settings, - the: final 1ntermed1ate frequency (IF) N

output bands c¢an-be- tuned to any part:of ‘an observing
band " with: a. resolutlon of 1 MHz. . Four IF output
channels.are provided.- two polarlzatrons in:each band

separated bands within a single front-end band.

Journal of Electrical and Electronics Engineering, Australia - JE-Aust: & IREE Aust; Vol. 12;No 2. :
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One pair of IF channels has six output  bandwidths
available for narrowband spectral-line observations, all
selectable remotely; the remaining pair of IFs has only
two wide bandwidths (128 and 64 MHz) available
which, in conjunction with the wide bandwidths of the

. first pair of IFs,gives four wideband IF channels for

continuum observations. A future extension which will

provide for a 256-MHz-wide IF band for millimetre-

wave spectroscopy, is planned.

It is at this point that each IF output band, amplified to
the correct level, is passed on to a high-speed sampling
system [3], where the IF signals are digitised and then
transmitted back to the central control site for

correlatlon

: As well as the IF outputs each channel provrdes a
-square-law. detector output that enables the total power

level in éach band to be monitored. This system, in
conjunction with a small modulated noise source signal
injected into the input of the receiver and a synchronous
demodulator, can be used to monitor continuously, the
gain and system témperature of the receiver. . .

3 -DETAILED SYSTEM DESCRIPTION -

: 3 1 Front ends

The noise: performance of a recelver system in a. radlo

~ telescope. will depend, critically, on the gain’ and noise _
performance of the input low-noise amphﬁer and the -

loss in the transmission system connecting this amplrﬁer
to the receiving feed horn.. Thrs can be seen in the
srmple expressron : :

Ty =LTy + G- Ty = Tyt Ta+ Ty @D (1)
wher,e TA’ ds:the noise xtempera'tur’e at“the input ,to. the
feed hom, Ty is the amplifier noise temperature, and Ty
is the  physical temperature of the. input ., transmrssron‘

system w1th loss. L. :

Equatron 1 shows that eXCess: system n01se due to mput :

1oss, depends not only on the physrcal,temperature of the

loss, .but. also: on: the: following - amplifier noise
temperature Clearly ‘the ‘system ;noise can be greatly '
reduced by cooling both the low-noise amphfrers and the "

B input loss to cryogemc temperatures .

" The octave- band feed horns developed for the mmal

observing bands, require that the dual-band front ends

‘simultaneously - -accept the frequency ranges."' :
12 - 1.8;GHz and 22—)25GHZ (the 15/23GHz'

front end) with the:5. 0/8.6-GHz frontend acceptmg the

T 4.5 — 6.1 and 8.0 - 9.2-GHz bands,
from a dual-band.front end, or two polarizations eachin :
‘To achleve thlS each front end has been equrpped with

~

. June 1992
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Eiéure 2 Frontvend block dragram

S (1) an octave band thermally 1solat1ng, Dewar
' 1nput wavegmde system :
" (‘ii) -an- 6ctave-band lmear orthomode polarlzatron
transducer (OMT) s v
diplexer: - éach

(iii) a band-separatron " for
polarization '

(iv) a pair of low-noise: GaAs FET amplifiers- for
each observing band

. filter system to provide image rejectton and
extra RF ampl1f1cat1on ,

s (v‘i) a closed cycle (hellum) cryoegenic refngerauon
Lo osystem: capable of coolmg a 10-watt thermal ;
« load to » 20 K. S S inga

Journal-of Electrical and Electronics Engineering, Australia - IE Aust. & IREE Aust. Vol. 12,:No 2:

a post LNA ambient temperature amplifierand -

" antennas.

The OMTS, thé band-separation diplexers and the FET
low-noise amplifiers, ‘are all housed in a stainless steel
vacuum. Dewar to enable cryogemc coolmg of all these
components i :

In the 5 0/8 6 GHz front end dlplexers and FET amph-
fiers are-all cooled to less than 20 K. .However, in the
1.5/2.3-GHz front end, the diplexers and FET amplifiers .
only are: cooled to less than 20 K, whilst the OMT,
because of its greater mass and size; is cooled to 75 K.

A

A block diagram:.of the front end systems is shown in

. Fig.. 2, Fig. 3(a) shows the cryogenic' components of a

5.0/8.6:GHz front end, and Fig. 3(b) a fully assembled
front: end complete w1th feed horn Coa .

Frgures 4(a) and (b) are: completed 5. 0/8 6 GHz and
1.5/2.3-GHz: front ends ~mounted .on:the: AT 22-m -

Tuné 1992
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5 ()8/8 6 GHz frdnt end showmg cryogemc
components. :

Figure 3(a)

RN

. Dewar Input Wavegutdes and the Orthomode
Polartzatton Transducers

The wide bandwidth nature of the front-end systems
réquired that the input waveguide thermal isolation gap:
and vacuum window seal should be non-resonant. . This-
requirethent precludes the use: of-choke: grooves in’ the'
waveguide gap and iris-type vacuum windows; because: -
these are resonant devices: Instead, a-very small gap
dimension was adopted, with particular attention paid-to:
gap compensation ‘ during” the * cooling* prOcess, by’

choosmg approprlate materlals and d1mens1ons

cell expanded polystyrene foam (Ecco foam 1.04) plugS»
of appropriate length. This gives-an extremely low-loss
window with adequate vacuum sealing properties for the

siall diameéter plugs used in the 5.0/8.6-GHz front énd.

Theé foam plug used on-the 1:5/2.3-GHz front énd; hows.
ever, had to be sealed with a thin polyimide membrane .
(0.12-mm Kapton), because air diffusion through the:
closed-cell foam gave an‘unacceptably high' leak rate:
, through the much larger area of the window plug. .

;Ioufn-al. of Electrical and Electronics Engineering, Australia - IE,,Ayst. ‘& IREE ‘Aust. Vol: 12, No 2.~

Figure 3(b) - Assembled 5. 08/8 6- GHz front end, with

feed hom.-

- The wideband OMT [2] is required to have low-voltage

standing wave ratio. (VSWR) - and -high isolatioh
properties across an octave bandwidth. These devices
are based on a quad-ridged circular waveguide structure
and-have typical VSWRs-at each orthegonal output of
léss than 1.5:1 for the band 4.5 to- 10 GHz, and less than - -
1:3:1 for the band 1.2to 24 GHz. Isolation between the
orthogonal outputs for both bands is typically 35+40 dB.
The insertion losses were measured at room temperature _
to be € 0.3 dB for the 4.5 to' 10 GHz unlt and< 02 dB
for the 1210 2. 5 GHz umt ‘

: -Band-Separatwn Dtplexers

 As this device is situated between the mput waveguide
.and the first LNA, it'is important that the insertion loss:
“between the input and the band-selecting ports be-kept

to a minimum. For this reason the 5,0/8.6-GHz diplexer

- was.realised in a suspended stripline format and consists -

of a low=pass/bandpass filter combination similar.to that
described by Dean and Rhodes [4], and. was analysed
and optimized using the microwave . CAD" program

" June 1992
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1.5/2.3-GHz horn and 5.08/8.6-GHz front
end, mounted on an AT 22-m antenna. -

- Figure 4(a) ‘

: ’Touchstone [5]. The 1 5/2 3- GHz device was reallsed[f :

ina mrcrostnp format to minimise its physical size, but
used the same des1gn features as the 5.0/8.6-GHz un1t

Because these devices are cooled cryogemcally (to20-K)
. it was 1mportant to make sure thatthe device would

operate reliably over a wide ‘temperature’ range, In the

microstrip structure, care was taken with all the soldered -

joints to prevent cracking at low temperatures, whilst the
0.12-mm Cuflon (Polyflon Corp.) [6] substrate used in

the” suspended substrate. format was supported by

Eccofoam 1.04 between the. substrate and each’ ground
plane. This is'done to prevent the Cuflon substrate from .
' wrmkhng after thermal cyclmg of the dev1ce '

Typrcal insertion losses were (. 15 and 0.2 dB at-1.5and -
2.3 GHz in the microstrip device, whilst the 5. 0- and
8 6 GHz losses were (0.2 and 0. 5 dB at mldband
Low-Nmse GaAs Mesfet Amphfters

A detailed descnptlon of the four: FET LNA desrgns
used in the AT front ends has been given by Gough &

Journal:of Electrical and Electronics Engine;aring, Australia - IE Aust. & IREE Aust. Val. 12, No 2.

Figure 4(b)  * 1.5/2.3-GHz front end mounted on an AT \
R antenna '

Rasmussen [71. However, a general outline of the
design criteria and a brief descrlptlon of each amplifier.
w111 be glven here. &

To en‘sure"'that the AT has good polarlzatlon

- petformance, it is " essential - that. the ‘high ~isolation
‘bétween the orthogonal outputs of the OMT be preserved

by ‘being . well terminated in low VSWR loads. This
requires- that the band diplexers and cooled LNAs have
low-input VSWRs. This was achieved in the LNAs by
using sourcé inductance feedback in the 1.5- and
2.3-GHz designs, and cooled 1solators on the mputs of

the 5.0- and 8.6-GHz amplifiers,

At the same tlme, vto achleve optimum - low=hoise

_performance, 'a microwave FET needs to be driven by .

an optimum ..generator- impedance, Ao ‘where

+ JXpr As both the R, and X opt Tequired -
by the FEEF change as the device is cooled cryogemcally,
designing and tuning the amplifiers was optimized. for
cryogemc operatlon

The amphfler mput matchmg network is des1gncd to
transform ‘the SOQ system impedance ‘to Z For a

- June 1992
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narrow observing band, for example the 2.3-GHz band, a
quarter-wave transformer can be used to transform the

50Q system 1mpedance to Ropt, and a series inductance -

will provide jX,. For bandwidths of about 30% (e.g. the
. 5.0-GHz band), we need an mput-matchmg network which

w111 approxrmate Z(,Pt over the requrred bandw1dth

1.5- GHz ampllfner
The - 1.5-GHz amplifier is based on that designed by
Weinreb et al.. [8]. This ‘amplifier has a microstrip

quarter- wave input transformer  and shorted stub- to-

broadband the input match and noise performance The
source inductance can be changed by moving small gold-
plated brass shorting blocks under fingers which support

the- FETs. _These blocks -are posmoned for minimum .

source 1nductance for the. second and third FETs

The noise m1n1mum of the amphfrer can be tuned by
adjusting the inductance in series with the gate of the
first transistor. The’ input 1mpedance of the amplifier
can'be matched by trimming the inductance in the source
of the first transistor and adjusting the length of the

shorted stub. Adjusting the 1nput match has a small

effect on the frequency of the noise: m1n1mum

i

2.3-GHz ampllfler

‘The 2.3-GHz amphfrer is physmally srmrlar 1o, the 1.5-GHz

amphfrer but ‘the 1nput-match1ng network ‘and the gain
- stages have been redesigned. As the required bandwidth is
only about 13%, a narrowband input-matching network i is

used, consrstlng of a quarter-wave transformer and
inductance in-series with the gate of the first transistor. :

The amplifier tuning is similar to that of the 1.5- GHz
amp11f1er except that there is no shorted stub.

5, 0 GHz amphfrer - '
The 4.5 - 6.1-GHz observmg band has a, 32% band-
width. Low-nioise operation over this wide bandwidth is
achieved using an input-matching network consisting of

two, cascaded microstrip, quarter-wave transformers.and.
an .inductance in ‘series with. the gate of . the first
transistor: -The series inductance is formed by _the_ gate.:
- lead. of the first trangistor. . The noise minimum of the-

amplifier can be tuned by adjusting the Iength of this
gate lead: Figure 5 shows the RF circuit in the upper:
cavity and the bias protection crrcurt in the lower cavity..

Figwe 5 5.0-GHz low-noise amplifier.
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The amphfrer was built in a dual-cavity housing because
a smgle one, large enough for the whole circuit,. would
have m-band cavity resonance modes.

Gain is achieved over the broad bandwidth by placing
the - three transistors close together, consistent with
providing the second- and third-stage transistors wrth a
gate-driving impedance approx1mat1ng Zop

8.6-GHz. amphfler

The amplifiers for the 8,0 = 9.2- GHz observmg band are
based on the three-stage desrgn descnbed by Tomassetti
et al. [9]. That de31gn used square ssection, coax1a1 lines
with moveable, quarter-wave transformers at the input
and output of each of the three gain stages. “To meét the.
30-dB gain requlrement over this. relatrvely wide band,

the amplifiers are of a four- -stage design. The matching
networks between stages were des1gned to maximize the
gain bandwidth. The capacitive couphng from the input

. “line to the. gate of the first transistor was. maximised to

increase the low norse bandwrdth of the amphﬁer :

Amplifier performance SR

The noise and gain. performance of the best selected FET
amplifiers, at both ambient and cryogenrc temperatures
are listed in Table 1. The amplifier noise temperature
given in the Table includes the noise contribution from
the approximately 0.3-dB loss in the input isolators on
the 5. 0- and 8.6-GHz amplifiers, This loss increasés the
amphfrer noise temperature by about. 3 K at cryogenic
temperatures, and about 30 X at room temperature. The
noise-and gain, grven at 290 K are for the amplifiers -
tuned for optimum cryogemc operatron but operatmg at
room temperature »

. Currently, - the . AT array” front ends’are: eduipped‘with" o

amplifiers using FET devices, the best. of these glvmg
the: performances outlined above. ;

" Recent experlments with .. the 50- and - 8.6-GHz

amplifiers, whereby the input FET is- directly replaced

by, a.high electron mobility : transistor .(HEMT) has

Table 1

Amphﬁer noise- temperature and gam :

Amphfier Amblent Temperature
290K | 15K
Observing | Min. | “Min. | Min | Min
Band* = | Noise | Gain | Noise | Gain
+ (GHz) (X) | (dB) K) (dB)
15 | so | 29 | 8|36
23 55 31 10 37
50 150 .| 26 22 | .28
86 . | -220 ) ~20..| 29 | 29
- June 1992



o ) Post-LNA Ampllf er

L 'Fmally, -the module is* des1gn d
180¢ phase modulators in eaéh polarrzatron channel; both. -
- switched at different rates “The function of theSe devrces, s
o isto phase modulate the i mcomlng RF srgnals ata point -

"7+ in the signal path which is as ¢lose to the LNA. system - -
as possible. - Consequently,’ the effects of any unwanted .- -
.-~ RF interference entering the: s1gnal path -after this: point . -+

¢ . process is cartied out in the dlg

- s Cryogemcs System t’ o
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- resulted in - “the - minimum ' noise- temperature of thé. - -
-~ amplifier’ bemg reduced by about a factor of two Thus;
* = the. minimum’ s~ 10 K at+5.0'GHz and '~ 15 K -at" ..
- 8.6 GHz... A program to retrofit: the. array . w1th these SO T
- U The 15/23 GHz OMT is massrve and werghs some.
“1l1kg. In addition, its surface area i§ large, so that -
' wradiative loading-on this-device. becomes a significant
factor in the total thermal load on: the refrrgerator

: *1mproved amphfrers wrll begm soon L

odule

fies .:Thrs module performs several functrons the f1rst of -
which is. to- provide an extra 25-dB RF' gam at - the,
observrng frequency before - the first conversion stage g
The - input -noise - temperature of .the commercml RF
- amplifiers used in: these. modules ranges from: ~ 100 K+ .
at 1.5 GHz up 16 ~ 400Kat86GHz ‘and sowrthLNA. v

gains of’ 30 dB or more,” the: contrlbutron of these
amphfrers to system noise is’ < 0 5 K e

Tt "Rejectron of the 1mage bandgo ’ he first conversion stage ‘
. is also achiéved in this modu ¢
S e ate especrally designed’ to cover the. AT observing bands,\,-,f e
at Jeast 30-dB- -image.

= adequately, ~whilst - prov1d1n
" ‘rejection-for the first converter; This, coupled with the
FET. amplifier gain roll- Off - and .diplexer attenuation,

prov1des more. than the requrred 40 dB-1mage rejectlon -

The thrrd functron 1ncorpo

will be substantially reduced when: a phase demodulation
al correlator. . -

- The migrowave 1nput components 'and FET amplrfrers
- are all"cooled by a closed- cycle ‘helium refrigerator

which has a second- -stage thermal ‘capacity of 10 walts at

" “anpminal temperature of 2() K and a frrst stage capacrtyt ) o

‘ of 30 watts at 70 K.

Thrs machme (manufactured by CTI of Waltham Mass ) _'
. uses the second stage to cool.all-thé input components: .-
-and- FET amplifiers -of the 5.0/8.6-GHz ‘front end -to -

approximately 15 K. “The first stage is used to cool a

nickel-plated copper radiation shield which encloses all-.- e
- the .cooler+15-K: ‘conmiponents; .- The. total cooled mass - °

- - attached to*the »second: stage. is 7 kg of copper and - .
-« aluminium which requires some 7 8 hours to cool to-an ..

operatmg temperature of 15 K.

Sgenr

whereby ‘the diplexers and FET amplifiers.are cooled to-

‘ Journal-of Electrical.and Electronics Engineering; Australia. - 1E Aust. & IREE Aust. Vol. T2, No 2o ool e el e

The microstrip filters ~ -

. rates remotely controlled- L
- .7 attenuators in each polarization channel which reduces the: : -
P ,RF gam by 20 dB when observmg 'strong solar radratron o

.ncorporate al pa1r of

271092 GHz). .
T The l 5/2 3- GHz front end uses a drfferent arrangement

15 K, whilst ‘the orthomode - polanzatlon transition is

Iw.:cooled to~75 K: using the hrgher coolrng capacity (30 Hs
: .watts) of the f1rst stage - : i

" Nonetheless the dlplexer and. FET amphfrer load of
- some 4.5-kg is cooled to:13 K in five hours, but the .
*. OMT" requrres another 20 hours to.réach the. operatmg
_~temperature of:75 K. Thermal insilation is. obtained
“ousing stainless steel vacuum Deéwars of: cyhndrrcal form

which ; are carefully cleaned and electropolrshed “This is
an lmportant step to marntammg an infier Dewar surface
emissivity-of less than 0:1‘which will minimise radiative

.loadmg, partlcularly in the l 5/2 3- GHz front end.

: The Dewar leak rdtes are estrmated o be less than- :
. 1.5 x'10°* mbar-¢ s’1 for the 1.5/2.3-GHz front end, and -
<. less than 30x 10 mbaros-1 for the 50/86GHZ‘“
"system e : : )

Internal charcoal and zéolite (molecular sieve) getiets -

attached to the second-stage cold plate, ensure an

ultimately good: cooled: vacuum and a good recovery o
performance: after poweér- mterruptlons "The. foam plug - '
~window on the 1 5/2: 3-GHz fiont end gave some 1n1t1al'. CL
’ problems with air diffision through ‘the large projected "
“area: However, this was largely, ehmmated by sealrng the
plug wrth a: polylmlde membrane of 0 12-mm Kapton T

The compressed hehum for the refrrgerator umts 1s C

obtained from - three compressor units- mounted. on the .

s telescope alidade and piped to the antenna vertex room - -

via well-cleaned stainless- steel piping. A drstrrbutlon :
manifold board in the vertex room enables. any one of -

these three compressors-to supply helium to any one of o
' -three front ends by approprlate valvmg It is also'

possrble for front ends to shar¢ a common compressor

for short periods dunng times of compressor breakdown. .
. ~Table 2 gives: a summary of the cryogenlc system".f
',.performance : § oL
312" fCo;nv‘ersvion 'sy."st‘ém'

' kThe convers1on system accepts two orthogonally lrnear

polarization channels from each front-end band

- simultaneously. Each. of the two selected frequency

bands. . -ar¢ . -then ‘down- converted to --intermediate
frequencres sujtable- for. sampling. The ‘system.i§ quite

'flexrble, allowmg the received srgnals to be within: the

sameé band (e.g. both in the frequency range 4510
6.1 GHz) or from ‘each :of the two bands received

. srmultaneously by the- wrdeband horns (e.g. one within
the frequency range 4.5 to 6.1; the other in the band 8.0
. As well "as’ providing inputs for. the - -
- receivers currently mstalled on.the -anténnas, it also
~.+ provides: 1nputs for - futiire - ‘development.

Four. IF-.

Jiine 1992 -~ . .3
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Table 2

1. Refngerator type . CTI 1020 CP closed cycle
_Helium refrigerator

2. Compres’sdr type ~ CTI 1020R (Air Cooled)
3. Front‘ Ends -

* Survival time' is’ defmed as the period duiting which

, ' .~ 50/8.6 GHz .
: 2nd-stage operatlng temp "10-15K
1st-stage operating temp. . 40K ‘
Cool-down times: . o S
* Loadon ond stage 8 hr (13K)
Load on 1st stage 6 hr (40K) -
' ‘Mass cooled by 2nd stage - - - ~Tkg :
e 'Mass cooled by Ist stage : - 2kg
i . Survival time * . - 2hr
Interval between mamtenance - 18,000 hr
@ )

Compact Array Cryogenic Performance

1523 GHz
12-15K
75K

+ 5 hr (13K)
25 hr (75K)
45kg -
13kg

2 hr
18,000 hr.

ew.. .

the coolmg process

‘can be stopped and then restarted without re-evacuation of the: Dewar.

Ly

©:8.6 GHz Band' - - " 5:0 GHz Band 2.3 GHz Band

e

{from Front End)’ (trom Front End) (from Front End)

" IF tnputs trom
tUsirs Fen wave

o [ [
i BN

!
|
!
|
T |
7 QHz LO . ) o Lo 1
ST Ed 3 dBAnsnudor '
1 =] Lowpass o {
RE CONVERSION H LT s % - :
| Module (C30) Fuax ~:§o:n(5n(%|‘%n N !
odute ) [EJ Low-pass
Sy Fue
: | _Pnnulnvmsm Pt :
| | Swicnane Amnuanx “ . M
| = 1
. NN \
L F Fiher {2 | F Filer 1
:F Inpute from E .
uture mm wave i

reosivers

2 QHz LO

. ) L 64 MHz BW
256 MHz Bandwidth 128-MHz BW  64-128 MHz
IF-System - . . . . .7.7. 128-256 MHz (for IF channels

. 3 and 4)

Figure 6(2)  Conversion system block diagram.

All RF; LOiriput, IF and:

IF output tevels are

detected with aquars law

tetsctors and sampied by
the monhor eystem. '

(Thess, together with their

. vl,uo:;l,n,lrd sinpliijers;

. ,uouplln, [;DWOP splitters,
sic. are no\ lhcmn on "‘\l
diagram,, )

Dighal ‘control ind frontior
functions are Inoluded In .

this monhor system.

‘| Narrowbantl Fiter' . . - 1o

Module (©53) 1

4, 8, 16, 32, 64 MHz _

Bandwldth IF
(for. IF channels
tand2)
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channels are available. Two channels provide 128- and
64-MHz bandwidths for continuum observations (the
first centred on 192 MHz and the:second on 96 MHz),

whilst -the other two channels provide bandwidths of

128, 64, 32, 16; 8 and 4 MHz for both continuum and

_ spectral-line work. These bandwidths are all selectable
remotely. ‘A 256-MHz bandwidth will be available when
mm-wave observing bands are instrumented. :

The system uses three conversions. The three LO
signals, generated by the antenna LO system [10] have

© relatively narrow tuning ranges, lying in the region

between the RF bands. (By keeping these LO signals
out of the RF, bands, we reducé the problems of
self-gencrated interference that would: restrict. the
reception of various portions of the bands.) In addition,
by having a.choice of several IF bands, the RF-band
coverage can be maintained with -an even smaller LO
tuning range. For example, the lower portion of; the
4.5~ 6,1-GHz band is converted to an IF range of

22+ 2 8 GHz, whereas the middle and hlgher portlons '

5.0-GHz' Inpit
Polarisation
A B

B.6-GH2 Inpit’
Potarisation
A B

b Inputs tor IF of higher
- frequency bands to. -
be developed.

LO (% 7 GHz) |

inputs tor 1.5-GHz, 2.3-GHz bands,
{F of higher frequency bands
to be developed, and’
IF of up-converted..

UHF bands.
: e
LO (= 2 GHz) - - ' C '
A -_; ’;__~ R _—I : B
i :maga Filters 632 « 795. .
: or third : y -
- ‘conversion _____‘ ___,_ 44 =481
; N _,, 575,-.71,2[ ‘
T~ . MHz ’
T LO{UHF) s :
) . 5 o] -7 O j » )
64 MHz BW & 128 MHz BW
~ b ™ N .
64-128 MHz | 12B-256 MHz.
: S IR
. .Sampler  —+f  Sampler l [ Sampler;_].a Sampler: -
Clock . . e Clock
(128 MHz) u “ 1 ! 1 ©+ {256 'MHz)
' 4Bitbata 2 Blf Data |
Conversion system, showing the relation-

. Figure 6(b)
o sh1p between the various RF, LO and IF
- filter bands. ‘
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of this band are converted to-a band in the range -
1.2 — 1.8 GHz. One or other of these two IF bands is
then converted to frequencies in the ultra-high frequency

- (UHF) range by using the second mixer in the system.

This mixér also converts the 1.5/2.3-GHz front-end RF
output to the UHF rarige. The same design philosophy
of multiple band inputs is used in the final IF mixing
stage which sets the output bandwidth and centre
frequency of the conversion system, This- technique
again extends the RF tuning range of the overall
conversion system, whilst keeping the LO tuning range
restricted.  Another important feature -of the system

~ design was an analysis of the complex multiple mixing

process to determine if higher order m1x1ng products
could produce spurious IF responses. This was done
using a computer program developed at the. Australia

. Telescope National Facility (ATNF) [11] based on
expressions in a report on mixer intermodulation

products [12]. Theé results of this analysis showed that
the system was clear of any detectable spurious mixing
responses. Figure 6(a) shows a block diagram of the full
system, whilst Fig. 6(b) shows the relationships between

the various RF, LO and IF filter bands.

To integrate this complex system into a reasonable space
with a high degree of modularlty, planar microstrip
circuitry was adopted as the construction medium for all
the sub-assemblies used in' the conversion system A
synthesis telescope relies on a high degree of gain and
phase stability to produce maps of good dynam1c range
and polanzatlon purity.” ~ As- indicated "above, the
down-conversion system is very flexible and covers a
wide range of frequencies; the signal path is qu1te

- complex. and- passes - through many sub-assemblies.

Thereforé, each of these sub-assemblies, and particularly
the filters contained within them, needs to have very
good stability in both amplitude and phase. By using
high dielectric substrates, RT/Duroid (RT/6002 RT/6006
and RT/6010.5), manufactured by the Rogers Corp., the
phase/temperature characteristics of the filters developed
for this system were. superior- 10 most of the standard :
commerc1al fllters tested :

For the same» :reasons,' muoh effort was involved in

~measuring  the - room:temperature S-parameters of
" individual ‘components:.and. the variation of gain and

phase of these components.as a function of temperature.

TFor several mixers used in the system, the change in IF

phase as a function of local oscillator power was. also
measured. By adopting these lengthy testing procedures,
the. most suitable components were. selected for use in
the system, and a.good estimate of the overall phase

- behaviour of the signal path could be obtained. Figure 7

shows a view of some of the microstrip components and
sub-assemblies used in the main microwave conversion

module..

Agaln the des1gn of all the microstrip components was
realised ‘using. 'Touchstong’...- All the. photographic
masks : were :then .produced using an associated CAD
program.'Micad® [13].  Initially, the masks were cut,
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- Figure: 7-. 0« Convers1on module (5 0/86 GHz srde)
IR e w1th covers removed PR SRR

v

‘Flgure 8
B 22—m antenna vertex room G

~ .. twoor four times: full size, onto a'product equivalent to
-« -~ Rubylith.. These were then photographrcally reduced to .-
N the correct size.

: Generally, the (measured) VSWR for the frlters was .

*betfer than 1:2;1 with:an insertion' loss of about 0.3:dB.

The * higher .order - filtets  (sixth ‘order) -hada slightly .-

*Journal of Electrical and Electronics Engineering, Australia 1B Aust.. & IREE. Aust. Vol. 13, No 2. *

: ‘33 Momtormg system i

k Local Control

Convers1on system mounted in : an AT .

. WOrse‘"V‘SWR (about. 1. 35 1):and the, insertion loss was.
- hrgher (approxrmately 0:5:dB), *All the sub-assemblics.. -
have good: 1nput and. output -matches (VSWR <:15:1) -

and haveé ‘very flat conversion gains,. contrrbutmg to the

'excellent stabthty of the overall system

: ;vThe antenna-based narrowband fllter system currently in:
. use for spectral:line. work whilst simple:in: concept,
" presents some special problems due to Tocation, and the
.frequency at’ which: ‘it  is - operating. In - practrce, the

. _system ‘consists : of 'four - seléctable. narrow. bandpass . .

© .. filters placed at ‘the. 64- MHz_ bandwidth output of the -

main IF systém. The final IR bandwidths available, from . -
-~ .the system are;.64 - MHz (a through path) 32 16,8 and

Because of therr larger fractlonal bandw1dths, the 32~ '

vaid-16-MHz filters have been constructed: with toroidal

-inductors ‘and surface-mounted- capacrtors with hrgh Q. -

. The 8:MHz filter. (7% :BW) however; iised-a.commercial - -
- type (K &L 6B111-92/R6.22; [14]) which is constructed -

- using ‘a tubular, lumped transmission-ling technique,

whereas the 4-MHz filter (5% BW) used a surface
acoustic wave (SAW) device to obtain a good shape

: factor for this smaller fractronal bandwrdth

“ A ma]or “concern wrth thlS system ‘has been the :
g 'amplltude and. phase behaviour of the narrow bandpass -
~filters in: the differing temperature envirenments in ‘each
" ‘anténna. To date, this has riot been a serious problem in .

the 8-MHz bandwidth case .at least, where amplitude:

.~ variations-of-only £ 0.05 dB (:t 1%) have been observed

over a. 24 hour perrod

Frgure 8 shows the conversion system mounted in the
; AT 22 m antenna vertex rooin: ' o

v

: “An essent1a1 feature of both the front-end and conversion
" momtormg and control systems is their duplication in
arialog’ form for local contiol.”. This enables front panel

dlsplay and control of thése systems in‘the event of

’ vcomputer or data set failure ‘but,. more importantly,

srmplrfres RF system tests in the antenna vertex rooms,

.Remote Control

e

-’Remote control and momtormg of each front end is via
~ < a.data set-which is a-pseudo-modem containing a 12-bit-
< analog-to- digital: (A/D), converter a data formatter, and -

‘a parallel data bus:supporting- single-bit; 8-bit byte and

16-bit 1nput/output “The bus:is:used to latch control:and.

~ - monitor regrsters and to multiplex the 64 analog voltages-

representing- the . Dewar .vacuum " and - temperature

. -environment, FET bias supplies; helium pressures for the. -

.cryogenics-and all front-end voltage supplies and: post- .

<) Fine 1992,
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regulated outputs. The. data sets are *daisy-chained’ to "
the antenna control computer by balanced RS422 trans- -

mission lines. Individual antenna control computers are
connected to the central site. computer v1a optical fibres.

A similar SCheme is used to momtor and control the
variable parameters of the conversion system remotely.
Here, control words latched from the data set into
1nterface ‘modules are decoded and. used to set micro-
wave attenuators swiich in band select filters and set the
RF signal path through the conversion chain via multiple
RF switches. RF and LO power levels are detected and

their equivalent voltages multrplexed into the data set.

A/D.converter,

4 CALIBRATION SYSTEM

When in operation, a synthesis telescope determines the

degree of correlation of noisy signals arriving at each

interferometer pair when the separated antenna elements .

‘in the array are all pomted at- the same radro source

To measure th1s correlation, the srgnals are frrst d1g1t1sed

in a hrgh-speed 2:bit. samplmg system located in the .

antenna, conveyed back to the central control site w1th
appropriate delay compensatlon, and then correlated:

Crucial to the samplmg process however is the need to -

keep the signal input power levels to. the samplers
constant. - Analog methods to do this (automatrc level
controls) can produce system phase variations as the
“total power levels vary with consequent loss of dynamic

- range in the resultant map. An alternative method

involves maintaining constant sampling statistics within
the sampler system regardless of the total power input
levels. This is the system that was adopted in the AT,
‘but with the total power input variation limited to a
range of 3 dB. This means, of course, that the effective

‘gain’ of the overall system (ie. the degree of -

correlation for a given radio source flux) will change as
the total power input levels to the. samplers change.

~This is largely due to changes in system noise -

temperature, provided that the overall RF and IF system

gain can be kept constant by .good desrgn and:; b
temperature control To obtam the tru¢ radio source flux
S, we need to scale the: correlation C by some factor.

_ related to the system noise temperatures of the recervers
in each antenna. Thus ‘

S = KC. VTgys, . Tsys, B @

where Tsys,, and Tsys are the system temperatures of

antennas m and n respectrvely, and K depends on.a
'number of factors mcludmg antenna efﬁcrency

Synthesrs observatrons are made by trackmg a radro_,

source for up to 12 hours, during which time the .

" Journal of Electrical and Electronics Engineering, Australia ~ IE, Aust. & IREE Aust; Vol. 12, No 2.

-vapour.~ also increase the system

: F‘
- system temperature - monrtormg is performed - The

©  Tevs oo
Pl Microwave
. absorber ~
Tusedto . -
measufe Tgyg
[ | Noise | _mrrm.
Source

Conversion
System

Synchronous|’
Détector [

[ Vaar
v ,. Rl

Figure 9 - Gain and system temperature measurmg

system, showing Tiye T,mwu and T, old

elevation angle of the antenna may change substantially.
Contributions to system temperature from both ground
radiation and attenuation through the atmosphere are. .

, ,elevatlon-angle dependent, and will change over the

course ‘of an observation, whilst rain clouds and water
, temperature.
Consequently, it is important that the system:

C temperatures be monitored accurately so asto correct the -
,system gam funcuon as indicated above

ot

g'ure 9 shows a block dragram of how the gain and

system - temperature is -measured . by continuously
comparing. the receiver output power, Py, with the
change in the output power, AP, which occurs when a
calibration noise dlode in the receiver mput is sw1tched
on and off, Thus

“Tsys= Tear Pour 3)

where TCAL is the size of the calibration noise source;

) AP is also a measure. of receiver gain, from the noise

source coupler to the power detector in the output.

Tune 1992
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(Umversal Tlmc, in hours)

147 GHz
(1472 MHz)

238 GHz
(2380 MHz)

4 79 GHz
(4790 MHz)

863 GHz
(8630 MHz)

- Antenna

- Polarizer

Cables :
. FET Amp. *
2nd stage

: »Backg,round -

| Atmosphere '
*|- Horn + Coupler-.

~ Band splitter :

2.8.
60
a2
300
30
1.0

100

35 .|

<1.0

28

6.0:
24
3.0
3.0
1.0...
3.5
13.0

T <10

65

‘28

275
3.0
© 33
1.6
1.0
280
<1.0

B 280
2 T0
4.0
3.0
35
40
2.8
30.0
<1.0

Table

T

s

Measured av

erage

’3»3K

36K

- 50K

65K

*: These are mean noise temperatures averaged over 12 channels o
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Pour» AP, Tsys and othet array patameters are
monitored contlnuously and’ are. used in the - gain
correction process. :

System temperature, Tsys and Tgyy are -initially

measured using a conventional hot/cold load technique
as'described by Smclalr & Gough [15].
5 PERFORMANCE

' The performance of the Compact Array receivers can
best be described by Table 2 and Figs. 10 and 11.

Table 3 indicates the mean zenith Tgyg for the main
observing frequencies in each of the 1.5-, 2.3-, 5.0- and

8.6-GHz bands; averaged over the whole array. In addition, - -
the contrrbutlon of each component to TSYS is 1dennf1ed S
S dur1ng the’ development years
Figure 10 gives some lndlcat1on of a typical front end.
' system' temperature performance across an AT band, in-
this case the 5.0-GHz band, and a measurement of the
-injected calibration noise temperature as a-function of:
frequency. - This was meéasured using a conventlonal ;

hot/cold load technique.

Figure 11 shows gain stability and system performance .
plots. The total power and synchronously detected calibra-:
tion outputs; from a 5.0-GHz receiver over'a 10-hour -,
observing period, are indicated.  Thése show the inherent .
RF/IF gain stability of the system with an averaged galn A

vananon of £0.05 dB over the 10 hour perlod

The TSYS plots show the variation of System temperature

as ‘a ‘function' of observing time as:the antenna tracks
from horizon to" horizon. during the course of ‘the . -
-'The indicated Tgyg variation is used to-
correct the system ’gain’ function which will be -

observation.
modified by the action of the sampler ALC system in

_response to higher Tgyg at low elevation angles.

6 CONCLUSION

o

To date the -overall performance of the feceiver systemu.:
has been very satisfactory. No major shortcommgs have: .
been found in the.basic design of the system; and whilst =
“there have been some cases-of early component failures
due to minor design or material problems these have :

been corrected.

Reliability in general has been excellent. Some front-
end and conversion systems have been operating on the -
array continuously for almost four years-and have given -

few problems. Downtime for the front—end,' conversion
and ‘cryogenics - systems ‘as a whole, is -an -extremely

small percentage of the total overall operatmg time, and -
is currently estimated as bemg less than 2% of scheduled :

Telescope time.

‘The modular approach adopted» in the design and

Journal of Electrical and Electronics Engineering, Australia: IE. Aust. & IREE :Aust. Vol. 12, No 2:.

~ construction of the conversion and LO systems has not

only produced. a system with excellent gain and phase
stability and high reliability, but has also confirmed the -
operational maintenance benefits of the modular system,
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~AC. Young*, MG. McCulloch**, S.T. Ables*, M.J. Anderson* and TM. Percival#**

SUMMARY The Aust:ralla Telescope receivers requlre a complex, highly stable local osclllator system for. signal

tumng and for conversion to lower frequenc1es

All twelve oscillators within each anienna must be precisely

phaselocked to a central frequency teference osclllator up to 5 km away. Oneé oscﬂlator in each antenna must also be
phase rotated at many thousands of degrees per second whilst maintaining a phase accuracy of 1°, ThlS paper outlines

.

the comblnatlon of techniques used to meet these requirements, PR

'
o

1 INTRODUCTION

The ‘Australia Telescope (AT) has six 22 -m dlameter
antennas at ‘Narrabri, each contammg four receivers.

These receivers have a frequency range which extends
from about 1 GHz and, ultlmately, will exceed 100 GHz.

- Such’ hlgh frequencies must first be down- converted to
a lower value before being sampled and then vector
multiplied and integrated in a digital correlator (see [11).
To reduce the incoming signal frequency to-a more
manageable value, a stable local osc1llator (LO)
frequency is subtracted from the signal frequency, as in
any conventional tadio receiver. Several LO s1gnals are
needed for" the multtple frequency conversion stages
w1th1n each antenna, as outlined m the paper on the

recelver system [2]. To set the receiver tumng, the local ‘

oscillators which produce these signals are variable in
frequency The requlrements placed on the osc1llators

within a synthesrs radlo telescope are far in excess of ‘

those normally assoc1ated w1th conventtonal Tocal
oscrllators

2 IiEQUiR”EMENTS

Smce ‘the entire radlo telescope 1s a phased array, the
phase of each LO 31gnal must be prec1sely controlled to
preserve the phase through each receiver channel Any
phase variation durmg each signal mtegratron penod will
redice’ the cohérerice of the s1gnals and result in - a

"f Australia Telescope Natlonal Facility, CSIRO ' o

"PO Box 76, Epping NSW'2121, Austraha )
** ' Present address, Nobeyama Radto Observatory, ;
" * Minamisaku, Nagono 384-13, Japan :
*** ‘Division of Radiophysics, CSIRO PO Box 76 -
" Epping NSW 2121, Australia. ' o
Submitted to The Instltutlon of Radlo and
‘Electronics Engineers Austraha in June 1992.
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reduced correlator output and thus a loss of sensitivity.
Of even greater importance is the random phase error
from one integration period to the next, since this will

seriously réduce the quality of the final image. For high-

dynamic-range imaging, a maximum phase variation of
1° rms is required between the elements of the array. At

hrgher frequencies, however, the ultimate limiting factor .

is the ‘path-length fluctuations within the atmosphere.
Although these vary from day to day, a value of 0.5 mm
rms, for periods up to 30 minutes, is typical during good
conditions. This corresponds to about 6° rms at 10 GHz,
and the aim is to keep all LO variations less than this to
avoid degrading the receiver output information, even
when the antennas are spaced over a distancé of up to
6 km.

This is most demanding and means that each antenna

~ oscillator must be accurately: locked in a specific phase

relationship with the other antennas. This is achieved by
sending to all antennas a reference oscillator srgnal to
which all antenna LOs are phaselocked. A round- ~trip-
"phase-transfer’ system constantly measures the phase
changes  (inevitable due to cable movement. and
temperature vanatlons) w1thm the distribution cables and .

. perm1ts approprlate correctlons to be applled

Another requrrement is that the relatlve _phase ‘between
the LOs in different antennas must be incremented to
remove the relative phase rotatron (due to the rotation of B

the earth) in the signals received by dlfferent antennas.

‘ ‘The phase-rotation rates required vary with antenna

separation, frequency and pointing angles. For a 6-km

~ array, thé rate is typically 1 Hz for each 1 GHz. of L
 receive frequency, but extends to many kHz for the long -
baselme array (LBA) ‘which uses antennas up to-3000

km away The phase information is, typlcally, loaded .

.only once every 10 seconds and the phase rotators must
“*free wheel’ over this period to a precision of 1° even -
when rotatmg at many thousands of degrees a second.
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A further requrrement ‘was that unwanted leakage and

‘spurious srgnal levels must . be extremely low Wrth‘
highly sensitive, cryogemcally cooled receivers and long
f1ntegratlon trmes “avery small, interfering, leakage :
signal can swamp the received spectrum with disastrous -

~effects. Heavy screenmg was therefore 1mposed on the
design of, the: modules and - machmed boxes wh1ch
contain the LO srgnals '

Small spurrous s1gnals produced within the LO phase-x

‘lock ' loop (PLL) dircuits can also travel along the LO
" cables and enter the conversion mixeérs ,along . w1th the

- warited LO signal.’ To avoid 1nterference these spurious -
signals must be, typically, more ‘than 120 dB below the -
- wanted LO signal level rather than the 60 dB normally e

' specrfred for commercral synthesrsers
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The frequency of each oscillator must be adjustable in
precisely defined steps to tune the receiver centre
frequency. This tuning must be achieved within 20 ms
to permit rapid receiver switching with- the added
constraint that, after switching, the phase must be
predictable. This prevents the use of many-commonly
used PLL architectures.

" Eachof the six Narrabri antennas contains four separate

receiver channels with three conversion stages in each
channel. The first two LO signals are shared between
two channels but: the final LO and sampler oscillators
are independent. This results in a total of 12 independent
oscillators within each antenna. Figure 1 shows the
various sub-units, for one receive channel, within the LO

system. This system:is for the first stage of operation

with receiver frequencies to 10 GHz. With so many

systems needed for full- operatron a hlgh dégree of
vrellablhty and mamtamabrhty is essentlal

3 SYSTEM COMPONENTS
The method-used to set and control the phase of all the

local -oscillators precisely, is based around the PLL.
This uses feedback techniqueés to ensure that the phase,

- and hence. frequency, of an oscillator is t1ght1y slaved to
-a reference frequency, E.. - A basic PLL is shown in
- Fig.. 2. -The essential. components for a PLL are an

electromcally tunable oscillator, a reference source, a
phase detector and a filtered feedback path

The receivet LO cham uses three d1fferent types of
osc1llators, dependmg on. the applrcatton YIG tuned

.osc1llators use Yttrium Iron Garnet crystal spheres whose

resonant frequency is controlled by a varlable magnet1c
f1e1d They are confmed to the microwave part of the
spectrum. Hybrid varactor—tuned oscillators are used in
many places, with drfferent oscrllators used between 40
and 800 MHz. Voltage controlled crystal oscillators,
whrch have a very narrow, tunmg range are used in a
few specrahsed applrcanons, usually below 10 MHz

. A phase detector (PD) is a device whose output voltage
. is a function of the phase difference between the two

input signals. A d.c.-coupled, double-balanced mixer is -
often used as a phase detector, since the output signal is
a simple cosine function of the phase difference between
the srgnals at the RF and LO input ports, This type of
detector . has -4 useful input phase range of less than

- £ 90°, with the result. that a PLL using it, loses lock or

s11ps cycles easily when triggered by noise trans1ents

-This approach was not used

Another very common type of PD which, in 1ts s1mplest

form, yses two flip- ﬂops and an- AND gate, is shown in
- . Fig. 3. Versrons of this type of detector are avarlable in .-

the CMOS; TTL and ECL logic families. In operation,

one of - the -outputs. always has_a very mnarrow output
pulse, and the- other. output ‘has a pulse width propor- -
tional to the mput phase d1fference [3]. A differential

s June 1992 .



SIGNAL PATH - THE LOCAL OSCILLATOR SYSTEM - Young, ¢t al o 163

Figure 3 A basic phase/frequency detector,

Phase/frequency detector output

- Figure 4
characteristic.
ST PHASE ~o .
‘DETECTOR P —I }——P
B D-—-‘-! v . v b .
osC - plifier
S .Qutput to,
Integrator.
Fi’gure 5 .7 Phase detector ¢ircuit arrangement.

: amp11f1er is used to produce an output. voltage propor-
tional to the difference in pulse width between' the ‘two
»outputs The resultant performance is shown in F1g 4,

For our apphcatlon thrs type of PD has several major
advantages “The phase characteristic is very linear, and
‘extends a full *360°. . This reduces the chances of
noise-induced cycle shpplng, since: minor: d1sturbances
‘are less likely to take the PD outside the + 360° range.
Also, for a frequency. drfference between the two inputs,
,whrch is equivalent t0 an inicreasing phase dlfference
beyond + 360°, the output never goes through zero but
has-an.. average dic ‘value ‘which tends to drive the
oscillator - in' the - correct drrectron 10 “acquire lock.
Therefore, the PD.is able to indicate, unambiguously,
frequency offset as well as phase drfferences This
frequency. discrimination charactenstrc is vital for- fast

phaselockmg and also removes the need for a separate _

sweep Cll'Clllt

For our purposes; the. ECL version of this type of PD
had ‘the best ‘temperature stabrhty above a few MHz
input frequency, whlle the. TTL: versron was better at
,lower frequency -The CMOS versron had adead zone’
of ‘a: degree or’ two about Z€ro phase, resultmg in
unceriainty in thé phase of the locked ‘oscillator, “This
type  of PD. was, therefore, not used m the AT
local-oscillator system. o
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The output of the oscillator is a sine-wave signal and the
phase detector requires a digital (either TTL or ECL)
square-wave signal.  To turn the : sine wave into a square
wave, a comparator is used, but care is essential in this

-areéa. Any noise, or rmgmg due to reflections, or a

tendency of the comparator to oscillate - will give
multiple output edges for each input transition. " This

- will then appear to the PD as a signal at twice the

frequency ‘(or more) and was the most ¢common reason
for failure to lock during development Hysteresrs
intentionally introduced on the comparator will prevent
this problem but the phase will then be dependant on
any changes of the input signal level. This can be
avoided by noting that the PD only responds 1o: one
(usually the rising) edge and by ensuring that hysteresis
changes only the non- crrtrcal edge

‘The: PD is followed by a loop 1ntegrator or fllter which
is used to control the loop. stability and response time,
~ The design’ ‘of this “filter follows - the standard PLL
“procedure [4].:
‘bandwidth must be- high (typically 100 kHz) and this -
‘requires that all loop components are flat to about

To obtain low phase noise, the loop

5MHz. Special coil drivers and 50-MHz bandwidth
loop-amplifiers are.. wrdely used in the . YIG-based

:oscrllators

In all the loops used in the AT’s local oscrllator system,

the PD d1g1ta1 outputs are connected to a differential
amplrfrer via low-pass RC ﬁlters to average the d.c.
output and remove most of the output pulses This is

usually. followed by a noich filter, resonant at the PD
‘operating frequency. These measures greatly reduce the

presence of small amounts of the PD - operating
frequency on- the ‘output' of the phase -detector thus
avoiding frequency modulatmg the oscillator. Any small

-remnant is usually removed by adding a small amount of

bias to balance the PD and amplifier combination, - In
this way the PD pulse width is minimised.” The general

‘arrangement is shown in Fig. 5. The overall sensitivity

of the phase detector and amphﬁer combmatlon is about

03 volts per radran

Often the output frequency of a phaselocked loop needs
to be: much higher: thati the . rteference frequency.
However, both inputs to the PD must be at the same

frequency. The output of the oscrllator must thercfore
‘be converted down, in some way, to the same frequency

as the reference, this can be done in two ways. A
drgrtal divider may be used to d1v1de the output down to

. the ’ same frequency as the. reference frequency or,

altematrvely, a converter, using a mixer and another

‘oscillator, can translate the output signal down to the

lower frequency. . Variations of both schemes are used
within the AT local oscrllator system,

For ‘a PLL wrth a drgltal divider (F1g 6), the output

frequency is- ‘given by F, = N, , whete N-is the
divider ratro As:Nis. changed the output frequency
changes in mcrements of F,. This provides a convenient
way of tumng the output of the PLL. A dividér can also

O e 1992
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~ be'included in series with the reference:line: to ‘give -
- smaller in¢rements® with Fy = N-» F./ M. .However, =

phase continuance will be lost if the loop is, taken from

one frequency to another and’ then ‘back:to the first

frequency. again, unless M is not varied. * Such a
frequency change would require a recalibration sequence
to re-establish:phase each time. frequency was changed,

* thus preventing fast frequency -switching. - A divider

w1th1n the loop does not have thrs problem

The AT uses, mostly, PLLs w1th mrxers to down convert :
the oscillator output frequency (Fig. 7). A sample of the

- oscillator. -output -is apphedr to' the -mixer; dnd . the
conversion signal is. typically a.’comb’. of -frequencies
over the range of the main oscillator. .The output of the

" - mixer, at the same frequency as.the réference frequency,

is amplified and filtéred before being applied to the

- _--phase .detector. : In-this case, the output. frequency is
. Fy=F,+ N F,.where N , F, is.the,’nth’ comb line.

The comb of . srgnals is generated by ‘a- harmonic

-generator | w1th a_'very similar output’ level .at- all -

- harmonics. These signals- must.-have very low: phase

noise, 80 that the resulting mixer-IF signal is- a:faithful -

.Iepresentation’ of the oscrllator s: output, with minimum
contamination added by the comb.: For this reason, the
comb signal is generated from a. highly stable reference

_chain-and harmonic generator combmed w1th a very low

* - phase- norse reference source T AR

e,

MICROWAVE OSCILLATORS‘:'-_; S

Two dlfferent mrcrowave oscrllator modules, w1th-
. different YIG oscillators, are used- withini” the, present -
~ receivers.. One covers 1800.to 2215 MHz in 10-MHz -

-steps; and the other covers 6.4 t0 8.3 GHz in 320-MHz

“steps: - These two modules are very. similar, both use -

- mixer conversion, and will be described together:

- -A,Typlcally, YIG tuned oscrllators have a wrde-range main-.

~-tuning. coil-and. a much less sengitive but higher speed

"FM’ tuning coil, both requiring current drives.” For the.

-oscillators used, the main tuning coil has a sensitivity of
20 MHz per mA and i is linear-to better: than 0:1% over
the -range of interest.  This coil is driven by a high-
‘precision voltage-to-current converter, utilising a high

stability resistor’ and ‘a :four-terminal measurement

techniqgue to preserve this linearity.. Frequency. control
. .of amodule is by a 16-bit word from the antenna control

~ : computer.: Each module has a digital interface,’ which -
" stores data for two frequencies; for use after the start of -
the next 1ntegratlon period. ‘A 12:bit: DAC: (digital- 40-. .
analog- converter) is used- to give a voltage which is | -
dlrectly proportional to the desired opetating frequency. .
~This voltage -drives the precrsron current drrver for the-

.- main tumng coil.

Each trme the module is retuned the oscrllator is taken
first to the top of ‘its frequency range, and then brought

. down to the final frequency. This ensures that it always
. -approaches the final frequency from the same direction,

- Journal of Electrical and Electronics Engineering, Ait.ylralia <IE Aust. & IREE Aust. Vol, 12,No 2, . .
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Figure § - _‘ ~ Block dlagram of the 7-GHz oscillator. .

mmrmrsmg any magnetlc hysteresxs effects in the tunmg

- characteristic. Two adjustments on the interface board .
- enable - variations " in -individual oscrllators and other
-~ components to be accommodated, ‘The: FM coil, with a
-sensitivity . of - 310 kHz per mA; is used for .the PLL
feedback ‘drive: and ‘uses a -simpler voltage-to-current

converter, since accuracy 1s not 1mportant w1thm the ,
feedback loop S :

‘ xA block d1agram is shown in F1g 8. F1gure 9(a) isa
-photograph of the main R side of a completed module,.

while “Fig. 9(b) . shows the remainder of - the - RF

.components, the two current-to-voltage converters: and,

outside: the partition, - the - interface - board. - When
des1gn1ng and- constructing these modules, rehabrlrty,

high phase-stablhty and low spirious outputs were major

considerations. When RF seals are placed in the edges

of the module, and the side covers are'in place, a sealed

compartment is created and signal: leakage is reduced to

. a.very low level.: All d.c. voltages into or out of this.

compartment are via RF f11ter networks

The. YIG-tuned oscrllator is followed by a low -pass filter

0 remove the output frequency harmonrcs The filtered

output is then split three - ways: two. outputs for the dual:
polarization receiver conversion system, and one to give
a sample for the phaselockéd 1oop.’ This samplé of the.
output is the ’local oscillator’ ‘for the internal microwave

mixer, and the ’signal’ is a comb of frequencies

generated in a harmonic generator. These signals are the
harmonics N « F, of the comb-driving frequency F,, and

" June-1992
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JFi"gu-re 9!@ " The 7-GHz oscfl'lat‘or.“;. Ry

extend well beyond the oscﬂlators hlghest operatmg»-‘

- ,frequency

,The harmomc o comb’ generdtor for t' : _
consists ofa step’ recovery dlode (SRD) a power amp—

lifier: and matchmg circuits, : as shown :in Frg 10, The -
amplified to, +24 dBm
- -in""apower: amphfler ‘The: 1mpedance of the - dlode is
hem
diode - s situated in. a- 01rcu1t ‘which 1s. resonarit :at

1nput s1gna1 of F, = 320 MHL 13

matched to.the output of the amplifier at 320 MHz,: ',

10 GHz. A 40-dB. attenuator on.the output provtdes a

‘well-defined -match. for the ‘comb ‘generator... It also .
attenuates the comb. generator output to the lowest poss1—,
ble useable level'to minimise the presence of, spurious
stgnals in the output spectrum The comb generator for. -
“the 2- GHz module. is a s1m11ar des1gn w1th ‘a,3-GHz

resonant frequency and an 1nput dr1ve at 20 MHZ

The output of the microwave osc1llators 1s' ughtly

: phaselocked to the output of the comb generators “The -

comb lmes must therefore have hlgh phase stablhty and
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.“Mitching _Resdnantgireult .- .
ST e |

thure 10 The SRD comb generator

W

extremely .arrow - spectral wrdth to sausfy the'

demanding phase requrrements. Extenswe tests: showed:
. that the operating point of the 92 GHz SRD could be
~varied in‘a closed- loop system to lock. the phase of the
sixteenth: comb lineto 2, 320- MHz reference. In: this
. way. the. highest component of temperature drift ¢ can be
-removed. - This  technique proved to be -unnecessary
within the: *7-GHz’ module due to the smaller SRD
multiplication ratio. Narrow spectral width is achieved
by careful desrgn and by the use of .an ultra- low phase—
noise crystal oscxllator drlvmg the comb generators via
the reference cham Any phase norse on this. oscrllator .
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Output spectrum of the locked 7-GHz
oscillator,

Figure 11 .

7w111 be multrphed by a factor of order 1000 (60 dB) to
appear on the mrcrowave LO outputs

To reduce further the leakage of spurrous srgnals from

the comb generator, a double isolator was placed in the

feedback path before the mixer, This proved to be very -

effective within its specified band of operation but,
outside this band, the isolation was insufficient. - To
- overcome this, a bandpass filter was added to attenuate

any comb products outside the 1solator s operating band. -

To reduce the temperature effects on the output phase
caused by this filter, an identical filter was included in
~.the comb generator output line, so that the two paths

would frack with temperature. This also further reduced .

the level of spurious feed-through at the most critical
frequencies at bands centred around F = F g + Fpg.

When the loop is closed, the final frequency is
F,=N,F *F, where F, is 10 MHz and F, is
320 MHz for the 7-GHz module For the 2-GHz module
the values are 5 and 20 MHz. The precision of the
steering DAC and coil driver is such that, before
locking, the oscillator is tuned to within 0:1% (i.e.
7 MHz) of its final frequency. Whether the sign:is plus
or minus is deétermined by whether or not an inverting
amplifier is inserted, by means of a CMOS switch; after
the difference amplifier. Care had to be taken to ensure
that the range of the FM tuning coil would not allow the
oscillator to lock to the incorrect comb signal. This is
more difficult for the 2-GHz module since the comb
.lines are separated by only 20 MHz, For this reason, the
FM tunmg range is llmlted to about % 10 MHzl .

As_ mentloned .earller when modules undergo a

frequency change, they -are first taken to their highest,
_and then brought down to' their final frequency. During
this time, the loop is disabled by means of a CMOS
switch across the integrator. - The loop is not re-enabled
until the oscillator -has stopped adjacent to the correct
comb signal, so ensuring that lock occurs at.the correct

frequency. This process takes approximately ‘10 ms.

Fig. 11 shows the output spectrum of a locked 7-GHz
' .oscrllator i
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Figure 12

5 OTHER OSCILLATOR MODULES '’

There are two drfferent types. of modules with phase-

‘locked outputs in the UHF range.and both modulées have
‘phase rotation, as: described later. ~One module, the

*sampler. clock-generator’, has an’ output of 512 MHz
which “is used for- the dlgltal samplers The other
module,. the UHF oscﬂlator module, provrdes local
oscillators for the final conversion stage It has an
output which is tuneable in 1-MHz steps’ over four
bands; 511 to 520, 600 to 609, 760 to 769 and 831 to
840 MHz. Both’ modules used hybrrd varactor-tuned -
oscillators o : Lii

The sampler clock-generator module has two identical
loops in-one module. Both-a: dlgrtal divider dnd mixer
are used to convert the oscillator output; down to 8 MHz
for the¢ phase detector. Dependmg on the operatmg
mode of the samplers (1, 2 or 4 bit), they requrre 512,
256 or 128 MHz.  This' was obtaified by’ sending

512 MHz to the samplet, where it is divided by four,
* with 128 MHz returned to the generator module, This

arrangéement ensured. that no phase ambiguity was
introduced by using dividers. The returned 128-MHz
signal is mixed with:.120 MHz, to" give 8 MHz to the
PD. Thereference input for the PD is the 8-MHz output
of a phase rotator (see later). The 120-MHz mixer
signal is generated in a reference chain:(also see later),
and divided two ways by a splitter for the dual PLL
units within each module. A dlagram of one half of the'
module is shown in Flg 12 TR TR

Durmg‘ deve10pment, it was found- necessaryto%partitiOn

- off the 512-MHz oscillator -and buffer amplifier in a

separate RF-tight compartment to- keep the 120-MHz
signal - completely free ‘of any 512-MHz signal.
Although' the two loops in“the module have the samé
nominal frequencies, these could be slightly different in
practice, due to different phase rotator rates. Even if a

" small-amount of 512 MHz from one half of the module

finds its way -into the mixer of the other: half, for
example via the common 120-MHz signal, it will cause
a spurious IFsignal (only slightly different from 8§ MHz
in frequency) to be generated and applied to the phase
detector, along with the required 8 MHz, This results in
a strong component of up to-a few kHz appearing on the
output of .the integrator which, in‘ turn, produces
unacceptable phase wobble and spurious sidebands on

. Jurie 1992
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Figure 13

. theé spectrum. A 21-MHz low:pass filter is included in
. the IF to remove higher order spurious products on the

mixer ' IF -output since this also produced spurious - -

sidebands on the final spectrum.  Note that, within the
sampler, the clock signals at 256 .and 512 MHz ‘have,
respectively, twice and four times: the- phase-rotation
rate, due to the divider action of the sampler module

- The UHF osc1llator module contams two loops as shown

" - inFig. 13. Although the main oscillator tunes from 500
- to. 850 MHz with only. one:voltage-tuning input, a .
~special network allows it to have, effectively, .a coarse - -
and a fine tuning input. Because there is considerable -
. voltage-tuning

curvature . - and - variation - -in : the -

Block diagram of the UHF oscillator.
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higher order mixer products were found to be leaking -
across- the printed board and bypassing the low- pass
filter.. To obtain sufficient suppression, the IF filter was

broken into two sections, each part in separate RF boxes.
- The filter on the 10-MHz IF also proved to be critical to

r
AL

- characteristic between oscillators, coarse tuning has been - -

. customised for each oscillator by using an. 8-bit. DAC

and'a small ROM.." These allow -data’ stored into four .

locations in the ROM to steer the oscillator to the centre

.- of .the: chosen 10-MHz band. . The PD drlves the fme-'

tumng mput to close thxs loop

, A sample of the main osc1llator output is: apphed to the
. local oscillator, input of a mixer:  This-first mixer-uses -
© aspecial comb signal which has only three components,:
- at 480, 640 and 800 MHz, generated in the reference
+ chain by mixing 640 and 160 MHz. ' The resulting IF, -

always between 31 and 40 MHz, is filtered by a low-
pass filter,-and then applied to a second mixer.- The LO
~for this mixer is the output of a subsidiary 41 to 50-MHz
loop. The 10-MHz IF output, after further filtering and
amplification,. is sent to the phase detector.
- reference input is:. the output of .a ‘phase rotator at
* 10 MHz (described later). To enable.the output to be set
. in:1-MHz steps, the subsidiary loop generates.an output
between 41.and 50 MHz; with 1-MHz steps. It uses a
programmable divider, to give a 1-MHz output which is
applied to the TTL:phase detector.: The digital divider

does not introduce phase ambiguity: because it is w1thm ,

,the loop. feedback path

Mamtammg an acceptably low level of spurlous outputs
proved to be particularly difficult with this module. To
- reduce the level of comb-signal breakthrough onto. the
output,” an-extra amplifier was inserted to: give higher

Also, . -again. to - minimise breakthrough, -the - lowest -

“possible level.of comb signal was used, and arranged to
act as.the low-level RF input to the mixer. Some of the
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~The:PD--

- in-the receiver.-

* - the sampling clock is phase rotated.
- rotations.-are achieved by varying the phase of: the

- maintaining low levels of spurious outputs. This filter

required ‘a. rapid roll-off with a notch at 25 MHz to
remove a troublesome mixer product.

6 PHASE ROTATION

In synthesis radio telescopes based on interferometer

pairs of antennas, each antenna must remain pointed at

~ - the astronomical source for considerable periods of time

so .that very low level signals can be enhanced by

‘integration, As the direction of signal arrival varies, due

to the rotation of the earth; the relative path-lengths to
each antenna change. This results.in the signals to each

-antenna going rapidly in.and out of phase. If nothing is
- done to remove: ‘this,: it would be necessary for . the
correlator to .use. very short. integration. times. To
" maintain maximum sensitivity, this- modulation must be

removed-and-this-is-achieved by adding an extra, time-

* varying delay to the signal from the antennas closest to
- the.source. ' The time delays-are. then equalized and the
-source’ remains. on.a peak of ‘the interferometer gain.

pattern- during. thie entire_observation. -This process is
referred to as ’delay tracking’ (see:[5]).

It is easiest- to .insért this, time delay either at baseband,
or -at- the final - intermediate . frequency since this is -

- rconstant for all observing frequencies. -Also, at this low
- frequency, delay-is relatively easy to :implement with-
- digital circuits, . However the phase difference that this

time delay produces at IF is different from the  phase -

- . difference it would produce at the observing frequency; -

this. leaves a residual,.time-varying phase error to be
corrected by ’phase rotating’. the local oscillator signal
The phase-rotation rates are typically
50° .for every millisecond at the -highest frequencies.
Alse;:to obtain suff1cnently small steps of delay tracking,
In the AT, these

- reference frequencies.applied to the UHF local oscillator

and the sampler clock

The phase rotator consists.of -a:digital section producing
a phase-rotated 10-kHz output and a PLL upconverter -
which  translates. the phase-rotated signal to 10 MHz
(8 MHz for the sampler clock). The digital section has
two basic -components, the first of which is a variable ~
ratio divider circuit producing small phase increments or

. decrements in a 10-kHz output signal. A second circuit

~ should- occur.

determines. when these increments (or dectements)
~.The:phase rotator: is- programmed with

- 11.bits.of "start. phase’ P, which is the initial value of
reverse isolation in-the feedback path to the first mixer, = -

- phase loaded into the phase rotator at the start of each 5-

.. or 10-s timing. period. - Also loaded are 24 bits.of ’start

rate’ S, the initial value of,,the rate, and 18 bits of

- . ’second derivative’ X, the speed at which the. rate is

/
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increased * (i.e. acceleratlon) - After 10 seconds of
rotation. at ‘rates of up. to- 10% degrees per- second the
phase accuracy 1s mamtalned at better than 1%

The phase-changer circuit shown in Frg 14 isa specm.l

synchronous divide-by-2000 - counter ' which - divides 7

20 MHz down to 10 kHz. The counter/divider is split

into two sections, each of which counts down and can-be

preloaded to start from a partially full state. - This sets
the starting -phase, since the first output transition will

then occur earlier than would be the case if the counters -

began from a full state. To allow for phase changes
after counting has started, the first counter of the chain

¢an be set to divide by either 3, 4 or 5. It'is normally -

programmed to allow: for dividing by 4, by- counting

down. from an initial 'value of 4 -and, when zero is

reached, by sending -a pulse to-the next counter.- To
retard the phase, the INCREMENT liné is activated by
an’ 'increment generator ~and - division®. by © 5

programmed for one cycle of the first counter. “An extra
20-MHz cycle must thén be counted before completing

a 10-kHz cycle so that the 10-kHz output is ‘retarded by
- 360°/2000 = 0.18°% - To' advance the phase,  the

RATE SIGN is changed to-allow division by 3 and this .
results in'the 10-kHz cycle being completed one 20-MHz .
cycle early ‘In this way, if the. INCREMENT line is -
pulsed, 'then the phase is " advanced (or - retardéd -

“depending on the "rate sign” bit) to give :a single 0.18°
phase change. If this line is pulsed repetitively, then the

phase will be continually slipping or 'rotating’, and this -
resiilts in an iricreased (or decreased) output frequency ,v
The output frequency can be varied i in. th1s manner over.

the 8 to 13 33-kHz range

The INCREMENT lme s dnven by the 1ncrement,
- . generator, shown in Fig. 15. The heart of the.increment - -
generator is an accumulator which has- the 24-bit "tate’ -
~value, ‘R added ‘fo’its contents for each cycle of F, -

“(nominally 5 MHz). - The accumulator produces ‘an

output signal each time its contents become full and this -
*carry’ signal is the -desired ‘increment signal. - The . -

- accumulator counts up in ‘steps-equal to'the contents of

the rate-buffer and produces an increment signal ‘each . -
time the accumulator’overflows’ and starts accumulating-
agaln A large value of R will make- the accumulatory

therefore proportlonal to the rate R.:

: The 18~ b1t second denvatlve X determmes the: value

of-the clock frequency F, by means of a standard ’rate .
multiplier’ device. The ’start rate’S; is loaded into the-
rate buffer/countér. which acts initially as a data latch at-

the start of the timing period.: The transitions of the

clock signal F,, increment (or decrement) the contents of
the rate buffer/counter so that, at‘time t, it has d 'value - . .
) +(or-) F, « tin-its latches. “After each cycleof F; the -

contents - of the. rate. biffer/counter are- added : to the
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" INCREMENT

Figure 14 .

~Thus * the' niimber-: in * the:
accumulator is increasing at-an'accelerating rate; where- . .
the acceleration is determined by F,, which is’ ‘determinéd. -
by X. The ability to sét a second derivative of phase

50 Mz ' Progeammable Lt #500 |
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The phase-changer circuit. -
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IBbrts . . .
Figure 15 - - The increment generator.

allows for longer perlods between updateq espe01ally forf .

; very long basehnes

, «The d1g1tal phase rotator is followed by an upconverter o
.. ¢ircuit using - an-offset. PLL: . The: UHF phase rotator - - .
. -upconverts from .10 kHz 1o 10.MHz using a voltage- -
--.controlled crystal oscillator (VCXO). The feedback: loop' S
- -uses a mixer with, a 9.99-MHz reference; the IF is-at.

10 kHz and the 10:kHz from-the-digital phase: rotator

aprov1des the phase detector reference. The:sampler clock = .. -
rotator is identical except for. a 7.99-MHz reference and -

~-an 8-MHz- output. A-more “detailed discussion of ‘the -

: dig‘ital p‘hase-rOtator "de'sig"n, fis.given 6]

73 REFERENCE GENERATOR |

. -To achleve the requlred hlgh phase stabrhty, all LO '
..~ output signals within-an antenna must be phaselocked to .-
“stable reference signals.” These signals. are supplied-by
_the reference generator'and must in turn-be phaselOcked R
- to- a-master ‘reference signal which is common to all
" antennas.-The central master reference forthe ATi$ &
. 5:MHz signal supplied by either a rubidium or:maser
frequency standard. A 5-MHz low-phase-noise, oven-
-controlled,: “crystal, oscillator at each ' ‘antenna. is

phasélocked to- this master reference by a ’phase

transfer’ ‘system. (described ‘later)." From this 5-MHz
.source, reference frequencies -ranging from .1 .to

800 MHz are generated. Most frequencies are generated -
through a:chain of doublers which produce 5; 10, 20, 40,

--80, 160, 320 and 640 MHz. Combinations of .some. of
‘these frequencies are mixed o generate other.references -

stich-as 120, 480 and 800 MHz, To produice the 9:99-
arid 7.99-MHz réferences reqmred ‘by the phase rotators;

* offset phaselocked loops are used-in combination with
digital dividers wh1ch have specral protectlon from phase»
jumpseoco e ¥ AN
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The cham of doubling stages is the heart of the reference
generator. Each doublmg ‘stage  consists of a passive

doubler’ placed between  two.-RF amplifier modules -

followed by a specially des1gned doubler filter. The
doubler is essentrally a wideband, transformer coupled
full-wave rectifier. Each stage is connected to the next
, through a directional, coupler, ’ -

The purpose of the amplifiers is two- fold Frrstly, loss
~ through each doubler is- about 12 dB’ (when supplied
with 6-mW. drive) which, in combmatron with coupling
losses, adds up to a total of approxrmately 170 dB
(through the six doubler stages) which must be made up
by amplification.
driven from a stable 50 Q source impedance to minimise
spurious frequency generation and ensure stable phase
characteristics.. The doubler filter was designed to
reduce further the spurious products produced by the
doublmg process

Typrcally, a: doubler produces the most. troublesome

spurious signals at the third and fourth harmonics of the
input frequency. The fourth harmonic ¢an be as high as

-15 dBc relative to the desired second harmonic. The
third harmonic is lower, at about -30 dBc. Instead of a

filter with-a narrow bandpass to reduce these spurious

i srgnals we used an elllptrc bandpass filter with a’Q’ of

approxrmately 2, with rejection notches tuned to-the
. spurrous frequencres at the input and fourth- harmomc,

frequenc1es ‘The advantage of -this technique is. that,
‘because of the lower Q, it has much better phase-versus-
temperature stability, The drive level into the doubler is

critical ‘and tests ‘showed ‘that a drrve lével of .6 MW"

provrded the least phase sens1t1v1ty to varratrons in drrve
level : \ . v

Between each doubling stage is a directional coupler .
with the coupled port driving the next stage. This -
increased -isolation ‘between stages- was necessary to.

reduce the effect of doubler impedance changes on the

filter' and hence on the temperature coefficient of phase. .

The ™ *through’ - port- is . passed - -through ' another
amphfrcatron stage to provide buffering and to generate

sufficient drive levels, after splitting, for the final LOs. . |
Doubler chain-frequencies of 5 and 20 MHz are used
diréctly as references for the 2-GHz local oscillator;-and-’

the 10--and 320-MHz references for the 7 GHz local
oscrllator ’

" Further reference srgnals are generated by mrxmg pairs
of: signals generated in ‘the- doubler-chain. ““A typical

mixing stage consists-of a passive double-balanced i mixer -
with ‘buffer amplifiers on- the LO, ‘RF and IF ports
~Combinations. of -
frequencies were “chosen ‘to “give a. desired refetence

followed - by a clean- -Up ﬁlter

without :produicing-close-in spurlous signals which are

difficult to filter, In typical mixers, undes1red products, .
such -as three times the LO frequency ‘minu$ the RF
frequency, .can- be as high-as <10 dBc relative tothe:
desired sum -or difference frequency. ' The reference-
frequencies. ‘produced via - mixing are - 8 MHz:

" Journal-of Electrical and Electronics Engineering, Ausiralia~JE Aust, & IREE Aust:Vol. 12, No2.~ -+

Secondly, each' doubler should be -

* ‘astronomical’ observations are’ ‘made.’
- earlier, the rms phase variation of any LO measured at

(10 - 2 MHgz), 120 MHz (40 + 80 MHz), 480 MHz aiid
800 MHz (640 + 160 MHz). - The 8- and 120-MHz
referenices are for the sampler clock.  The 480- and
800-MHZ references are combined with 640 MHz to give
a "comb’ which is used by the UHF local oscrllator

A dlvrder cham divides down from the 20- MHz signal to
produce the 1-MHz reference required by the UHF local
oscillator and the 2-MHz and 10-kHz signals used within

the referénce chain. To avoid phase changes caused by

noise or power transients, the power supply and shield-
ing required - special - ‘treatment and each output’ was
individually buffered. = The power supply uses a

- combination of diodes, large reservoir capacitors and

dedlcated regulators operatmg with a large voltage drop.

An offset phaselock Toop produces the 9. 99 MHz
reference needed by the phase rotators, using a 10-MHz-
mixer reference and 10-kHz phase-detector reference.
To ensure sufflcrently low phasé noise and reliable lock
acquisition;,” this 100p uses’ a voltage-controlled: crystal
oscillator.” A simple mixing stage usés 9.99 and 2 MHz
to produce the*7.99 MHz needed by the sampler phase
rotator. "

8» PHASE TRANSFER

The phase transfer system ensures that the antenna'
5-MHzZ referencé oscillator is phaselocked in‘a known

.phase relationship -with ‘the central master ‘referénce;

independently of cable-length changes. - The phase
stability that is required of this system is dependent on
many factors, -including the frequency at which
As indicated -

1 GHz must be less than 1° over time intervals up to:30:
minutes; - This corresponds to 0005° at the 5- MHz
reference frequency B

Each of the six antennas whrch make up the Australla
Telescope array at Narrabri, has a highly stable-5-MHz
voltage-controlled crystal .’ oscillator - (VCXO) - with
extremely low levels of phase noise." These oscillators
provide the base reference’ for ‘the LO systems within
each antenna. Each oscillator ‘is phaselocked to ‘the
master reference, also at 5 MHz, at'the central building’
on the site. This is ¢ither a rubidium or hydrogen maser
frequency standard.to achieve the long-term ‘stability
required - for the -very- long-baseling - 1nterferometry
(VLBI) techniques used. in astronomy. - To achieve the
phaselocking, the master refererice is distributed- to the -

- five antennas in the 3-km sectioni of the Array through

large diameter, pressurised, coaxial cable. For the stxth
antenna, Wthh is-located 4.5 km from the central site,
this signal is transfefred over optical-fibre cable because
it Has a lower signal'loss: and is less expensive; These
lines, - whether coaxial or- fibre, undergo changes in
léngih due to thermal effects and ‘cablé movement. The

resulting phase changes must be measured and accounted =
for to achieve the requ1red phase stability.

i Jung 1992
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Each of ‘the five antennas in-the 3-km 'sectiont’of the
" array. can be- located: at any. of 35 station . posis.

(connection points) along. the rail. Two, lengths of

coaxial cable (eastern and western arms), with couplers.
at each station post, distribute the.central standard. This .
standard is multiplied to a frequency. of 160 MHz for

transmission down the cable, Since €ach coupler:or

connector has a less-than-ideal match to the cable,

reflections occur which ultimately. cause- phase ‘errors;

The couplers .are pressurised . to reduce - moisture -
degradation and increased reflection. Losses in the line .

can actually help by reducing the multiple. reflections
which - are. the major problem. - The cable has an
attennation of 0.017 dB/m at 160 MHz and the through-
loss. of each coupler is approximately 0.6 dB, giving a
maximum loss down each arm, including the couplmg
factor and antenna cables, of almost 60 dB. -

A srmplrﬁed dlagram of. the system is shown m F1g 16
‘The method of phaselocking the antenna VCXOs to the.
central standard is as follows. ~In the:central building;.

- the:master 5. MHz is multiplied by32 (5 ‘doublers) and

. translated to :160.05 MHz by a PLL with an-offset -
frequency of 50 kHz. . This. signal -is sent along the -
coaxial cable to all antennas. Inside each antenna, the = -

- 5-MHz output-of the ' VCXOs is. multiplied to 160 MHz . -

‘and.mixed with-the incoming 160.05-MHz signal.. . The

difference product is thén compared in-a phase-detector
~with a 50-kHz reference which has been independently -

sent along the cable. - The error.voltage obtained is-then

used to control the VCXO, 'thus completing the PLL.:
The loop bandwidth is designed to be about'l Hz. This.. -
-ensures that -high-frequency -noise introduced -through -

cable loss and amplifiers does not degrade the short term o

- phase stabrhty of the VCXO

o

. A round-trrp phase meaSurement scheme ‘ s used to:
measure changes in cable length, The 160-MHz signal-
generated in each antenna is sent back along the cable to -

the-central ‘building -and:the phase -difference between

this:réturn signal and the reference standard at'160 MHz . -
is-measured. Changes-in: cable-length: L:.causé. corres:

pondmg phase changes of. magmtude o

720.AL
T

where -‘7»’ Hs ;the wavel’e‘ngth' e the: cable T

A‘P . [degrees]

To. allow. five-antennas. to share the same: cable, time .
multiplexing -is- tised.-“Each antennain: turn .sénds-a -
return signal for a duration long enough for the phase
measurement to be made in the central building. The -
minimum’ measurement -time is° 20 us-since. the ‘actual . .
measurement is made at 50 kHz (by: first ‘mixing the -
The " time - between
measurements is 0.1 s and, to ensure settling before :
measurement, a delay period of 2 ms is allocated. While |
a return sighal.is being. sent; the 160.05:MHz out-going - -

.. 160:MHz - with .*160.05:MHz)."

reference signal is removed; so that all anténna VCXOs

Journal.of Electrical and Electronics Engineering; Australii:s [E-Aust. . &-IREE:-AustiVol. 12;:No2i: i it

Figure, 16:

: ,If cable-length changes exceed 0 94 m: (half ,Wavelength L
at 160 MHz) then the measured phase: ‘change:becomes.”

o Reference [t AEARALOs |

vt U Oselllator (VCXO): o T 1 -
2 2 aoE s Tal el L e

Diplexer )

Equlpment abuve hne is lacated within the Amenna

ey : BunedCoaxxal Cable
iy y

.‘ Power Splitser
o ”,.C'qupler o Cor

SOkHz

Cl .ld 16005MH:. RERPICTNN P U S
| Reference| - PLL N 1 1 :
v : / : Diplex
‘Master YAl i IR - Dipléxer:: .
Osciligtor  *OMET | o, .

I FE Phiase: [T
. Tocomputer ( — 77— Meter,.

Simplified phase-transfer system. - -

must ’free'wheel’ with a constant. control voltage\d‘nring :
‘the delay.and.measurement periods. - To. ensure stable -
-phase during these periods, the control voltageis held by -

a 'sample-and-hold’ circuit; with-a very low: drift-rate.;

.- 'The VCXO:is also selected for extremely low dfift-rate -

with constant.control voltage. - Experiments showthat.

“the combined sample-and-hold plus VCXO drift,/overa.
period of 300 ms, results i 1éss than.0.005° drift ata -

frequency of ;5 MHz. - Since. the phase drift with time.

_ ‘approx1mately follows ‘the law A® = k¢, the drift can'be - .
- ‘?extremely small over a, penod of a few mrlhseconds i

AT

= The changes in; cable length that are expected to occur C
‘can. be.separated-into slow ‘and: fast ‘components. The. - .

.short 20-m. exposed portrons of. cable around:the aritenna.
- elévation.'cable-wiap” will be affected directly by short::

term changes in:ambient temperaturé caused by shading

:and wind (< 20° C over 5 min:), while the buried 2-km - -
- - lengths will be affected only by the daily.cycling of the . -
ground- temperature (<:.0.2° C per hr). 7 Estimating the =
-cable temperature coeff1c1ent as 40 ppm/°C we calculate;: L
‘the worst cases to be B ’

Since the worst case translates to 15-mm over.5 minutes,
and since 1 mm is approximately equal to 1 at 1 GHz,

we require that'the phase-transfer control loop provides-

more.thana:10-fold improvement to. meet AT: specrﬁca-f
tions. Other ‘effects ‘such:-as-mechanical - changes in -

- connectors:can’ result in:éven: ‘larger -phase: shifts and-.
must: also-bé corrected. - Bench:tests showed ‘that these - -

performarice targets »could ‘be-met’ but; since.: the! full .

© system is only now:being installed, long-term test results. R
- dre: not yet avarlable Lo ;

5 dune-1992. .
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‘ greatet than 360° and this can résult in ‘misinterpretation: -
- To resolve-this and other ambrgumes ifi the multipliers,
5 MHz is also sent down the cable so ‘that-a simple
5-MHz phase measurement can be made at each antenna. -
‘At 5 MHz, a 0.94 -m length change corresponds to 5.6°

SO that a resolutlon of a few degrees is quite adequate

Once cable length changes are known compensatron can -
be made. There are several methods of achieving this. In -

the AT, real-time corrections can be made by using the

previously described LO phase rotator circuits.” Alterna- .
tively, since cablé variations are slow, phase corrections

can'be made to the final correlator output data,

The AT uses optical fibres to transfer the IF from each’

antenna. to the central building where correlation is
performed. (For details, see [7].) Major improvements

in ‘the ‘technology of optical ‘fibré makes it -also a:
consideration for LO distribution where advantage can =
be-takén. of its low signal-loss, wide bandwidth.and low~
As with ‘coaxial cable, length :changes must be -
measured and accounted for. *Experiments performed on - -
fibres supplied by the Pirélli company showed. that. the

COSt. "

- ‘temperature - coefficient - of  length “is. -about” 10 -io

"192¢-MHz difference. between' two carriers and’ the

system uses a-dedicated 4.6+m aritenna with-about 0,1 W

- per carrier. . System performance has been verified at the
Jprototype stage and installation at the first sites is under

way. - Details of the .system and the. performance
achleved wrll be grven ina future paper ey

9 CONTROL AND MONITORING

The entlre LO system is computer controlled wrth no
manual controls.  This avoids the problems caused by
leaving a critical switch in the wrong position.. There.is
also an absolute minimum nutmber of preset controls —
typically, just one to set the centre frequency of each
oscillator. ' This. greatly -simplifies maintenance::and
calibration. Each module also-has typically 10 analog
monitor pomts which can be accessed remotely via the -

data sets; antenna computers and the central ‘control
computer. - These are allocated to-allow ‘monitoring . of

- phase-detector outputs, signal levels and temperature and

25 ppin/°C (twice as good as coaxial ¢able). Good phase: . -

stability combined with the close temiperature tracking of

fibreswithin ‘the-same " cable- meant: that time multi-

© . plexing could be avoided by.using two separate fibres
-within the 'same¢ : sheath for :the ‘forward - and ‘retutn -

~This avoids: the'"complexity “of time ‘and . -

" sighals.
frequency multiplexing onto a-single’ fibre and gives

similar performance.- Phase transfer over optical fibreis-
- implemented ‘using -essentially the same techniques as -
- with: coaxial cable but with-thé 160.05-MHz outward -

signal - modulating:-the .diode ‘lasers . for_transfer. . A
" . separate-, laser;.fibre and receiver . 1s used for the
160 MHz return srgnal SR Lo

F,or‘u the’:-remote Long+Baseline Array . anténnas -near

Coonabarabran; Parke§ and at.other future sites; it isnot’
+ . practical -to uise land-lines to carry. the LO- reference.. ~

Instead; a system using: the domestic satellite = - -
'AUSSAT’ - (now: Optus) can- ‘be -used. to - distribute . - .

.- reference -~ signals.- to ~any -site  within - Australia;

C Atmospheric path variations are removed by a rouiid:trip :
- system similar ‘to. .that:already described: for the .cable:.

* phase-transfer system. Optus uses different up and

" ‘--‘f:return frequencies and this leads to incomplete removal
- of-variations in the ionospheric. delay, the resrdual error;.

‘ however is' suffrclently small

: The satelhte isnot statlonary but moves over-.a smallw.
range with a maximum velocity of almost 1 m s, Due

are used to' locate faults; warn of degraded performance
and. drifts and to correct: for temperature effects.  The -
entire LO system has 250 monitor points in each antenna
with 1500 such points in the full array - excluding those
in the power supplies and those' monitoring the LO drive
within the conversion system. Although the LO: system
is extremely complex, the above- precautions have led to

. exceptional - reliability with any faulty modules bemgy v

-qulckly 1dent1f1ed and replaced
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The Samplmg and Data Synchromzatlon Systems

W. E. Wllson* and M.W. erlrng*

SUMMARY The sampler digitiser and data synchronization systems of the six antennas which make up the Australia
“Telescope -Compact Array are described. The sampler/digitiser units,” which are located at the -antennas, convert the
analog outputs of the receivers to dlgrtal form and encode the resulting data streams into-a form suitable for transmission
. via fibre-optic links to the central conl:rol bulldmg The method by whrch the varlous data streams are synchromzed '

- is explained.

1 INTRODUCTION

. This paper descrrbes the devrces whose hain functron is-
‘to convert the IF srgnal outputs of the receivers to digital -
form. It also describes the techmques used to.transmit -
. and synchronize the resultmg digital data In the analogui L
" to-digital conversion, a sample of- 'the input signal is - -

taken at-a particular-instant and”the: resultant analog

. voltage -is quantised info a. fixed- -length -binary word.
“Ideally, the . conversion should not give rise to any"

. significant loss of information from the original signal.
* Factors affecting. the degree of information loss are the

.- frequency - with. which- the. samples are taken, the.
samphng rate’, and the length of the binary word, N -
b1ts or 2 levels used to represent the sampled voltage S

w2 SPECIFICATIONS

The-samplers-are specrfred to operate in one of the three et

modes shown in. Table l g . : i

3 - SAMPLING RATR -

- .The samplers operate at the minimum sampling rate
which satisfies. the Nyquist. sampling criterion, i.e. at
twice  the. nominal input bandwidth. - A. soméwhat

s~ unusual feature of the sampling process is that the input’ -

- signalis not at baseband, but rather occupies a frequency. -
‘range_either immediately: below or above:the samplmg -
frequency. These two cases: are ‘teferred to ‘as lowér -
- - sideband- sampling’ and upper sideband sampling. “As

4 long as the total bandwrdth is 11m1ted to less than half,. -

Austraha Telescope Natronal Facrhty, CSIRO PO‘ ’

Box:76, Epping NSW 2121, Australia;
Submitted*, -to"" The Institution . of -~ Radio - and
/. Blectronics Engineers Australia in-June 1992, .«
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v Mode “Nom‘inal 1nput -,_'Sarnple‘ Number ‘Number

g Frequency ~rate | of .| of
range | (mega- _bits | levels
‘ samples’ k
/9

:71;~256to512MHz SR IR (N
o Jer cs1i2 | o2
512t07681\/II°IZ : T

o2 DB02A6MHz| 256 | 20| 4 |

13 64t0128 MHz 128 | 4| 16

/

S Table'l:

"~ the sampling frequency, then this “arrangement "also -
- satisfies the requirement that information loss through
-aliasing should not occut, © As:is the case with lower*
- sideband mixing, lower sideband sampling also leads to
= an 1nvers1on of the fmal frequency scale. I

QUANTISATION

: The very: coarse: quantrsatwn employed is acceptable
“-only because of the nature of the signals and the way, in

which these signals are processed. The signals received-
at- each- antenna’ ‘can. be. considered to be random:

-~ Gaussian noise voltages. Therequired processing forms

the ¢ross-correlation functions of-pairs of these ‘signals.

It has been shown (e. g.-[1,2]), that the cross-correlation ™ -
- coefficient of coarsely quantised random noise signals is.
* .a monotonic function of the correlationcoefficient of the -
- original analog signals. Some uncertainty is added to.the' -
. digital measurement -in- the form’ of quantisation: noise
- - bt thisi§ the ‘price : that is ‘paid for the relative -
~ simplicity of ‘the digital signal processing.: As is‘to be’

s’ June 1992
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expected, the amount of added noise is greatest in the

1-bit case where the signal-to-noise ratio, or sensitivity;
is- 64% of .the figure that would be’ obtamed w1th a
perfect analog correlator. ‘

The 1-bit dlgmser places the result in one of two
possible levels. Therefore it takes account only of the -

sign of the input signal, ‘determining whether the

nominally zero mean Gaussian noise input voltage is
positive or negative at each sampling instant. In this

case there is a simple sine relationship between the
measured digital correlation coefficient, pd, and the
actual value, p, such that,

o p;sin(P'* PIZ)

- where both pd and p: have been normahsed to 10 at

100% correlation.

The 2-bit digitiser has four possible levels and so has

both a ’sign’ bit and a ’magnitude’. bit, as shown in
Figs 1(a). The sensitivity: of a 2-bit correlator is a
function "of both the magnitude decision level, V,,,
méasured relative to the rms input voltage, Vms, and wy

the relatlve weight given within the correlator.to samples

with large-and small absolute magnitudes. The sensitivi:

ty has a broad maximum at w = 3.3 and V,, = 098V,
where it is 88.3% of that of an analog correlator In -

practlce, the digital multiplier within the correlator is
more. easily implemented with a value of w =4, in
which case the optimum sensitivity is degraded only.

slightly to 88.0% at V,, = 0.94V,,,.. The 2-bit dlgltlser,l v

~ is maintained at optimum  sensitivity by counting’ the
number of samples occurring in each of the four levels

and adjustmg the decision levels accordingly. - As the

input noise voltage is assumed to -follow Gaussian
statistics, the level control system seeks to maintain
17.3% of the samples in each of the outer levels and
50% of the samples in the positive levels. . In the case of
a - 2-bit- correlator, , there -is- no .simple -analytical
_relationship between:py and p.- It is very closely linear
at low.p4 (< 0.1) wherea linear approximation can be
used to recover p. ‘At larger values of paa polynom1al
must be used to approximate: a curve: which- becomes

highly non-linear as py approaches:1.0. As the relation- -

ship.between py-and p is also a complex function.of V,,

. the fact that 'V ;-is held constant greatly facxhtates the

recovery of p:.

The 4 b1t dlgmser prov1des a sampled data stream wh1ch :

is sufficiently accurately: quantised to enable reconstitu-

tion: of -the analog signal: at the central site and digital.
"tying’ of the array. The array is 'tied’ by adding the
signals from all antennas in such a way as to produce.a ~
composite response. from the:éntire-atray: - Once- again;
the placement: of ‘the-:decision -levels «[Fig. 1(b)]: is
determined - by:.a. feedback control system: acting on.. .
measurements. of the: number: of samples below. -V,
- ‘above 'V, and-above:+V,. - The :AT correlator operates.
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: is achieved in the‘delay‘system [3]. S N S
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. ’ ) ositive magnitude
VM [ - ” 'geczsxon level.

1 LEVEL 3 = 8 2
sign

decision level

“1 LEVEL 2 =.1°..8°
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Sampler demslon levels and codmg -

~ scheme, , . '
(@) 2-bit sampler. - -
(b)- 4-bit sampler.

Figure 1

A P PR St

either in l-bit or 2-bit correlation 'mode,tand"so the 4-bit ,

‘data cannot be fed directly to the correlator. If required,

it must first be converted to 2-bit data; a function which

DATA CODING AND SYNCHRONIZATION .

: A combmed sthchmg, t1me d1v1s1on multlplexmg Cll‘CIllt»' .

(Fig. 2) is employed to select one of the three digitisers
and convert its output o -a. single-bit stream-.at 512
Mbits/s. ~ This data. stream -then - passes. through the
synchronization circuit, which inserts the synchronization.

~ “bit sequence - (Fig: 3); in: the data at the-start of each
- integration.period. -This process is controlled by a signal

called BLANK; which is produced.in.a special-purpose.

_ -pulse .generator- known- as- the .integration clock "(see -
- below).. During the BLANK:time; typically~16'ms, the' - -

o Jine 1992.



SIGNAL PATH - THE SAMPLING & DATA' SYNCHRONIZATION SYSTEMS * Wilson & Willing s
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Senal data b1t sequences at the statt of an

Figure 3
e 1ntegratlon

synchronization circuit closes off the data path and,

-instead, sends a steady stream of zeros. The BLANK
signal‘ passes through a latch circuit which ensures that

the next 128-MHz sampler clock pulse following the end

~of the BLANK pulse marks the beginning of the final

four bits of the synchronization sequence. At the ¢entral’

site; detection of the synchronization sequence allows

as shown in F1g 3

' The data then pass through a Manchester codmg cxrcurt
which performs an exclusive OR function and a suitably

phased 512-MHz clock signal. The data finally emerge
. from the sampler in a form suitable for i msertlon into the
frbre optlc transmission system :

IMPLEMENTATI ON

The samplers are srtuated in. the vertex. cabm of each

antenna: There ate four sampler modules; one for. each

~ IF'channel. - Each IF channel is split into three signals, - -
each at a-different bandwidth, corresponding to the three- - -
modes shown in Table 1. A sampler module has'three .
-inputs and- three " distinct- sampling -units, only one of

- which is operational at any one time,
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The ‘1-bit sampler uses a GaAs D-type flip-flop thh'

comparator input ‘as its sampling device.” *The 2-bit
sampler uses-a high-speed silicon’ bipolar quad-latched
comparator, ‘with three of the comparators employed to
define the three decision levels. The 4-bit sampler uses

‘a commercral high-speed 4-bit . analog-to-digital-

converter, The  high- -speed - digital circuits are
1mp1emented w1th commerc1al ECL devrces

]

7 SAMPLER CLOCK PHASE ROTATION :

-Ad_]ustmg delays in the ‘various. s1gnal paths. in - the
Compact Array, to compensate for path length

differences, is done in two stages. The sampled data
streams are delayed in the digital delay system (see [3])

‘where the smallest possible delay step is one sample
period. Finer delay adjustment is achieved by varying
the phase of the sampler clock signal. The local
-oscillator -system. produces .a- phase-rotated 128-MHz

reference signal to whlch all sampler clocks are locked,

as shown 1n Flg 2

Itisa consequence of the latchmg of the BLANK s1gna1 ‘
by the 128-MHz sampler clock that only those samples

which -are coincident with the 128-MHz samplér clock
can be selected as the first sample in' an integration, i.e.

every second sample in-2-bit-mode and every fourth

sample in 1-bit mode. This means that the sampler
phase has an adjustment range of 8 ns. (= 1/128-MHz),

‘regardless of which sampler is'in use. This converts to.
a range of phase adjustment in the clocks at the samplers v

of ‘one -sampler period in 4-bit mode, two sampler

" periods in 2-bit mode and four sampler periods in I“bit

mode. - Hence, the delay system operating on ‘the
sampled data at the central site need’ only have a
minimum 8 -ns delay step .

i "»8‘ THE INTEGRATION CLOCK
the first ‘sample of ‘each integration period to be - -
identified. ‘It also provides a reference point from which '
‘the 2-bit and 4-bit data can be correctly demultrplexed P

wThe purpose of the Integrahon Clock is to produce a

signal which defifies the start of each integration to an

- accuracy of a fraction of a sample period.: This enables
»the array control computer to specify precisely the first

‘sample in'each - integration. - The major difficulty with
-+ this process' arises from the' fact that the phase of the

sampler clock is continually being rotated. It follows

that, with any fixed integration period, inevitably the

situation ' will occur where the start time is closé to-a

128-MHz samplé time. Then.the finite delays in the

synchronization latching circuit will give rise to’an
uncertainty in the choice of the first sample of the

“integration. The circuit may choose the correct sample,

as spec1fied by the array control computer, or it may

‘choose a sample 8 ns earlier or later. If it makes an
“error, an:8-ns delay error would be present in any
'correlatron functlon mvolvmg this mput :

: 'As the array control computer can calculate the time
~ difference between the nominal start time and the- first -

Juie 1992 .
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Figure 4 Integration clock block diagram, -

V‘Sar'hple time in each integration, it can also predict when

an error of the type described above is likely to occur,

When this is the case, the array control computer sends

a request to the integration clock to produce a' start

signal'which is 4 ns earlier than-the nominal start time, .

hence avoiding the region of uncertainty. The chances
of error are further reduced by using this ’EARLY’ start
signal whenever the first sample time is within 2 ns of

“the nominal start time and the ’NORMAL’ start srgnal ‘

-at other times. ;.o

, In practlce, the NORMAL start s1gnal wrll not comcrde

with the nominal start time, but will be offset by some
initially unknown. value. If the array: control computer
is to. choose correctly between the EARLY and the
NORMAL " start signals; any such offset must first be

BRWE, WILSON

“MR M.W. WILLING

Melbourne Technical -College.

2 Cooper "BFC.,

3. erson WE and Carter CN

cahbrated ‘This is done.by observing the sampler phase
at which the 8-ns delay error occurs in a correlation

- function mvolvmg the Input bemg cahbrated

The Integratlon clock is. 1mp1emented asa programmable

“pulse generator containing an internal counter driven by -

a 128-MHz clock signal from the local oscillator
reference chain (Fig. 4). The period.of the counter is

~programmable in steps-of 32 n$ up 10 33's. The output.
_pulse (the BLANK pulse), is started by a signal from'the

event generator within the antenna control computer, and
stopped by the timing out of the internal counter, The
end. of BLANK, which defines the start of the
integration, can be advanced by 4 ns to produce an
EARLY start time: As-the timing of the end of BLANK
is controlled by the local oscillator reference chain, it is

~ stable to within a fraction of a sample period. The

BLANK pulse is typically 16 ms long. During this time

- the system is set up for the next integration and the
_ sampler output data is held at. Zer0.
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The Optteal Flbre System

) AC Young* M.J ‘Anderson*, M.J W Hayes** andRC Trcehurst***

: -SUMMARY The Australla Telescope has made extenswe use: of optical flbres for the return of high- speed s1gnals from
the receivers. This unusual application of f1bres required many short links operating at 1-Gigabit speeds in combination
~ with the need for easy dlsconnectlon in’a’'dusty ot wet environment.. The system also uses fibres to carry a
local- oscillator réferénce over a 5-km drstance and to carry commumcatlon 11nks to all antennas Th1s paper outlmes

the techmques used to meet these requrrements

| 1 :’I‘N‘TRODUCT‘I‘ON "

"The Austraha Telescope (AT) is the first radio telescope
“to make: extensive use of optical fibre technology. This

means that many difficult choices had to made during -
‘the desrgn process. Our success and that of others after - -

. us, should, however ensure its future use in most radio

"teles00pes The AT array at Narrabri has six antennas, -

and optical fibres are used to transfer the output signals

A from each antenna receiver to a central correlator. - They ,
‘ate also used to carry a phase reference srgnal to which .

~ antenna local oscrllators (LOs) are locked Present radio

telescopes use coaxial cable for these purposes but l’.hlS\’
becomes quite costly for systems requmng either a large -
The ‘US Very Large Array

" bandwidth - or distance.
(VLA) radio telescope uses very costly - circular

.wavegulde which is now no longer available. Before
drscussmg the’ desrgn of the AT optrcal fibre System, 'a
"summary of the relevant aspects of flbre technology 1s

) worthwhlle ‘

- 2 OPTICAL FIBRE

Optlcal frbres are made from hrgh punty glass, have'a =
‘ typlcal outer diameter of 0.125 mm and are usually
contained wrthm a thin plastic jacket.: ‘Cables are made -

by enclosmg many such fibres within a. tthk protectrve

* sheath.” The simplest type of fibre has a radial step -

change 1n refractrve mdex such that lrght travelhng

Australra Telescope Natxonal Facﬂlty, CSIRO, .
PO Box 76, Epping NSW 2121, Australia.
- %% Australia Telescope Natronal Famhty, CSIRO,

" PO Box 94, Narrabri NSW 2390, Australia;

' *** OTC, 231 Ehzabeth Street Sydney NSW 2000, ’

Australia, ~ :
* Submitied to The Instltutlon of Radio and
. Electronics Engineers Australia in June 1992
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: ?through the: fibre is confined, by internal reflecnon to
the inner coré of h1gher refractive index. However step-

index fibre ‘supports a large number of waveguide modes

w1th a wide variation in propagation velocities. This
: modal drspersron causes pulse smearing, and results in
a low: bandwidth which decreases with fibre length.
Graded-index fibre was developed to: ingrease fibre

bandwidth' by reducmg modal "dispersion. = A radial

: ’gradlent of refractive index is used to equahze the -
. propagation veloc1ty of the various modes in the fibre
- core'and can result in a bandwidth-distance product of

" more than 1- GHz km. Single-mode fibre is a step-index

" fibre with a ‘central core of less than 10 microns to allow

the propagation of the HE11 mode only. With narrow
spectral-width lasers to minimise spectral dispersion, a

_-System bandwidth well in excess of 10 GHz over more
" than'10.km’ can be achieved. Operatmg wavelength is in
the mfrared range 0,85 to 1.55 um. - A wavelength of
L 3 ;tm 1§ often ‘chosen since, " at’ th1s wavelength,
© silica-glass f1bre has a 10w ‘atténuation and the material -
'fchromanc drspersron cancels with’ wavegurde drspersron
j"to glve very low spectral drspers1on

‘;Optlcal fxbre ‘has several advantages for the system
‘des1gner and ¢ cost isa major one, ‘Fibre cable capable of

catrying 500 MBatud over 2 km is about one fifth of the -

‘cost of coaxial cable of comparable capacity. At

typrcally 0.5 dB per km, fibre loss is also-very much
lower than coaxial-cable loss and it does not have to be

- equalized .in the way that coaxial cable, because .of its
severe  frequency dependence, does.
- bandwidth in excess of 1 GHz is readily achievable and -
fsystems in- excess of 10 GHz are planned.
‘Radio-astronomy applications " also ‘bénefit- because
'optrcal ﬁbres produce no electrrcal 1nterference

Fibre- -system

:Most flbre systems use s1mple digital modulatlon which
.is normally achieved by dlrectly turning a diode laser on
- “and off. LED devices are used in low-speed systems but

wJune 1992
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they do not have the power or speed for high-capacity
systems.  Optical receivers usually rely -on direct
detection using photo-diodes followed by low-noise

amplifiers, Coherent detection is still not economical -

and analog transmission is not widely used due to poor
noise and linearity performance. :
modulated (FM) sub-carrier is used for cable TV
transmission to overcome such - analog - transmission

limitations, but at the expense of a much reduced

bandwidth. Digital transmission is usually the most cost-

effective option. ~ Several different optical carriers at™ =~
different wavelengths can use the same fibre to obtain :

increased bandwidth, but - this requires -optical
multiplexers, and the increased cost often makes using
extra fibres a more attractive solution.

3 APPLICATIONS AT THE AT

The_most obvious use of fibres is to transfer the signals
-from the antenna receivers to the correlator in the central . * -
building. (For details about the correlator see [11.) The

choice. of fibre and “connectors was.  crucial and
determrned much of the - system de31gn A -robust
connector is needed to connect the antenna optlcal fibre

.-to the cable returning to “the central site.. The most

common butt-joint style of connector is totally. unsuited
to making frequent connections - in a harsh external
environment. - Alternative proposals which either protect
or remove the connector altogether were cumbersome or

evaluated but the only suff1c1ently robust connector was
.a mrlrtary-style four-fibre lensed one. Unfortunately, all

such lensed or expanded—beam connectors available at
* that time used ‘multi-mode graded—mdex fibre .which
would not normally have been. the: fibre of choice for
such a high bandwrdth apphcatron

As mentloned earlrer multl mode flbre does not have the' ‘

generous bandwidth of single- mode fibre .and is also
subject to modal noise. -Modal noise occurs when there
is some misalignment, and hence loss -at the junction of

two fibres such as at a splice or connector. In the plane.
of the junction, the multlple modes form an mterference -

pattern which can. vary with any change in the - fibre’s

. conditions, such - as- temperature,. . wavelength. . or.
movement, This variation in the 1nterference pattern -

causes the power transferred across the Junctlon to vary,
and thls appears as both wideband noise and amplitude
drift at the receivers.  This effect can be. mrmmlsed by
having. . a, wide- -range, - fast~response automatic -gain
- control , (AGC) in the receiver, by selecting .a
low-coherence laser-transmltter and by ensuring
minimum loss in all connectors, splices and optical

components. Modal noise occurs due to the combination -

" of multi-mode fibre and the h1gh coherence of lasers but.

alternatives, such as LED sources, do not have sufficient .
‘bandwidth. Sufficient system bandwidth can be obtained .
'by using lasers and by-specifying an optical fibre with -

the very high bandwxdth distance. product of 2 GHz km.

After tests conflrmed that the des1red performance could .
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A frequency- -

. a digital stream -over the fibres.. :
o d1g1t1satlon at the. antennas also permits easy removal of -
. cable delays by inserting. synchromzatlon pulses every

Many connectors.. were

be obtained, a system was. designed,using'multi-mode
fibre, lasers and expanded beam connectors. - :

4 IF DATA TRANSFER

‘To carry the IF s1gnal from the output of the antenna

receivers to the correlator, analog transmission was:

“rejected due to poor noise performance and. because -
reflections produce ripples on the passband amplitude. -

The very low loss of fibre accentuates this problem and
the time variability of fibre delay (due to temiperature.
changes) prevents  the removal of these ripples during

- calibration, = Since the IF signal must be sampled and
- digitised before it is sent to the digital correlator, the

logical solution is to. sample at the antenna and transfer -
Samphng and

few seconds Wrthrn each antenna, the samplers produce ‘

- a digital stream at 512 Mbits per second for each of the-

four receiver channels. Several channels could be time -

multiplexed onto a- single fibre but, due to. the large

bandwidth requirement, multi-mode fibre would then be

- inadequate. Instead, four separate fibres run from each -
antenna w1th each f1bre carrymg 512 MbltS per second ’

: 'Before transmlssron the srgnal is XORed w1th a
" 512-MHz clock to produce a Manchester coded signal, -
" This permits the -easy extraction of the clock at the
‘receive ‘end. and. also reduces the ‘low- -frequency

components of the. srgnal s1mp11fymg system désign,
However, - it results in. a transmltted data rate of -
1024 Mbits per second which requlres a system band-

width of about 1 GHz. More efficient codes-are. quite -

‘, d1ff1cult to: 1mplement and for our needs, -do not g1ve :

any s1gn1ﬁcant advantage The lowest system bandwidth
achieved was 980 MHz. on the longest fibre length of
2.2 km.  No attempt was made to reduce: inter-symbol

L 1nterference by provrdmg optrmum bandpass roll-off
: shape, smce thrs would be very d1ff1cult to maintain with

connector and cable-length variation as antennas were
moved. Instead, a generous bandwidth with slow roll-

-off is provided to ensure adequate performance.

. Theé 1-GHz bandwidth requirement meant that a low-

power laser diode was needed for the transmitting light ‘

' -source. Lasers produce about 1 mW optrcal power and
give a generous signal-to-noise margin. The wavelength L

chosen was 1.3 um, which is the optlmum for minimum-
spectral d1spersron in graded-i index fibre. The lasers are
of the Fabn-Perot type a_nd, contain 1n_bu11t Peltier
cooling, and temperature and power output Sensors.’
External feedback loops. are included to control these -
parameters to ensure a stable output power and extended
laser dlode hfe

The optrcal recelvm g dev1ces are avalanche photo dlodes' ‘
(APDs) followed by six low-noise, 50 Q linear amplifier
stages with a total gain of 60-dB.- APDs prov1de greater

- .sensitivity than the altematlve PIN photo dlodes but

< Juné 1992 -
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require a high voltage bias. The final Stages contain an

AGC system to reduce output-level changes caused by.
component-variation and modal. noise. ‘The output lével -
is sufficient to drive the ECL logic directly: within the -
delay units. Clock recovery and data synchronization is:

prov1ded within the delay umts ‘as descnbed in [2]

5 WAVELENGTH-DiVISI’ON MULTIPLEXING

j'Wavelength"-divisi‘on multiplexingis used to allow the

four fibres carrying the IF data to carry lower speed
signals also. Milti-mode fibre permits transmission at

a wavelength of 0:85um. where bandwidth is much .
“Wavelength- -
division-multiplexets - based’ on ¢oncave mirrors and-

lower but components are cheaper.

dichroic filters are used to separate the two wavelengths

and, on one fibre, a fibre directional-coupler-is used to o
enable 0.85-um signals to be sent in both ditections,
These additional low-speed channels:-are-used to transmit’

the time-frame signal for time synchronization, -up-link
~and down-link channels for computer communications,
and a safety tone which turns off the lasers if a break in

the fibre is detected. Although the optical power is:very-

'small and the risk of eye damage is low, precautions are

necessary to ensure a low risk of injury. The collimated - \

. ‘expanded beams from the léns connectors pose the

‘greatest risk. An electronic detection circuit is used to .

switch off a laser whenever its signal fails to appear in
the remote receiver — for example, when a'connector is
undone. Warnings are also displayed-on equipment, and

safety shutters cover the output connectors of the laser“ :

modules

To minimise the number of dlfferent system types, -the.

modaules used for all 0.85-um links were-designed to be

universal, with any differences handled by jumpers. To
- allow for future ‘expansion of the link speed above
80 kbits per second, the links were. designed to permit -

operation at up to 10 Mbits per-second; Fibres are also

used within the antennas to carry some of the receiver-
control - and ‘data- signals$ from the : antenna: ¢ontrol .
computer in the base of the antennas to the vertex room -
- just below the surface. of the dish. - Advantage is taken -

of the radio-frequency interference immunity of fibres to

transfer these signals. Miniature commercial 'RS422’ to- .

optical modems are -used to send these s1gnals over
. multi-mode ’cord’ cables

6 CABLES AND PATCH PANELS

The five antennas of the 3-km sub-array travel on a rail

line and are able to operate at any of the 35 stations

along the line. At each of'these stations the telescopes
- are plugged in to power, communications- and- fibre

cables. The fibre cables from the stations'to the-central.

building are run as separate four-fibre cables.from each

station. Since the antennas are only ever-at five stations
at a time, only a small subset.of the fibres are used at-
any one time, A study of link loss and cost ruled out -
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‘the alternatives which used tiutik cables with many more -

connectors or couplers. - At the central equipment room, -
only five of the 35 four-fibre- cables -cortain signals .

coming from an antenna. A method of selecting these

signals and directing them to ‘the appropriate-inputs of
the correlator delay -units- was necessary. - Various
switching matrix arrangements were considered, but

. rejected due. to complexity and expense. A manual

patch-panel using simpler lens connectors was chosen

“with a separate panel for each IF, All 35 fibres come

into each paneland five patch cords pick up the IF from
the five antennas and direct the - optlcal s1gnal into the

. receivers, -

A gel-fllled, slotted-core, Telecom-style cable contuining

four 50/125 graded‘-inde)('ﬁbres, is used for the buried: . '

cable from the antenna-station posts -back to the central:-

‘building. This was chosen largely because it was the
most widely used type for undefground installation at
‘that time. In contrast, a "loose-tube’, gel-filled cable - -

was chosen for the 4.5-km run:to the isolated . sixth-
antenna, since this cable is ‘also used to carry the local

-oscillator (LO) reference signal (see below). Tests
- showed good phase tracking between fibre pairs-in this
- cable ‘and’there was a concem -that friction between the

fibre and a slotted core could lead to sudden jumps in .

- - the phase delay of the fibre, The '35 cables ‘between the-
- ‘Station”'posts. and “the central” building  were ‘manually-

installed in underground PVC ducts. The cables were

.. pulled’into the-ducts from *figure-of-eight’ coils laid out

on the. ground heside.the cable pits, The.cable to the

~sixth antenna site was buried directly by Telecom
‘Australia, using specialised’cable-laying tractors. Within ;
the antennas, the fibre cables have to: hang in long, .-

unsuppotted drops, and for this application tight-buffer. .

cord cables were-ctiosen.: Without a tight-buffer coating

around ‘them, .the fibres ‘would*be -under tension from- -
their- own- weight -and ‘this -could affect -stability and - .

- long-term reliability, A simplified block diagram of the
- fibre-system for the 3-km sub-array is shown.in Fig. 1.
7 PHASE TRANSFER

Optlcal flbre can also be used to - transfer LO
phase-teference signals to. each ‘antenna. - Early -

experiments - showed that the required phase stability
would be difficult to achieve due to the large reflections
associated with many components, especially- optical -
connectors. Because of these limitations; coaxial cable

was chosen to-send the LO reference signal to the five.

antennas of the 3-km sub-array: (see [3} for a déscription

- of'this system): The sixth antenna is, however, a special’
_case .because . ¢connectors are not essential,  and so

single=mode fibre ‘was chosen to carry LO"reference .

- signals-over the 4.5-Km run to: this site. Compared with- -
-coaxial cable, this was-both-less costly-and léss complex:
‘Once the decision to-use single-mode fibre to the sixth

anténna was made, it was then logical to use the same

- type of single-mode fibre for the IF return, giving both
- complete¢ freedom from modal noise and -generous
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© Lasers’

’ '"Centralj,l?ﬁll,dingl

’ O 85nm

Wavelength multrplexers

Lo 13ume

' PatchPanel. AL
- Connectors -

- Couplers

_laum EREVF——-«»» JEg
’Shutdown ' o

..LED{

: RECVI‘—-———-D» Da‘ta' C

g :bandwrdth
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N OPERATING EXPERIENCE '

for a wide variety of applications has resulted in a
. 'simpler, less costly system with bettér noise immunity.

Tt has met all expectations and has proved to be very
reliable, wrth very few failures and no drrft in any -

. 1mportant parameter
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W_E. Wilson* and C.N. Carter**.

SUMMARY We describe the delay system for the six antennas which make up the Australia Telescope Compact
Array. The digital data from the antennas arriving at the central site first pass through the delay system. The amount
by which each data stream is delayed differs from antenna to antenna, and changes over the course of an observation.
The-delay system performs this function and ¢onverts the data into a format suitable for subsequent processing. -
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The delay’ system for the Australia Te‘lescope;‘)‘r(‘)vides
the interface between the inc'oming digital data from the

- antennas and the correlator, Its main function is to delay

the various data streams in such a way that, when pre-
sented to the correlator, they are 'wave-front’ aligned;

- that is, samples taken at each antenna which originate
from a particular wavefront (the S; shown.in Fig. 1)

arrive: s1multaneously at the correlator The wavefront
in question is perpendicular to the direction in the sky at

- which the array is pointed. The signals from a tadio

source in. this direction received by the antennas in the
array will then travel the same distance from the source
to the correlator. This ensures that the components of

'~ the signals at all frequencxes within the observing band =
arrive in phase at the correlator and -allows the instru-
- meént to operate over a wide instantaneous bandw1dth

As the delay system operates on sampled dlgltal data

- the minimum delay increment is one sample time. Finer

delay adjustment is made at the antennas by varying the
relative phases of the various: sampler clocks. The
maximum ‘delay .required from" the system is.approxi-

-mately 30us and is determined by the maximum source-

to-antenna path-length difference (6km = 20us) plus the .

- "maximum- central site-to-antenna pathlength dlfference
© . (3km = IOys)

The dlgltal data emerge from the fibre-optic transmission

system at the central ‘site and are fed to the delay

system. Asshown in Fig. 2, the delay system COmprises

- . a number of functlonal blocks each of whlch is
: -.descnbed below 2 :

MANCHESTER DECODER :

: The coded input data are restored to non- return to-zero .
... (NRZ).format in the Manchester.decoder. - The clock is -
-extracted from the data in a phaselock loop circuit which

Journal o’fElectrical and Electronics Engineering, Australia.- IE Aust:-& IREEAust. Vol: 12,iNo 2% s e i Dt n ol e 8 N unec 19927
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~ makes ‘use of :the fact that Manchester coded data are
differential 180°-phase-shift keying.. 1f the data are
‘passed-through a -frequeéncy - doubler, the modulatron, on
- the:512-MHz carrier-is removed, léaving a fixed-phase

~1024-MHz signal.  This signal is used as the referénce -

-frequericy:to.which a voltage-controlled oscillator (VCO)

© . is phaselocked; ‘as shown in Fig. 3. The VCO provides.
the clock to the decodér which. is a high-speed-D flip~ -
flop.. As is always the case with Manchester coding, the :-
recovered clock has a phase ambiguity of 180° compared - -
to.the original clock-at the ericoder. ~This can lead to ai
-~ ovérall inversion of the decoded data. - This-ambiguity is . - -
- resolved by fixing the transmitted data in the zero state -

during arshort-time (the ’BEANK? time) each integration . -

period. The NRZ. data received during the BEANK time
. isvexamined - in -thé . decoder. “and, if necessary, -an

inversion - is applled to the ‘data: durmg the ensumg. .

»mtegratron perlod BRSO

SYNCHRONIZATION SEQUENCE S e

DETECTOR

~T0‘ 1dent1’fy,-the ‘frrst,,sample"in each-integration and to.

.- provide-a time reference point,-the sampler -places a-

.- -synchronization bit sequence in the digital data stream at - .

~-the start. of .each: integration~(see. [1]). ‘The':delays: -
= :ingerted. by..the delay system are- measured relative to. .
- sthis:refereénce time: During: the BLANK time immediate- -

- ly preceding the start of each integration périod; theé data -
- .are heldin the zero' state: tAs: the.integration starts, the:

% Journal-of Electrical and Electronics Engineering - Australia® IE Aust; EAREE Aust; Vol 12, No 25 vyl i iy

":SynchronizationﬂBit sequence. ¢ 0 L4

512Mb1ts/S
DATA ,
| 32-BIT SHIFT REGISTER
512MH2 c —
. CLOCK - l‘ o l‘\
e > WORD REGISTER
16MHz i . -
CLOCK :
. 32 bit word
16 Mwords/S
Figure 5 Serial-to-parallel converter.

'-synchroni'zati,on' sequence- shown in Fig. 4 is inserted, -
- followed by the first sample of the new integration.- The
.+ -synchronization 'sequence: -detector searches” for-'a -

sequence.of 15 zeros followed by X1101, where X can .
be either 0 or 1, -Nominally X should also be zero, but

" to facilitate implementing the detector, this bit is

ignored. To minimise the possibility of detecting a false
synchronization sequence, the detector is enabled only
for ‘a very short’ time — . ofthe.order of a few

~microseconds = around the nominal arrival time. If the -
_correct  sequence . is . mot = detected within  this
predetermmed *window’, then’ the data for the ensumg

mtegratlon perlod are flagged as mvahd

SERIAL-TO PARALLEL CONVERSION/FINE )
DELAY ADJUSTMENT

- A 32-bit Shlft reglster is used to.convert the 512 Mblts/s s
serial data 1o a 32- b1t wide word switching at .

16 Mwords/s, as shown in Fig.-5. The 16-MHz output
clock is stopped during the BLANK-time, It is restarted

© after a programmable time interval following the arrival
- of the synchronization sequence. This time interval can -
- _-be. varied-over a range of -64 ns in 2-ns steps, thus

providing a ’fine’-delay function. - In effect, the bit in

the input data stream which becomes the first bit of the -
“first 32-bit’ word in the integration can: be chosen to be

any. one of a set: of 32 contiguous bits occutring some
fixed - time. interval following the' synchronization -

. sequence. Hence the fine delay adjustment ranges from :

0 to 64 ns in 2- -ns. steps o

oty

COARSE DELAY ADJUSTMENT

. ThlS crrcult contams a large 32 b1t w1de first-in- flrst out.
~ . (FIFO) register.. The FIFO is'necessary to resynchronize:
. the: data, but-also provides-the means by -which a
~»’coarse’. delay..is introduced: . Due:to thé continuous

phase -rotation::applied:to: thc -sampler. clocks in-each:.

~. - antenna, theinput data rate to the:delay unit differs from. -~
. ~the-nominal 512 Mbits/s. by<a small- amount-and-is.~ "
.- different -for each. antenna; - Hence: the :32-bit parallel - -+ -
.. .data entering :the. FIFOs have:a- slightly. different word - -

e Juneé 1992 -
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rate from each antenna. - The data are ’realigned’ by

using a common fixed output clock rate- for all FIFOs. . -
The delay function is implemented by first ¢learing the-

FIFO during ‘the BLANK time and then delaying the

loading of the FIFO by a programmable number of word .
clocks following the first word of the integration period. " -
In'. effect, a- predetermined number  of words are ~ .. - .~ ) o
- 8 OUTPUT SWITCHING

discarded at the start of each iniegration. - The unloading

of all FIFOs in the system begins s1mu1taneously, some -
short time after all have begun loading:  The result is -
that the data are delayed by the time that each word

- spends in the FIFO. The smallest increment of delay is

one-word-time, i.e. 64 ns, whereas the maximum delay -
of 64 us is determined by the length-of the FIFO, Care -.
must be taken to ensure that the FIFO does not fill or

become empty during the integration cycle. For a
particular integration time, this places limits on' the

amount-by which the input and output.clock rates can - -

differ, and on the timing -of the loadi‘ng'and unloading.

[ 4-BIT DATA PRO(‘ESSING

In the case.of 4-bit samplmg at the antennas, the“data

must pass through an. 1nte_rmed1_ate processing ‘stage

before being sent on-to the corrélator. - This'is because -
the correlator cannot process 4-bit data directly (see [2]).:

The required processing is performed either within the

delay.'system, or external to-it. -‘The internal function: . -
performed is a‘direct conversion’ of the 4-bit data to 2-bit
data; .In this conversion; the 4- btt.S1gnb1t becomes-the -
2-bit sign bit, while the.third or fourth decision levels:
(seé [1]) either side of zero.in' the 4-bit(16 level) data*

can be chosen as thé 2-bit magmtude .decision: levels.

External processing' is provrded for 'by the secondary.
output and secondary. input, as’ shown inFig, 2. Original. . -
plans for the Australia . Telescope ‘Compact : Array .

included the construction of a unit containing a digital-

"~ to-analog converter, narrowband filters .and . a 2-bit .

sampler which would make use- -of the: ‘secondary output -
and input ‘and.provide: narrowband operation. - Thi§ unit-. -
is not yet implemented. ‘All éxternal data paths-are in+ ..
:the form.-of - balanced ECL s1gna1s .on tw1st and flat S

, eable

7 RECIRCULATION MEMORY n

At s1gna1 bandwidths less than 8. MHz (1 -bit) or 4 MHz -

{2-bit) the input data rate is less than the clock rate of -

the.correlator and the rectrculanon memory comes into " -
operation, (For an ‘explanation -of the function of : -
recirculating memory, see {2].) This unit contains a large -
dual memory, one half of which is loaded with data at
‘,_etc_Mbrts/s), while the -
_ other-half is unloaded into the";correlator at its standard-. -

‘the ‘input data rate (8, 4, 2,..

16-Mbits/s rate. Hence the unloading opération-can be
repeated :a number of times during the time it takes to

complete the loading operation. - In.effect; the:data‘are = -

‘recycled’ through the correlator. . In the unloading

process, two reads of the memory occur simultaneously, - -

Journal-of Electrical and Electronics Engineering, Australiav- 1E Aust- & IREE' Aust: Vol 123 No 20~ v o il o

. ,(1) dlrectly from the FIFOs

'(1v) from the recirculation- memory

- providing. two output data streams. During any one

unloading. operation, a fixed offset is maintained =
between the addresses of the two reads, ‘resulting in a

-fixed, but programmable, delay between the two data

streams. - This offset is changed for each recycling step.

. ‘The output from a delay channel can come from one of S

four sources These are; -

-512 MbltS/S max;

-0 1, 2-bit-mode. -
(i) from the 4-bit to 2-bit converter v :
4-bit mode 256 Mbits/s max.

' (111) from the secondary input .

4-bit mode - 128 Mbits/s max,

4-b1t mode -~ 32 Mblts/s max.,-

-The output to the delay multrplexer is* selected from-
these four in an output sw1tch1ng mamx

9. DATA MULTIPLEXER

To minimise the number of physical ¢onnections at the

-delay system:* output, ‘two channéls of ‘data  are

time-division - multiplexed before. being sent to the -

< correlator. . Here a ’channel’ is defined as‘one input = . -
»Manchester data stream: “The multiplexed ‘output data

are transmitted’ on ‘two 20-pair twist-and-flat cables,

©-using balanced ECL drivers' and receivers. The data .
“occupy 32 pairs-with each . twisted pair operatmg at
‘32 Mbits/s. Thisaccommodates the maximum data rate
-from.two 512 Mbits/s channels. Some of the spare cable -
* pairs -are employed to send a 500 kHz clock signal
. which is used-by the correlator as a reference to: wh1ch'
- -"the correlator clock is locked

‘;510 PACKAGING AND CONTROL

;‘1 e

i+ 'The: Manchester decoder .the synchromzatron sequence ' - -
«idetector-and the-fine delay-circuitry for one:channel dre

all contained on one four-layer printed circuit: board
(PCB). The coarse delay unit, 4-bit to 2-bit converter,

. ~“secondary -eutput/input circuitry and output switch for

one channel occupy one four-layer PCB, as does the data
multiplexer for two channels. ~ Two: channels 'of‘

:rec1rculatron memory are. contamed on one: PCB

) The delay system is packaged in 6U Eurocard format )

.. with-the boards:for four channels contained in‘a 19-inch . - -
- rack-mounted bin. “With six"antennas-and four charnels - -
“-per ‘antenna, ‘six' bins ‘are required - for -the complete: - -~

'system, -The -backplane-of each bin is a-custom four::

- layer PCB. = Each: bin- has" a -controller~board. which: -
© . provides a‘connection to:a delay-unit control computer. * -

.(DUCC)- and “event generator. -

‘The. DUCC -is a:"

** June 1992
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© PDP11/2144 CPU with a 20 MByte hard disk. A 12 REFERENCES
$pecial-purpose interfacé board is connected to theQ-bus -~ ; :
of'the DUCC. Itprovides a 16-bit data bus to whichall =~ 1. *Wllson WE and lelmg, M W "'The Samplmg

bins in the system are connected. The delay system is - and Data Synchromzauon Systems" JEEEA 1992 ,
~ controlled via a serial interfacé between the DUCC and _ thlS issue.:

- the correlator. control computer (CCO). A descrlptlon of 0

the software runmng in the CCC is contamed in [3] 2 WllSOl’l W E Dav1s, E R Loone, D.G. and Brown
S : e ERES "The Correlator" JEEEA 1992, thls issue.
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The Correlator

‘:7 " WE 'Wilson*., ER. EDav‘i»sf?‘,,_ D.G. Loone*’."_ ‘énd_'l)TR. Brown**#

SUMMARY Th1s paper descrlbes the correlator system of the Austraha Telescope Compact Array The Compact ‘
" Array is located-at Narrabri, NSW and comprisés six of the Australia Télescope’s eight antennas. The correlator is.a
special-purpose real-time digital processor which performs the first stage of data reduction for the Compact Array. It
'operates at the maximum data rate of 12 Gbrts/s ‘at the 1nput reducmg this by a factor of order 5000 at the output

1 INTRODUCTION G

The bas1c functlon of the correlator isto. form the Crosss - .
_power spectra of pairs-of sampled data:input ‘streams -
(see [1]). - It does this by measuring the digital cross-.
correlation finctions of the input pairs which are then -

- Fouriér transformed to produce the cross- powet ‘spectra, - - -
* The - cross-corrélation function of -two signals - is a -
‘measute of the ¢orrelation of the sighals as a function of .~

the  time delay. between them. The  digital  cross- -

- correlation function is computed at discrete:delay inter-
~ vals-and is forined from measurements of the correlation

“of two sampled and digitised data streams. *The process.
of samplmg and digitising. the data and the reasons for - -
~using very coarse digitisation of the data entermg the

correlator (1 b1t or2 b1ts) 1s dlscussed in [2]

The tradrtlonal method of bu11d1ng a d1g1tal correlator s -

shown-in Fig. 1. [3]: - In this case the delay is provided

by a shift register so:that the basic unit of delay is one -
sample interval, usually the Nyquist sampling-interval, - ..
A number of processing. elements are. then used. to -
produce the correlation measurements simultaneously at -
a series of discrete delays.: The range of delay over. .
- ~which the correlation function is ‘measured determines

the spectral resolution. To obtain N independent

channels in the frequency domain over a bandwidth B .
requires 2N delay measurements in -the delay, or lag
domain. This is illustrated in-Fig..2. For each pair.of .
samples ‘presented to its: mput the processmg element

* Austraha Telescope Natronal Fac1lrty, CSIRO
- PO-Box 76, Epping NSW 2121, Australia. -
. Australia Telescope National Facrhty, CSIRO,
‘PO Box 94, Narrabri NSW 2390; Australia; - -

' .*** Canon Australia, PO Box 313, North Ryde NSW r

2113, Australia. -
-~ Submitted to ‘The. Institution of Rad1o and
- ‘Electronics Engineers Australia in June: 1992-.
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: Figure. 1 A

. iF,igure 2.

" multiplies the: samples and accumuilates the result over

a specified integration period, This implies that at least .

*-. parts of' the .correlator, including .the  multiplication - -
; c1rcu1t must operate at the 1nput sample rate

. If 1t wete: constructed usmg the structure shown in -
Fig. 1, the complete Australia Telescope Compact Array" -
- (ATCA) -correlator - system, operating. at" maximom:
. bandwidth- (where N-is. specified to “be 16), and . - -
- correlating signals from 15 baselines, at two frequencies -
-and - four -polarizations, would ‘require ‘almost 4000 -

processing elements, each operating at 512 Msamples/s. -

. This was considered to be impractical. The architecture -

- for the ATCA correlator is:based on-a concept developed . - -
» by Dr. J.G. Ables and uses an array of correlators, fed
by a32:sample-wide parallel data stream [4]. Tt uses the -

\

EEm——— SHIFTREGISTER ,--—----—-—;--a-.-;- \

" The traditional digital correlator structure, -

SR bandmdth

_' 1/?s-uyqu|st L
T sampling rate
l I l l 1l l l L1 I i

: Lﬂs (delay;

||||l| llllll"

N L eN

Frequency . RN

The two Founer domams - lag and
frequency for digital correlator;
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- technique of parallel processing, whereby a reduction in

the speed required of the processing -elements is-
achieved by replacing each one by a number of slower
. . processors, operating in parallel.

- requirement presented the opportunity to apply very
largé scale integration (VLSI) techniques which. also
made practical the mcreased number of processmg
elements. :

2 - ARCHITECTURE .

The basic architecture of the ATCA -correlator was -
“determined largely by the requirements at maximum
" .bandwidth where the specification called for 16
.independent -frequency channels across the full -band-.

width. 'We will begin by considering the case of: 1-bit:

correlation at:the maximum  bandwidth -of . 256 MHz. . :
Here the 32-bits of each output from -the delay’ system . <~

are in fact 32 samples, contiguous in time (see [5]):

Taking two of these outputs, which have been delayed

such that corresponding bits in the two outputs are
" aligned in time, and" correlatirig- each bit.of one: output
with all-bits from: the -second output, i.c:'forming all

possible ‘combinations, results in the lag characteristic . .

* shown 'in Fig.3(a). This -is “the -simplest .form. of

“’parallel” structure and is realised by a 32 x 32 square

' “array of correlators, i.¢i a total of 1024 correlators, each
with'an input data-rate.of 16 Mbits/s and operating at .16
million multiplications per second. As an illustration of

- the'layout, an 8 x 8 square array of correlators.is shown .

. in"Fig: 4. This structure has the-disadvantage: of not
making-use of all the data, in that not all samples-in the

otiginal - data: streams. are ‘involved -in . all lag -

measurements. - In- fact; “the. full - number - of -+ 32
- measurements-is only made at lag zero. This i§ because
only 32 samples from each-input.are available to: the
correlator's-at any one time, so that correlations between

e groups -of 32 samples are not performed

An altematlve layout has addmonal memory elements

(delays) which are provided so* that the- prevrous group -
" . of 32 samples on each input are also made available to
-the corrélators. Now 1024 correlators can be arranged.
ina pa'rallelogram structure in-such a-way that the lag -

characteristic is much flattér but do¢s not extend far
beyond lag 16 as shown-in Fig. 5. As an illustration,
“a similar structure for the case of 8-b1t mput data words
- is shown in: F1g 6. . .

“Both these structures satlsfy the basic requrrement for 16
independent frequency channels at maximum bandw1dth
The 32 x 32 square array has the advantage of not

having such -a sharp cut-off in the lag domain and :

~ therefore has lower sidelobes in the frequency domain;
but it also has the interesting property of a decreasing
signal-to-noise ratio with increasing lag. Eventually, the
difficulty of laying out the parallelogram structure, with

its memory elements and inherent asymmetry, led to its™ -
being’ re_]ected in favour of the srmple 32 X 32 square '

array structure

Journal of Electrical and Electronics Engineering,; Australia - IE Aust. & IREE Aust. Vol. 12, No 2.

The lower speed -

‘Although the basic architecture of the AT correlator was
very ‘much driven by the requirements at-maximum
bandwidth, it was also required to. provide efficient
operation at lower bandwidths, Considernow the case of
1-bit operation at half the maximum bandwidth, i.e.

"+ 128 MHz. The input.data rate required to satisfy the
* Nyquist criterion is 256 Mbits/s which i is half that of the

maximum bandwidth. If the delay unit output word rate
is ‘'maintained at 16 Mwords/s, the data rate can be
accommodated by using only 16 of the 32 bits in each

-output of the delay system. That is, on each 32-bit input

to the 32 x 32 correlator array, only every second bit is
active. Hence only 256 of the available 1024 correlator

channels aré in use, providing a lag characteristic similar

to Fig. 3(a), but with a maximum of 16 measurements at

- ~lag zero and extending out to lag + 16. The remaining

channels -are now. available to ‘make .measurements- at
other: lags and- can -be used to extend the total lag

+ coverage,. - This:is achieved, by feeding the 16 unused

input lines to .the correlator array from the 16 active

. input lines through suitable delay elements, a process
~ known' as reconfiguration. The resulting lag character-

istic \is shown in Fig. 3(b), and:can: be seen to be -

-+ composed of four of the 16 lag triangular distributions -
“placed side by side. Figure 7 shows:the reconfiguration .

of a simple 4-x:4 correlator array.: This reconfiguration

- procedure can be: carried further as the bandwidth-is
decreased. As is shown in Fig, 3, each step of halving

the bandwidth produces a lag characteristic which is a
combination of -four ’half-scale’. versions-of. the one
above. At the smallest bandwidth of 8 MHz, the 1-bit

- sample ‘rate of 16 Msamples/s matches the correlator

clock rate, and thére is only one of the 32 input lines
which: is -active. .- Now each ‘correlator .in - the array

- measures. a drfferent lag

. In 2 b1t correlatlon mode, the maxrmum bandw1dth is

128 MHz:: In this case, the correlator.array is fed with

* 32 magnitude bits, representing the magnitudes of 32 .

contiguous samples, followed by:the 32 sign bits of the
same samples. . The input-data rate to each correlator

-channelis ‘still 16 ‘Mbits/s- but they now: operate at 8
- tillion multiplications pér second: The reconfiguration

process can‘also be carried-out in 2-bit mode; resulting

“in‘the same lag characteristics shown in Fig: 3, down to

a minimum bandwidth of 4 MHz

RECIRCULATION

“At bandwrdths below 4 MHz the mput data rate is less

than- the: rate at which individual correlators -operate
(16 Mbits/s). ~In- this case, a technique known as
recirculation is'employed. The-input data, instead of be-

ing fed directly to the cortelator. channels, is stored in

one half of a large ’recirculation’ memory. After-a time
T, the input is: switched to.the second- half of the

memory-and the: first half is unloaded into: the cortelator .-
- at the full operationalrate of 16 Mbits/s. The correlation .
“-will be completed in a time T/N, where the input band-

width is 4/N MHz (2-bit:mode). Hence the data can be
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recirculated through theé correlator N times before the

‘next set of input data must be processed. With each-

recirculation step, a new delay is inserted in the input

data, leading to an N-fold increase in the number of lags - ‘
Hence, :
‘recirculation is a means of mcreasrng the maximum -

covered in the overall correlation function."

frequency resolution at narrow bandwidths.

4 PHYSICAL LAYOUT

The 32'x 32 square array of correl'ator,channels, with its

programmable reconfiguration delays, is the basic unit of
the correlator.. It -is contained on one printed-circuit
board and is known as the correlator module

The array- is subdlvrded into srxteen, 8‘x 8 arrays, each - -
of which is contained in'a specxal-purpose VLSI circuit,

- together with all the sw1tchable delays required for the
- reconfiguration, - This crrcutt is known as. the AT
correlator chip. e

There are eight correlator modules requlred for each
‘baseline (antenna -pair) of the ATCA,- allowing four

polarization products tobe formed at two simultaneous -

frequencies. These eight modules are 'contained in one

card cage, which-is known as the correlator block.- One: - .
block is required for each baseline. The block has, eight -
mputs, corresponding to two: polarizations at each of two co

frequencres from two antennas .
5 THE AUS’I‘:RALIA:TELESC()BE‘"'
' CORRELATOR CHIP.

The basic archttecture of the AT correlator chip is an
- 8:x'8 square: array ‘of corrélators, fed from 8 X inputs

_and 8'Y inputs, as shown in Fig. 4,- The 64 correlators- - -
~ form the correlation of each X input with every Y input.. - -
The inputs ‘to- the. array:-come -either directly. from ‘the . .

chip mputs orvia programmable delay sectlons

The 1nput data format common to all srxteen 1nputs is -
either’ one-blt (slgn) or two b1t serral mode (magmtude, 3

: Tablel
X Input
0 1
| R -0
“Y-Input: e T T
PR DRI | +n

“*n :can be:.chosen /to be= 1, 4.or .16’,"~7=z~. R

‘determined:. by ::two - control inpats. This. -

" -option - prov1des for-a- 'wide-. range ofv S

B 1ntegratron tlmes in 1-b1t mode

Journal of Electrical and Electronics Engineering; Australia - IE Aust. &.UIREE Aust, Vol 12, Now 2y avi s 380 Fr Sog g v 10

~ accumulation and readout of the c1rcu1t» _
- “WORD” occurs once every 16- input samples and -

. sign). ‘The: circuit has two modes of operation to cover

these - two: input data’ formats.  In:both modes, the

“maximum input data rate is ‘16 Mbits/s, at which fate - -

each correlator performs 16 million ‘multiplications per
second in 1-bit mode or 8 mtllton multlpltcatxons per.
second in 2-b1t mode o :

Each correlator consists of an 1nput sectlon -which -+ -

decodes the input data, an 8-bit pipelined Manchester
Carry binary up/down counter, an overflow. register, a--

- serial - adder/subtractor, a '16-bit accumulator. shift- .
' reglster and.a 16-b1t result shrft-regrster -

‘ In 1-bit. mode, for each 1nput data sample (1 e b1t), the -

counter counts €ither +n or -n according to Table 1.

. In ,2-'bit‘§,mode, the four levels ‘of the input samples are
~:-given weights of -4, =1, +.1, + 4 (see [2]) which "

requlres that the counter counts accordmg to. Table 2.

i

A blanklng mput when active, wrll cause the chip to

cease operatron and hold the present accumulated value.

The accumulated result can reach i y) (24 brts) beforet '
- overflow occurs. However, only the most: srgmﬁcant 16
b1ts are avallable for readout.

There are two 1nput srgnals Wthh control the‘ -
-The input - -

defines the serial adder cycle. -Every 16 input samples,

*_the LSB (least significant bit) of the 16-bit accumulator
contents appears at the input to the serial adder. At this - -

time, the output of the overflow register is sampled to -
_detennlne whether-an overflow or underflow of the 8-bit. -

counter occurred dunng the previous adder cycle. If so,

_the:overflow register is cleared-and during the next .
-adder cycle the accumulator contents are 1ncremented or
.decremented accordmgly

: »After a (usually large) number of adder cycles the input .
. signal ] LOAD terminates the accumulation, captures the

‘result, . ~and. begins the next accumulation,
s completlon of the load sequence, the accumulator- and

; TableZ
: X[Input
11010 - 00~ - OF -
11416 4 4o 16,
10 kAl AT A
ek 00 ot el L o
OL. = <16 = -4 . 4 - 416 =

.- Input data:format: (sign, magnitude) - o

At the .
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result-register contents have been exchanged, the first:

adder cycle of the new accumulation has been done (i.e.

_-no loss of data: during readout), and- all. 64 result .
- Tegisters within the chip are connected in series. 'The -

- resulting 1024-bit shift register is shifted out on a serial

output line “during “the following -1024- <input sample -
periods, whilst being loaded from-a serial -input line. -
This provides a method of pre-setting the 16 most '
significant bits of the accumulators to partlcular values
at the start of an accumulation There is no prov181on,

for pre-setting the elght LSBs

The - programmable delay 'sec,tions" used in . the

" -reconfiguration ‘process are tapped 2-bit dynamic shift -
registers. The programming is achieved through serially hE

loaded static registers which control'the data switching.

-An on-chip clock generator provides either  the two-

- phase (for. 1-bit mode) or four-phase (for 2-bit mode)

non- overlappmg internal clock s1gna1s

. 6 THE AUSTRALIA TELESCOPE DELAY CHIP <

.‘ VThe AT delay Chlp isa spec1a1-purpose mtegrated circuit -
used on the correlator module- to provide module -

concatenation. delays (see below). It uses the same

- silicon die as'the AT correlator chip, but with a different

pin-out.” In the delay chip, only the. reconfiguration
delay stages within the correlator- chip are connected.

The correlators are not used. ‘The chip.is configured as-
T a 16-b1t in; 16 blt out programmable delay c1rcu1t S

B A THE CORRELATOR BLOCK

The correlator block is: made up of four key sectlons. :

(Fig. 8): -

@)  the block distributor
(ii). +*the correlator module(s)
" (iii)" - the block switch,

' '(iy) the block control computer Gt ey

Backp]me X mput bus

A correlator block is assembled in.a 9-U-high EURO

~ sub-rack or bin. A power supply unit and a cooling fan

unit, each designed to service an entire rack of correlator

blocks, is provided by separate sub-rack .units located .. * .

within the respective rack. This conﬁguraﬂon allows.a
maximum of three correlator blocks to be installed in a-

: standard ’AT’ 39 U rack.

Overall momtormg of power supply voltage and + 5V
current to each block, as well as nominal cooling-air-
‘exhaust temperature and air flow for each rack is
‘performed by local environment monitors in each power-

- supply unit and each correlator block sub-rack connected

to a standard AT dataset. The local environment
monitor in the power- supply sub-rack is capable of
shutting down the power supplies in the event of
‘prolonged over-temperature, over-current (+ 5V), under-

voltage or loss of air flow,

. 8 .THE BLOCK' DISTRIBUTOR
" This unit distributes the input data stréams: via the
* correlator block backplane to the correlator modules. It
+ also generates the clock signals for the correlator block

which' are locked to a 500-kHz reference signal sent

~ from the delay units. This ensures that the correlator is
- always synchronized with the delay unit and makes the

system less prone to clock/data phase errors caused by
-cable length between the delay unit and the correlator
block. . This reference signal is sent ‘down two of the

© spare wires in the data cable from the delay units. An

-on-board -oscillator is also available for stand-alone

- - testing, "'Any of the fOur input data streams or the
- internal oscillator may be’ selected as the reference -
© source.

The 'data- are transmitted from the delay units to the

- .correlator in:32-bit-wide balanced emitter-coupled logic
“(ECL). This is converted to transistor/transistor logic

(TTL) for use within the correlator block. . Optional

. terminators on the ECL inputline allow each set of
“inputs to be at.an intermediate point or an end point in

-the signal distribution network.. There are four physical -

Pu-a]]al Data bus

1 Boc‘kplanergutBus ]I :
. \ ; 2 R : o Cort-olator Contio] Computer
B T s T e —- : AT L51-1i/21+ “RS-232 Serial line
N XChN’NI S “Blaok, . - . 2’| Correlator .| Correlator | : Correlator ) Bleek .| .. _SBC - .
. o ] Dist zbutor . Modde - |} HModie . fmme=l Module |. | Swich <5 Paralle)
4 mmvw‘],‘[z: By N S g isna . p a e — Interface
s ' 7 I PRI B N T R e TN DR FEVRRAT - Event . | Time Freme
. . - - Generator
R el . : : ‘| Hard Disk- ] -
1. &= —d U:o-—-oi] = ot ] Conoller |
To adjooent - A/B Bus ‘ A/B Bus _To adjscent - )
. Block . ., R R A4 Blook e
03 ——
Dutput Date/Add_reas/thﬁ-o] Bus
‘Figure 8 » Correlator block schematic. -
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oK channe] -
from delag untt

Y channe) | T
from. delay unt

[

¥ bus 46 blook
- . backplane

Figure 9 Input data streams.switching matrix.

streams: two X and two Y, each rnade«up'oftwo,time-.«:
division multiplexed, 32-bit. wide, 16 Mbits/s signals.

. This gives eight. sets of signals in total, four X signals
corresponding. to the four IF channels from the X

antenna, and four Y signals from the Y. antenna. As’

there may exist small phase érrors between the selected

clock reference and the other input data streams due fo-.

variations in: propagatlon delays and cable lengths, all
- input data streams are re- synchromzed to the selected
. clock ‘ e

A swrtchmg matrix (Flg 9) controls the routmg of the

input s1gnals to the backplane

A pseudo-random data signal generator is also provided .
on ‘the block distributor, - By suitable- configuring -this' . -
may be switched through to one of the two X. backplane.
buses and one- of the two: Y buses.  The random data; -
. source is only 16 bits wide and so only every second b1t'

of the 32-bit backplane bus is: used

9 TYHEYCORRELATOR MOl‘)UL'EH' S

The cotrelator module contains the 32 x 32 array of
correlators. It performs the correlation of the two sets

of input data- streams which are applied to the- two
sides, X and Y, of the array. These. lnputs can come;

- from one of two sources:

(i) both canbe selected from the mdin 1nputs from the

delay units via the: block distributor and block g :

backplane [F1g 10(a)], or .

(i) one can be selected from the main mputs and the o
other from an.adjacent correlator module [Flgs, o

10(c) to 10¢e)].

When one of the inputs comes from_ ‘an adjacent module, - "

- the modules are said to be in concatenation mode: -

~Journal of Electrical and Electronics Engineering; Australia.-.IE Aust; & IREE Aust. Vol. 12; No.2.: -

7, | From pseude-randon
T generator -

Y bus to block
. backplane

" An.additional set of’,buffers on the input. stage -ofj:eachy ) : '
. module allows a selected X or Y backplane signal to be. -

connected to both the X and the Y sides of the correlator

" array, thus -providing .a- means:.of, performrng auto- o

correlatron [Flg 10(b)]

When concatenatmg correlator modules, one 1nput is
selected from the main input while the other comes from -

the adjacent correlator module. This input is connected - .

through the A/B. bus (Fig. 8) and brought to- the. .
correlator array via AT delay chips. which: introduce . -

" delay in all active lines of that bus. Concatenation may- .. =
- occur in either the X or the Y input. In addition, this

delayed input may be passed on to the next adjacent - .-

.. correlator module. - There are three basic modes when.

concatenating: first, -intermediate, and. last, indicating-
where each lies in the concatenation chain. . g

First

This is similar 0 no: concatenatxon Both inputs are. - -

taken from the main inputs, but the A and the B bus .

- drivers are enabled. ‘The data that come in on the X bus
~are sent out on the B bus and the data that come in on.

the Y bus are sent out on the A bus [Flg 10(c)]

o Intermedlate _ . '
“This is when data conié in on. e1ther the A or B bus,. are .
delayed by the AT delay chips, and’ not only used by - -

that correlator module. but sent out on the B or-A bus:to
the next module in the chain. When concatenating ‘the
Y-input, concatenated data come in on the B bus and out
on the ‘A" bus, and when ' concatenating ‘the X input
concatenated data come in on the: A bus and,out on- the :
B ‘bus [Flg lO(d)]

| Last L v V‘ o , ,
This is similaf to mtermedrate, however both the ‘Aand
- B buses are disabled so that no data are passed on to the

next module [Fig. 10(e)].

June 1992



SIGNAL PROCESSING: —_-THE’CORRELATOR:,-&Wilson etal | B o193
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Figure 10(a) Correlation of\m’ain inputss: -
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Figure 10(b) ,Autocorrelation of one main input. -
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)
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Figure 10(d) - Correlation of -one’ main -input' and one-
- Module- ‘in-:

eoncatenated .channel.
Intermediate’ concatenation mode, -

~% B BusT

R X3
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Figure 10(e) Correlation of -one main input' and one .
: concatenated channel. Modules in ’Last :

concatenation mode.

B Bus- v

Correlator:-vrnodifﬂe.:concatenation.alvlows, an. increase in

“'the-range-of: lags. covered by the: measured correlation

function. - This is because of the: accumulating delays
introduced as the data pass down the A-or B bus.. The

“direction of the lag range. extension is determined by
-whether the X or the Y input is concatenated (Fig. 11).

Correlation occurs . within- the - AT correlator chip.

External hardware 'accumulators are provided on the

module to allow integration periods of longer than
typically 40 ms, this being the limit of the correlator
chip’s internal accumulator. . On command from an *
.external event generated by the *event generator’ in the
block control computer, the contents of the internal

- accumulators are transferred to the external accumulators

-+and added to the existing data stored there. The internal
desrgn of ‘the correlator: chip is ‘such- that the transfer'-(
operatron has iio:effect on the mtegratmg process:

" The external accumulators (Frg 12) consist of two-

 identical sets of 24-bit-wide signed adder hardware and

- 8K x 24-bit memory arranged such that, as one set or
‘bank is acting as the external accumulator, the. memory-

in the other bank is free to have its data transferred to -

the correlator control computer.. = The. external’

- accumulation process, once initiated, runs -automatically.-

until all 1024 correlator elements making up the: 32 x-32
correlator array have been processed

The transfer and accumulauo'n'process is controlled by .
a 10-bit counter, a word-sequence controller and an" .
address translation table (Fig. 13): The counter keeps-a-
check on where the process is-up to and provides the

logical address of the data as. they come from the: - .~ -

correlator array; ‘the ‘word-sequence controllerhandles
the *read’, *addition’ and ’write’ operation of each word
and the address translatron table ‘controls both:where to:
- put the result and how to process it. The address trans-
‘lation table is a random access memory (RAM) which is
loaded when each correlator module is initialised, with
- the logical- to-physrcal address translation. - It -controls
the accumilation process by . either: inhibiting data -
storage (i.e. throw data away) or by placing the data into .

the accumulator without; adding. the present. conténts-in- - -

“that position, on a location- by-locatmn basis. - This latter

‘operation negates the need to do-a specific "accumulator: . -
“clear” operation, usually: needed at the start of each
integrationperiod.- The-address~translation table also. = -

- provides the means of mapping patticular correlators in- -
the 32 x 32~ array mto specrfrc accumulator memory EI

locatlons

Loag range from left concatenated. Module -
Module 1n rnl:ermedmte’ ’lust’ moda)

Figure 1:1 '
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e ‘Leg‘rangewfronti»'f'ti-st;?Moau]e : ng range ﬂ -om rtght concatenated: Module,

Extendmg the lag range from concatenatron of 3 modules

(Module 1n mbermedrata’ or” ’Jast’ mode) L
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»Thevad'dress translation table output is further processed
‘by “an -event-generator-driven address modifier.: This:

address modifier allows 8 bits of the 10-bit-accumulator

memory address bus to.be controlled by the.event ..
generator, thus allowing the accumulator work area -
(1024 .words).to be divided into sub-bins. The number .

of sub-bins and their size range from 256 sub-bins of

four contiguous words, when all 8 bits are controlled by
the event generator, up to 2 sub-bins of 512 contiguous -

words when only 1' 'bit’ is controlled by the event

generator, In addition to the address modifier, three bits -
~.of "the” event generator also control- a ’page-select’
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Ceger o o From 32X 32 (serral) Serlal to paral]e] e ‘ -
KT d Correlator Bl"?‘bg ' converte;- L ,k e . ! FRREEN
.‘24,-,b1t duta g16;.bxt_ dgto : ~,167b1_t data .7 24 bt data ‘
24 bit adder o \ 24 brt ndder ,
. - Addness . Address —
. A LT
: J | Control “Control .’ o
N X2 bt | KX 2 bt
e Data .o} Rendom Access Memory| .| . T |/ Random Access Memory |. Dot
i g N o DR _’.,"‘ N 0
T 'fﬁﬁ_.’f"'*;f""."* ““““““ o Ambantaly A TCEES - Bank control
. VIknter‘f.ace,to - Interface to ‘Intérgné] eontfrol ; A
_external comouter . external computer | A.liogxe, and
 Data Contr-ol & Address | ddress Generator
Figure‘],Z ‘ Correlator. module external acc‘.umulator.ﬂ :
" facility on the accumulator memory. This gives eight
‘pages or’ super-bins which are the size of the full
SRR - accumulator. work area (1024 words). Both super-bins
rrrwm N AL il - and: sub-bins ‘allow an integration period to be divided
- Jeounter 77 “into, many smaller integration periods or windows.
i _‘ TRE il _].’222‘3?3’:2%2“; ‘ The event generator.within the block control' computer ' .

- controls the real:time sequencing of the correlator. The

following ‘signals are prov1ded dlrectly from the event
- generator;

, Correlator Blank :
Whenever this line is asserted; the correlatlon process is -

-~ halted.-

5

Transfer
A rising edge starts the transfer process from the internal
accumulators to the external accumulators :

Bank i R e

This sets. whlch ‘bank: the accumulatlon process. will
. By default this ‘means that the correlator
control computer will read data from the other bank,

Reclrculatlon Control :
During recirculation the source of the mput data may be
selected by this line. \

K Super»bm Select

Three event—generator lines select which super—bm to use.’
-as the acciithulator work area. . : :
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Event S R
Generator Bi14 .
put BK'X 8[ ©
" buffers v RS E%efr'?' - " " To' dedicated
: L —l o ] S - control points
— : output
: " iatch . - )
Figure 14 Correlator - module - event. generator-
interface. R I
Adder Dlsable

. This tells the accumulator to ignore the present contents

-of the accumulator memory and place the data coming .
from the correlator mtegrated 01rcu1ts stralght into the N

memory

';Address Modlfler Elght event—generator lines select
which sub-bin to use as the accumulator. :

The event generator input to the correlator moduleis 15 = - -
bits ~wide and i$ accompanied by -an.event strobe

(Fig. 14). At the beginning of the microsecond of the -
‘scheduled time, the 15 bits are loaded with the eventas .- -

programmed. These signals propagate through the event

‘generator - translation.: table - (EGTT) .random access .. -
~-memory and arrive at the input to the event capture latch

“on each correlator module. ~ At 750 ns after the start of

- ‘this microsecond the event strobe is issued, ‘Joading.the

capture latch. The output.of this latch feeds the various
pomts on the correlator module .

‘~The EGTI‘ allows the functlon of 15 event generator BRSSO
‘lines ‘to -be expanded. 'The EGTT is.made from an- . o« oof oo 5

8K x 8. RAM whose address is driven by .10 bits'of thé

-event-generator word to produce an 8-bit output.. Thus, - - -
the final output arrangement which. feeds ‘the ‘evént . -

- .capture latch is 16 lines wide; the top.eight lines of the

- raw event-generator bus. go to the top eight lines of the:
‘capturé ‘latch: (which feeds ‘the accumulator. address .. -

- 'modifiers), and the bottom 10 lines go to the EGTT
whose. ‘output. goes to the bottom elght lmes of the

. capture latch.

10 THE SWITCH BOARD -

. The Switch Board:is the interface betwéén the block .
control computer, the -main data processing computer .

(correlator control: computer), the event generator, and

the - correlator modules and block distributor, - It.
communicates with the correlator modules and the block - -
distributor via a 16-bit address bus, and a 24-bit data.bus -
that runs down the backplane.' Each'slot on ‘the back:
- plane has its own select line, so that.whenever:an-
appropriate board is inserted-in.a given slot, its-address - . -
~will be set by that slot and will appear asa 64K- byte/‘ 3

block. of memory. -
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- EGTT memorg'
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AT Corre]a‘tor ICs
©and : _
R ﬁ'S“ca'tus ‘registers |
. . .Address.
Translation -
' Table,'
memory
“eovn —
“Accumulator
23 B
Figure 15 : Correlator module memorSr map "

‘ 7The address translatlon table, the non-active: accumulator

bank, and all programming and status registers, appear as-

full width-and.depth entities on the memory. map (Fig. 15):
‘The-EGTT and the correlator and delay chips, however,
- appear as single registers.. The address of the EGTT is set

by the évent generator, while the correlator chips'and-delay - ‘

-chips - are  sequentially loaded:. components. During = -
- . programming, the block control compuiter takes. control of .- -

‘the event-generator bus :that “is- fed. to ‘the- correlator
. vfmodules 80 that the EG’I'I‘ memory can. be loaded. - .

\Transferrmg data from each correlator module is oo

controlled by both the correlator control computer and .-

Jine 1992 -
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the block ‘switch, The correlator control computer
initiates the. transfer by first sendmg the start address for

data and a *Request’ for data to the: block switch. The:

block switch - loads the start ‘address- into its address
counters and then sends the first word of data back with
an ’Acknowledge If -more - data are required,
’Acknowledge’ signals the correlator control. computer
to send a ’Next’ signal, whereupon the block switch
increments the address counter and transfers the next

word. ‘This process continues until no more data are

required and the correlator; control computer de-asserts
the ’Request s1gnal

11 THE BLOCK CONTROL COMPUTER :

. The block control computer (B(,C) is made up of a DEC

LSI-11/21 + single-board computer, a hard-disk’ drive
- and controller,a special-purpose parallel initerface board
.and * an .event generator .(Fig..8). =~ The LSI-11 is
: confrgured to.Tun the RT-11 operating system. . The

. application program allows a set of prlmmve commands- .
to: be - executed. to configure and . program both the

correlator modules and. the block distributor, and to run

and load the event generator, The commands are sent to -

the LSI-11 via an RS-232 serial line. Programming the
© address translation tabl¢ (ATT) and the EGTT usually
requires large tables of files to be loaded into their
respective memories, and to speed this process up, these
tables can be stored on the hard-disk ‘dtive e

The spec1a1-purpose parallel interface board provides the
interface from .the BCC- to the block switch. - This
- interface maps the entire correlator memoty image as a

seri¢s of reglsters in the BCC memory. ' The LSI-11,
whenever it does not need access to the correlator -

modaules or block distributor, switches their control back
to the correlator control.computer so that the latter can
gain‘ unhindered access to the- acc'umulator memories.

~ The main function of the BCC is to:carry out correlator
initialisation. - Typically, thls would reqmre the
followmg to be performed

On the Correlator Module -

(i) program the correlator and delay chlps for
- the reconﬁguratxon and lag range functlon

k(ii)‘ load the ATT w1th approprlate translatlon
e odata : S

(iii) . load: lhe EGTT w1th appropnate translatlon :

“data

-(iv) : set up the control registers to select input
oo data’. -paths,  ‘correlator ‘mode: - and

"+ reconfiguration, enable concatenation and - - . o
recirculation if required, select both ATT and . = . ™ ©on .
+: BGTT 'pages, enable :accumulator..address ... -

‘modifiers, and disable test bits:.” -

-~ Journal:of Electrical and:Electronics Engineering, Australia ;'IE,Aus't:‘&’IRE.‘E Aust, Vol 127N0 2 bt vt o0 Foatent 00 s

On the Block Distributor —

)y select the source of the clock reference
- signal :

- (i) - select the source for each of the four buses
-+ that feed the correlator block backplane.

(i) check the status to see if the block
. .distributor clock generator has locked to the
v reference srgnal ~

Durmg Joperation, the BCC ‘controls the event generator
and monitors. various status points within the -block.
Status data are passed to the correlator control computer

"only on request. Some time before the start of an obseirv-
sing perrod oné or more sets of event timing descriptions
. :(ETD) are passed to the BCC..These ETDs describe

when and ‘what events are to occur- over a-planned

period. By issuing a start command, along with a start - - ’
_tirhe:and an ETD.identifier, the évents described in the

selected ETD list will occur relative to the start time.

'12 CORRELATOR CONTROL COMPUTER

- The. correlator control computer (CCC) manages all
-aspects of the correlator operation; collécts the data from

the correlator modules and  completes the on-line data

_processing.. It receives its instructions from the array

confrol computer (see’ [6]) via the local  Ethernet

-network,  The central processing unit is a DEC uVAXII

runmng the VMS operatmg system ‘

The layout of the CCC and its connections to the
correlator blocks and delay system are shown in Fig: 16,

-All programming ' and  event timing  information  is
trarisferred to the correlator blocks and delay system via

RS232 . serial  lines. . ~A special-purpose - parallel

direct-memory-access mterface transfers data from the
-correlator module memories dlrectly into CCC memory.

This: memory. is shared between the CCC and an

© . '18MFlop array. processor which handles the bulk of the

post-correlation data processing. ‘When processing -is

_comiplete, the data are converted into RPFITS. format

(see [6]) and written to a hard-disk file.

There' are seven processes (Fig. 17) running concurrently
within the CCC. -These, and- their functions, are :

(i) - COR_BOSS, the main process, starts all other
© 0 ~processes, controls the operator console and,

¢ on the operator console, maintains error logg-
.. ing and display, and provides status display. -

.. (if) . COR_CONFIG controls the serial interfaces
s o0 .to:the ‘correlator. -blocks and.delay: system; -
_information: “from/to-* COR.SYNCH,

= COR:BOSS and COR. DAT; provides menus:-
. based:- operator - interface:for:;prepating .

June 1992 .

.+ receives:- commands. .-and . passes: “status -
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6 e ser—xal Elﬁ X R§-232 lmes for generel usage

interface 1 X RS-232 hine to Delay Umit

116 Jine sérial

Ihterface —-——16 X RS 232 ]mes to Correlator Bloc}'s

" interface

::Z From Corre]ator Blocks

[ Paralle] DVA

--Processor

o ——— ,_] Optlona] dtrect mterfece to Lo
SKY Worrior 1. Arrag processor memory

. Array

rﬂDrsk and Tape

Scs!

Controller

DEC 022-Bus

1nterfcce

DELOA

Ethernet . " Ethertiot cable’

DEC MSB3DBB | . '
4 Moyte mem |-

[ foEC MS30-88 |
4 Mbyte mem

MrcroVAX 1
KAB3008
CPU

Figure 16

(iii)

W)

' computer

confrguratlon ftles

“cotrelator. -
COR_SYNCH communicates with the array
-~ control computer, recervmg commands and

sending status

COR_CQT controls the  direct-memory-
~access transfer of data form the correlator

: ‘"blocks to CCC/AP memory

S

- (vi)

(vii)

“COR DAT cont:rols the array process()r and- R
e processes data SRS TS Do

COR FITS- converts data to RPFITS format

assembles header information, writes data to
disk.

COR_DISP provides on-lin¢ display of data
via * graphics terminals, -either .as time
-variables (also passed to.the array control
computer) or. spectra (lag and frequency
domains).

The processing carried out by the array processor within
COR_DAT includes:

@

(ii)

Journal of Electrical and Electronics: Engineering, Australia - IE Ausi. & IREE Aust. Vol: 12, No'2:

Normalisation — “i.e. .it converts raw
correlation outputs to correlation coefficients.

»Correction from digital to analog correlation
coefficients (see [2])

5.%'R5-232' l1res to Correla’wl Blocks -

Main elements of the correlator control'

wh1ch defme ‘the T
-programmmg and event tlmlng of the‘

Operator”
Console

s o Display
Maln Pr-ace:s . - Display Process Tarmiral

=

Control/Momtor- Procu:sas

Data Tran:far/Procesnng Processes

EDR SYN@

GR CONF}GI I COR. CGD COR.DAT COR_FITS ] )

. ETH::RNET QHRAY ARCHIVE
i} to/from INTERFACE : INTERFACE PROCESSOR | FILE/TAPE
. array to/from from
control blocks= blogks
computer de)ays - DATA FLO
~ Figure 17 Software processes controlling the correlator.
r(ii'i) Scalmg by measured system temperatures to
A -obtam correlatton funct10n '
@iv) Appllcatlon of phase gradient across the lag
' domain to implement frequency shifting for
‘on-line Doppler tracking (optlonal)
v) 7Four1er transformatton to obtain cross- power
e spectra : :
(i) Convers1on of  measured polanzatlon

'products to Stokes parameters (optional),

13 “"ACKNOWLEDGMENTS

Jon Ables developed the original concept of the paralle] °

processing
some early

correlator array. -Andrew Hunt developed
designs for the correlator ch1p, upon wh1ch

the fmal des1gns were based

REI‘ERENCES

o Nelson G J, "System Descr1pt10n ! JEEEA 1992

' "'thls issue.’

Wilson W.E. and Willing, M\W., "The ysampling
and Data Synchronization Systems" JEEEA, 1992,
this issue.

Weinreb, S., M.LT Research Laboratory of
Electronics, Rep. No. 412, 1963.

Workshop on the Australia Telescope Correlator
System, Parkes, 21-22 November 1983, Doc. No.
, AT/10.4/003.

Wilson, W.E. and Carter, C.N. "The delay system",
JEEEA, 1992, this issue.

Kesteven, MJ McConnell, D. and Deane, J.F. N
"On-line Computmg for the AT Compact Array,"
JEEEA, 1992 _this issue. :



198 : " SIGNAL PROCESSING - THE CORRELATOR - Wilsonet al.

DR W.E. WILSON - . ' ' ‘ .
Dr Warwick WllSOl’l .obtained his BSc in: 1967 hls BE in 1969 and his PhD in 1975 from the -
University ‘of: Sydney. - From 1971.to 1979 he worked at-the Max Planck Institute fiir

working on recelver and systems development for the Effelsberg 100-m radio telescope. From
1977't0 1979 e ‘was leader of the electronics group at the Effelsberg Observatory. *In 1979
he returned to Australia to work on the Interscan project with AWA. In 1980 he joined the
CSIRO Division of Radtophysxcs and was seconded to Interscan Australia Pty Ltd, worKing
in the USA " until 1983 on the design of the microwave landing system. In 1983 he was
appomted leader of the Correlator Group in the: Australra Telescope pI‘O_]eCt ‘

‘MR E.R. DAVIS

his studies he. worked at EMAIL Ltd as a trainee engineer;- Before joining the Australia
Telescope Correlator group as an experimental scientist in 1985, he worked frrstly at JN.
Almgren Pty Ltd on data communications products, then the Department of Sciénce, Antarctlc
Drvlsxon on several Antarctlc sc1ent1f1c research prOJects in the area. of 1ce studles and
glaciology._“ : .

MR D G. LOONE , :
Dav1d Loone rece1ved the BSc degree in Computmg Technology from the Un1vers1ty of
Tasmania in 1985." He joined the CSIRO Division of Radiophysics in 1986 where he worked
in the Correlator Gr0up of the Australia Telescope project doing software and hardware design
for computer control of the Australia Telescope correlator. . Since 1990 he has been ‘working
at the CSIRO Austraha Telescope National Facility’s Paul Wild Observatory, Narrabri in
'charge of d1g1tal design- prOJects in the correlator primary, momtonng, and other areas of the
observatory $ development

, MR D. R BROWN : ’

‘David Brown obta1ned a BE in 1973 and MEngSc in 1978 from the Un1vers1ty of New South-
Wales In early 1982 he Jomed the D1vrslon of Rad10phys1cs Durmg 1983, he was seconded
to. the Correlator Group to work on the correlator ch1p for the Austraha Telescope project.
1In 1985 he transferred- to the Division’s Signal Processmg Group where he became involved
in the. development of a VLSI chip to. perform fast Fourler transforms He. resrgned from
CSIRO in May 1992 after accepting a pos1t1on w1th Canon Australla Pty Ltd o '

_Jggrrthlﬂof Electrical and Electronics Engineering, Australia - JE Aust. & IREE Aust; Vol: 12, No 2. @ ... = 0 s oo e olia)s ~June 1992

Radioastronomie. in Bonn, initially as a reséarch fellow. and later as a research engineer, - -

Evan Davis received his BE. degree from the NSW Institute of Technology in 1979 Durmg o



199

On-Lme Computmg for the Compact Array

MJ Kesteven* D. McConnell* and J F Deane**

i

_ SUMMARY The Australia Telescope Compact Array is made up of six 22 -m antennas at Narrabn NSW The control
system of the Compact Array has to deal with antennas and hardware-distributed over 6 km. It needs to maintain
‘synchronization of the sampling of astronomical data to a precision of bettér than 1 s, coordinate the activities at the
central site (data collecting, processing and archiving), and provide extensive. ;monitoring of the data quality and the
‘hardware status. These goals are achieved through a combmatron of dlstrrbuted computrn gand spec1al-purpose hardware

1 INTRODUCTION- '

- The Compact Array posed several novel problems for
the on- hne computlng

- @) the hardware is drspersed over 6 km,

Lreor iy i

(11) four drfferent groups were mvolved 1n R

developmg the software,.

(iii)- synchromzmg the data streams from the

-antennas has to be accurately maintained to
within . 1-ns.
requirements are quite modest — almost. all
: 'activities h‘ave margins of several seconds)

The ftrst two requ1rements pornted to a d1str1buted7 ‘

“architecture. This meant that each development group

could operate: largely in isolation, requiring only that the -
- protocol of the. communications be. well defined: The : -
- last--requirement -is " effectively -beyond ‘conventional < -
. computing machinery; - our- solution  makes use of-a * ' -

specialepurpose devikce to 'gate the data streams.

THE TIMING PROBLEM

- Durmg an observatron We requrre all elements of the
array o-’point’ at-the target. In effect, this means that

-we should tip the east-west rail track until it is at.right -
- angles to ‘the direction to the target; this would ensure
- that a given wavefront from the target would reach. all-the -

% Australia Telescope National Facility, CSIRO,

" PO Box 94, Narrabri NSVW'2390“», Australia. "
** vAustralia Telescope National:Facility, CSIRO, *

"« PO'Box 76, Epping NSW 2121, Ausfralia.
‘Submitted to The Institution of Radio and* ~
Electronics Engineers-Australiain June 1992/

: fo'd'rhd‘lrofﬂElec'trical and Electronics Engineering; Australia -l‘iILv"v Aust. &IREE Aust, l’"ol: lé) No 2. W

(For the most patt- the timing -

i

?antennas at,the same mstant Smce tipping the track is

unreahstrc we need to achieve this synchronization by

‘other. means — by delaying the signals from all but a

. reference antenna. In principle this is straightforward; since

we can compute the geometrical relationship between the

- array conflguratron and'the drrectron to the target.-

. The 1dea is therefore to place a common timing mark (at.

. 12 noon, for example) in the data stream from each

. “typically 10 s:
" lengths is approximately-1-to 30 s. Cycles much longer
. ~than - this result " in inadequate sampling of the
+ astronomical visibilities in the spatial frequency domain
* < (u~vplane) and ‘a coiresponding degradation of ‘the.
* - synthesised-image. - The lower limit is set by the time
~requ1red for confrgurmg hardware in. each ‘antenna; J ust

antenna and to use this mark as the referenice point for

-~ the delay operations. The precision of the timing mark
. .+is set by our sampling rate — we must be accurate to one
-sample, thatis, several nanoseconds, since the IF data is

- . sampled at the antenna at a rate of 256 MHz,

Inserting the t1m1ng mark into the data stream is effected

“with a device known as the Integration Clock “Each.

antenna contains an. Integratron Clock [1] which uses the

~ 256-MHz samplrng ‘clock as its timebase and- produces
a srgnal at the start of each observat1on cycle '

The observanon cycle is one of two' basrc tlmmg cycles

~used- in-the operation of the array. . The other is. the
integration period which is the time for which data are
*accumulated in the correlator before being transformed
‘to - the spectral domain.!

~In all observing modes
currently -used, -the integration period and observation
cycle length are identical. In this case, the observation .
cycle time is set: by astronomical requirements and is
" The usable range of observation cycle

Note that the correlator has the capablhty of
- using integration times ‘dowri to 2 ms.[2],

 Tune 1992
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Figure 1. - ... Compact_ Arr,ay,onélxine ’c,omputers;‘;.- 5

: before the start of an observatlon cycle the array control )

computer- computes- the ' system settings’ (Such: as the .-
-geometric delays), -and dlspatches them to the antennas -~

and correlator. for implementation. At the conclusion of -

a -cycle, ' correlated -*data .-are.~dispatched --from- - the: -

correlator  to ' the correlator computer for processmg, i

'cahbratmg and- archlvmg

3 MONITORING MATTERS

R

The array control computer prov1des two. categones of ;’

momtormg

Hardware o

The engineers have estabhshed a comprehenswe set of-~
mohitor: pomts throughout the:hardware; These points -

_are examined every-observation ‘¢ycle and-their values *
- are retuzned: to ‘the”central site. This allows the . artay

control computer to mamtam a watchmg brief: on thefg- '

-~ health -of the systein. Warnmgs are ‘issued whe“never [

Journal of Electrical and Electronics Engineering, Austrlia < IE Aust; & IREE Aust: Vol::12; No 2. "

'Data quallty i T N S
~The -correlator computer also provrdes a compressed;
- summary of the data: collected in each cycle.
‘observet can access this summary. t6"gain- valuable -
‘indicators of the array’s astronomical performance.. - .

Antenna Control Computer (ACC)

monitor. points fall-outside their operational range. This .. -

~:same body of. monitor -information greatly ass1sts 1n
dtagnosmg and preventmg problems SRS

SYSTEM ARCHITECTURE

. Flgure 1 shows the arch1tecture m place m 1992 The>

main functronal groups are. :

Each antenna has:a, Micro—PDP11/73 controlfcomputer‘ b

- responsible. - for controlhng and monitoring antenna - <~
--motion.and. the antennas based tlmmg, re'exvmg and:.‘ SORE
'samplmg hardware: oo o v - ;

L Tune'1992
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Correlator Control Computer
This is a Micro—VAXII with- a heavy burden

Astronomical data from each antenna are correlated by.
special-purpose - hardware, the correlator [2]. The.

correlator control computer supervises the correlator and
- an array processor which calibrates and transforms the
~ time-domain’ correlations into the spectral domain. It
also disposes of the data, dlspatchmg them. to-short-term
- storage. (disk).  The correlator control programs
‘constitute a.major- part of the Compact Array on-line
software and are descrlbed ina separate paper [2]

Array Control Computer

" This'is a VAX 82502, respons1b1e -for the overallo
‘coordination of the array activities. - It commands the
- . antenna and correlator control computers and provides
the interface between Compact Array and astronomer.

4 1 Antenna control computer

,_The ACC has the followmg functlons

' (i) to monltor and control the antenna posrtlon

through a position encoder - and hardware rate
.controller for each ax1s,

. v‘;‘(ii) to. control the synchromzmg hardware Wthh,,

- produces precisely timed events iri the receiver
- and sampling systems; :

: (111) to control the sampler decision levels so.as to -
i maintain the:ideal drstrlbutlon of samplcd data.

" values,

(iv) to provtde general control' and monitoring:

functions for the receiver:

« (V) . to maintain a communications channel to.the
-7, array, control computer for remote antenna. -

. :control and momtormg,

i

(v1) to provrde local control and momtormg of':;

-antenna motion from the console keyboard and
vdlsplay 3 ‘ S

THE ACC PROGRAM AS A REAL-TIME SYSTEM '

The pnme respons1b1hty of the ACC is antenna safety ‘

-It must avoid structural damage by ensuring that the
~antenna always operates. within position, speed and

acceleration limits. To satisfy this requirement it must

perform.the antenna servo task (i.e. read the antenna
~ ‘position, compute and. set the new‘rate) at time.intervals
less- than the dynamical response time of the antenna.

.~ Thus, ‘the- control -program must. be. implemented as a..
. otrue real time’ system A real time program is one. in. -

72 PDP and VAX are tlademarks of the Dlgltal
‘ Equlpment Corporauon.
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which the start -and completion ‘times of tasks are
predictable, and guaranteed to meet the time require-
ments. of the system.

IMPLEMENTATION -~

" Like many real-time systems, the ACC program includes

a purpose-built operating system which is more closely

~coupled  to -the application software than in general

purpose time-sharing systems. Indeed, the ACC program

. can be considered as a special-purpose operating system,

-~ with -most modules designed to suit the machine’s

- hardware: architecture. The software is written in

" Digital’s MACRO-11 assembly language for the
; PDP—ll computer famlly ,

'_?'STRUCTURE‘ . ',

- tasks and a number of asynchronous tasks “The servo
 task .executes at the highest software prlonty and is
“invoked every 100 ms and runs for about 40 ms. Two
Eobservrng tasks are invoked at different phases of the
_ observauon cycle.
- period and is synchronized with the observation cycles
»in the -array control and correlator control computers.

.+ The first of these tasks arms various devices in the -

* receiver for the next observation cycle. The second task

. initiates the reading of all monitor points and computes
- the new decision’levels for the samplers. Asynchronous
* tasks include mamtammg the ACC displays and process-
_ing commands recelved from the keyboard or the array
‘control computer :

Typically, this cycle has a 10-s

TiMING '

A t1me s1gna1 generated in- the observatory clock is
distributed to each antenna. Each ACC. has access to
this signal through two interfaces: a Frame Grabber.and

“an BEvent Generator ‘The Frame Grabber decodes the
* time from the: s1gna1 transfers it into ACC memory by»
- DMA and delivers a hardware interrupt every 100 ms, -

This is the source of the timing for executing the servo
task. The'Event Generator. drives a 16-bit output word :
whose state can be programmed to change at moments
in the future timed to a precision of 1 us. Two bits in
this word are used to generate hardware interrupts which

“are used to synchronize. the ACC program to the

observatlon cycle

- COMMUNICATIONS

o The ACC mamtams ser1a1 commumcatlon links w1th data.
“sets and the array- control computer.

Data sets . Aare -
dev1ces providing a standard interface with the antenna

rate- controllers and the: receivers. Each rate controller

has a dedicated data set on its own ser1a1 line. All other

o+ June 1992
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control and moitor functions are-performed through -
about 10 data sets -which communicate on a single line
at 38.4 kbaud. - At present, about 400 hardwate monitor. -

points are interrogated and the data returned to the array

control computer every 10 s. ‘Communications with the-
array control computer use .a simple synchronous - -

~ protocol in which the array control computer initiates
- any dialogue. Each reply from the ACC is prefixed with

a word 1nd1cat1ng the state of vital antenna systems: © -

ANTENNA MOTION

The ACC reads the antenna posrtlon from an encoder on
each axis. “Each encoder position is read as a 23-bit

word through a parallel interface and has a precision-of -

720°/2%3 or about 0.31 arcsec. The antenna raté

controllers are .commanded through a -12-bit D/A .
converter whose least significant bit gives a rate of about’
The ACC servo task executes with a’

2 arcsec s -

repeétition rate of 10 Hz ‘and uses a" posrtron ‘control

~ algorithm which allows. for' two- states: slewing -and

tracking. While slewing, the antenna is moved to the’

deinanded position as quickly:as possible within the
speed and acceleration limits.~ While tracking, the new’ -

rate" x; for each axis is computed froi the “current

requested rate X,, posrtlon errof Ax; and. 1ntegral of the:
posrtton efror usmg the expressron SR .

where G and C, are constants. Here i indexes successive

100-ms time intervals and i = 0 labels the first execution
of the servo task after -a transition from- slewing-to

tracking. The rate expression-is computed mdependently r; :
for each axis. In the normalised units used by the' ACC -

software whiere. the  time unit- 1§ - 100°ns; the serVO
constants have values of G 0 1 and C, = 0 04

04,

'42 Array control computer« S

- The" array control computer has three broad areas of
1espons1b111ty ‘ PN b t

(1) 1o perform the ephemens calculations: - ‘
‘necessary for the array synchronization once - - .
and dispatch-these to- -

every observation cycle,
the anténnas and the correlator;

(ii) to superv1se the hardware momtor system

(111) to provrde the data quahty momtorlng

The software it d1v1ded into a number of tasks wh1ch run,r‘
~ . asiseparate processes. under the VMS operating:systems: =

" Journal of Electrical and Electronics Engineering, Australia- IE Aust: & IREE-Aust: Vol 12,No2. -~ .

‘5 1 Antenna control

CAOBS is the main observing program. It provides the- .
usér interface through the console keyboard and through. -

the astronomers’ observing schedule ‘files. From  the

_ephemeris and the current array. configuration. (antenna

locations) it computes delays and phases and phase rates

for local oscillators and samplers. . These calculations are '
- performed once every observation cycle and transmitted
- to the correlator and antenna control computers

,ARRAY prov1des the commumcatrons lmk to the
_ antenna control computers. It forwards commands from-
‘CAOBS: to the antennas and receives and returns the =

ACCs’ replies. It is also responsible for maintaining the-

' list of monitor data available from each antenna. Each-
- observation cycle, it requests these data and stores, them in
an area of memory wlnch is shared with other processes [T

. CHECKER processes the monitor data recerved by e
- ARRAY. _ ng
- warnings or alarms.when fault conditions are detected. - -

It checks for data out of range, issuing

(Conditions which- risk™ the safety. of the array are

- monitored by a separate hardware - system: described |

elsewhere [3].) Italso archlves momtor data on dlsk for -

later analysrs

CAVIS provrdes a drsplay of the complex v1srb111t1es

Every observation cycle, - the correlator  software .
: .computes a single compléx visibility for each correlated

product (this is a vector average over a selectable range
of frequency channels) and transmits them o the array
control _computer,  CAVIS uses a colour monitor to

. display the visibilities in a number of ways, providing
~the astronomer with a good indication of data quality.

.5 LESSONS

- The present system represents our thmkmg and policies
- dating from the mid-eighties when we started serious

planning and development. Out needs and approach have -

~evolved as has (much more dramatically) the computing -

scene. We are therefore now in the process of change. In

- the original development; each of the; furictional -groups

described in-the architecture séction above had a distinct
- software group. We found it a significant: ‘corivenience .
. that each group had a stand alone machine.

In sprte of the convenience. of separate development

. groups, the first years of operation have highlighted
several shortcommgs 1n ‘the orrgmal system desrgn

. 'The orrgmal desrgn 1ncluded two computers in’ each

- .-, antenna.-

=+ .. Computer (PCC) and Antenna Control Computer (ACC). .

- The-PCC was responsible for controlling the -antennd’

rates. so ‘as to maintain the position demanded by‘the .~

. ACC." A ‘number of. drff1cult1es arose from the< R
ACC/PCC system. W 2

They were called the Position ‘Control

 June 1992
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pPCC -

(1) The PCC hardware was. cumbersome in its -

- design: It was fragile, and the microprocessor -
and - some -, interface cards are no longer ‘

supported by their manufacturer

oo (i) The software was wrltten in’ Pascal and was
: cumbersome to modlfy and maintain,

- ACC

The ACC software was written in Pascal and ran under the -

. Micropower/Pascal operating system. Communication

:between ACCs and the array control computer used the. . =

DECNET3 protocol
EXA expens1ve in computmg tlme

" interface.

- {ii) .The. communications proceSS on the array
© - _control computer which used DECNET as the

~ link to the antennas-was unable to survive loss. .= el

. of commumcatrons from an ACC

In sprte of these shortcomlngs the Compact Array
- operated for two years with-only mild inconvenience to -
. aStronomers. However, as the PCCs became increasingly -
- difficult 1o maintain, and increased demands were placed .
- on the ‘ACC . computing power from new modes of °
operation, it was decided to redesign the antenna control’

system. ‘The crucial changes: in des1gn whrch have led

- 10 the present system were to

() ab'a’ndon ‘PCC
responsrbrhttes to the ACC;

transferrm g

- (ii)y *rewrite the ACC software as a true real-time

* system, thus avoiding the difficulties with the -

Mrcropower/Pascal operatrng system

(111) replace the: DECNET protocol with a- srmpler :

. one .using only low-level calls to the V:MS -
‘terminal driver on the array control computer

and the .new:purpose written commumcatlons

package in the. ACC

= 5 2 Array and correlator control

of the Micro-VAX.’ Now' that the bulk of the
development problems have been resolved we believe

. -that combining the functions of ‘both computers in a
- 'single more * powerful ‘machine would improve the

Compact Array pe‘rformance.

',\6 ~ CONCLUSION

o (5 1s rather remarkable that the system works at all: the

original architects are no longer with the project; the

: - present team took over after the major decisions were
- effectively cast in- concrete, but before any components

were available for testing. The work of three of the

~-groups has been deprecated. (Indeed, in two cases,
R dlscarded) Yet the software has always been in place,
b .o and workrng, before the hardware became avarlable
(1) The Mtcropower operaung sy's‘tem;iwas IR e g R : C
C It was
- suspected.of contauung errors... Of particular: -, .
.concern was- the lack of guaranteed future °
‘support-: for the Micropower DECNET -
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Data Reductlon and Image Processmg

RP Noms* ‘ML Kesteven** and MR Calabretta*

SUMMARY We descrlbe the systems used to process and cahbrate the data from the Austraha Telescope, startrng w1th
‘the data transfer from the Telescope and ending with the imaging and visualisation software. We also describe’ the

* continging: development of a specrallsed v1sua11sat10n system which allows astronomers to view cubes of data as -

’three d1mens1ona1 ob_]ects
3 : - IR :

1 INTRODUCTION -

There is a vety literal sense in which the six antennas

‘which make up the Australia Telescope (AT) Compact
Array at Narrabri corresponds to the objective lens of an -
optical .telescope. In this- analogy, the eyepiece of the -
telescope - corresponds to the - computers ' which use

- sophisticated algorithms to- produce images: from the

tecorded data. The principles behind this operation will
not be discussed here’ smce they ‘are wrdely ava1lable ‘

elsewhere (e g see [1])

Instead we descrlbe the computmg system whrch is used
10 produce images from the raw visibility dataerecorded
from the correlator. We start with the format of raw data
from ‘the. on-line - system, and follow the - computing
process through to the production of images. Fmally, we
describe our plans for future developments. :

"2 DATA TRANSFER

The AT can produce a max1mum of 65 kbyte/s amount—
ing to 6 Gbyte/day. At this data rate, archlvmg and’

storing the data becomes a major task. We have adopted
2.2-Gbyte Exabyte tapes as our standard -data transport
and archive medium, although 9-track 'tapes.are also

available, DAT (Digital Audio Tape) tapes were rejected -
as being neithér standardlsed nor readily available in =

Australia at the time of starting AT operations.

*  Australia Telescope National Facility, CSIRO,. ~
- PO.Box 76, Epping NSW 2121, Australia, .
- **  Australia Telescope National Facility, CSIRO;
PO box 94, Narrabri NSW 2390, Australia.
- Submitted to The Institution of Radio and . -
Electronics Engineers Australia in June 1992,

Jgurnal.of Electrical and Electronics Engineering, Australia, --IE Aust. & IREE Aust, Vol. 12,No 2, . S

‘ - An international format * for the. 1nterchange of

+astronomical -data (FITS, for Flexible Image Transport
.System) has long since been adopted by the astronomical
‘community [2]., However, it. is unsuitable for real-time

.use because of a number of factors:

() FITS is fragile to tape errors, because there is
10 built-in redundancy or. error- checkmg, B

(ii) the FITS standard requ1res the quantlty of data
t0 be specified in advance ~which “is
, 1nappropr1ate for a'real-time system where an
-observation may be terminated prematurely for

a number of reasons, :

. /.‘(iii) the FITS standard cannot cope easrly with the

v < AT’8 " flexible observing “modes, such as

recording - diffeérent - numbers of ‘spectral
channels on different IFs .

For these reasons, we have adopted a data format which
. we call, RPFITS, whrch resembles: FITS but-has been
modlﬁed to overcome these drsadvantages ‘

An RPFITS data file, shown schematically .in Fig. 1,
consists of a namber of headers, each of which is wr1tten«
by the on-line software at the start of each scan

“interspersed by blocks-of data. After each integration the
'on-line software writes out a visibility record for each
baseline and each IF observed. These visibility records

are logical, rather than physical, and of variable length.

1A scan normally. c‘onsists of an observation of

»one source, or group of sources, over a period
.. of, typically, tens of minutes. Each scan then
.-consists of a number of i Integrations, each
lasting for 5 to. 15 seconds

s “/”‘June,,'I.S,?9'2»
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Header 1
Antenna Table 1.

. Source Iable 1
IF Table1
Meteorology Table 1

Visibility/Syscal Data
{Scan 1)

Flag Table 1

Header 2

. " Header N
‘ " \“ Antenna Table N

Source Table N .
CIFTableN

Meteorology Tab1e N

- Visiblity/Syscal Data.
, (ScanN)

. Flag Table N

" Figure 1

..~ scan lasts -typically 10-30 ‘minutes and

~...contains .a_number of  visibility records
-and system calibration records.

Structure of a typical RPFITS file. Each

*
i

The structure of a visibility record consists of a small
number of header parameters, including one which gives

~ the record length, followed by the visibility data on that
baseline. A typical visibility record is shown in Fig, 2. -

Interspersed between these visibility records are special
records which contain system calibration data such as
system temperature and. measured X-Y complex gain,
These records have a similar structure to visibility
records, and are also of variable length.

As well as headers and data records, the file can also
contain a number of tables. These ar¢ used to carry
additional data which change infrequently, such as-
antenna locations, meteorological data, or flagging
information to indicate blocks of bad data. Each table

- can occur either 1mmed1ately before or 1mmed1ately after
B : ¥ header L ‘ :

The frle obtams 1ts robustness from the redundancy

- inherent in the fact that header and table information are
- repeated on ‘each sean. Thus bad' physical media will

generally result in the loss of only one scan, since the
software used to read the data can recover easily after a
data error -by searching for the next header. In many
cases, recovery can be effected even within a scan by

B searchmg for: the start of a new record,

The RPFITS code and 11brar1es, along w1th other VMS- :
based code, are maintained using the . DEC Code

-Management System (CMS), which allows. a.rigorous

check-in. .and - check-out fac111ty Such a system' is

ﬂlrmportant when several programmers are workmg ona

piece of code simultaneously. ‘'We  maintain.the code
across the three sites (Narrabri, Parkes and Marsfield) by -

havmg the CMS library at only one Site, and insisting

that maintenance at other sites. be done by. checkmg the

‘ ‘code across the DECNET links from the master site. We

have found-such a.code management system to .be.a
valuable tool,: -although the partlcular system we have’.

, adopted is by no means ideal.

lulv | w]| BaseL| uT | FLag| BN | R sy |

o Lo L AN | oHAN | oAl | T s o [ GHAN | oHAN. [ -

EET- T B - CERTH FEREE

T rew [

Figure 2 |

“Fe () {lm () |He (fo)fv,]‘}ffln V(Q\)l‘ Ifiee

‘Structure. of 4 typical RPFITS record. The first nine parameters ideritify the visibility group. One,
the IF parameter, points to an entry.in the IF table giving the number of Stokes parameters, spectral

S channels, etc. and thus- defmes the length of the record The rest of the record contains the channels, .
. each of which contains up to-four complex v1s1b111t1es, ‘one: for edch polarization product. Other :
;parameters give the baseline’ coordmates (u,v,w) in metres; a baselme number, a UT.in seconds, a .
- flag to indicate bad-data,a ‘bin ‘number (for pulsar observatlons) an IF number and a source - . .,
number, Spec1a1 system cahbratlon records have a similar stricture. R L

Jour.{zal,\of Electricrzl and Electronics Engineering, Aust(qliq r-_ulE Aust. d’glREE AuSl'\.,rVO‘l‘. 12,:/{\[‘0 Do e s
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- Early in “thie constructron of the A

1

_ needed to be wrrtten to make it surtable for the AT

Srnce then, Australla Telescope National ‘Facility

o (ATNF) staff have added to and developed ATPS for AT

" use, and 1 many ATNF enhancements have been’ added to

the standard worldwide AIPS distribution from NRAO.’
, Also the way the ATNF manages- AIPS “differs from
.- standard - NRAO pract1ce in several respects [4] as’,_

rfollows

(1) AIPS is run from users’ own accounts rather o
: f;than from communal AIPS accounts, e n

AT

& (ii) * various enhancements have: been made o’
“ allow flexible access to nétwork. resources
- such as image display devrces, bookable data\

';dlsks, and tapes,

R *‘(iil) a locally developed code management systemf
oo allows us to develop our implementation’ of:
i ‘jf’ “AIPS while allowmg eff101ent 1ntegrat10n 1ntov"

new. AIPS releases,

:j&?(iv')"( the AIPS system was restructured to adapt 1t'1".
< “'to an environment consisting of fianyhosts of”

Y

E several archltectures, wrthout duphcatlng the
e source code '

To’ load AT data 1nto AIPS we ‘usé ‘a task’ called.

ATLOD. As well as reading the RPFITS file and loading

* the data into AlPS this task also contains a number of -
. other AT—specrflc functions, such as using the on-line i
XY phase ‘measurement to correct’ or flag data. Such -

-~ functions have to be done i in"ATLOD because AIPS has

no' facilities for storing such parameters along wrth data’
-files. Similarly; AT observatlons -which have different -
- ‘numbers of spectral channels on different IFs must be"

converted to dlfferent AIPS files, since AIPS assumes

that all IFs m a f11e have the, same number of, spectral v

channels

4 AT OBSERVING MODES

‘ In contrast to some’ earher 1nstruments such’: as the VLA -
~all observations ‘on-the AT are made in a’ spectral ling- "
~mode’,in which:séveral frequency channels are recorded - -
‘rather ~than -one - ¢ontinuum ‘‘channel.:’ This is” a’
consequence of the AT desrgn specification” for wide= " -

* - Jouirnal-5F Electrical and Electronics Engineering, Austvalia *1E Aust: & TREE Aust, Vol 12 Novg5» 0 Wi ip s

huthan resource’
constraints forbade the' constructton of a new 1mag1ng'l ,
- package After several packages had been rev1ewed wei
decided to use the AIPS (Astronomlcal Image Processmg' :
- System) package written and distributed by the NRAO‘ n
(National Radio Astronomy Obsetvatory, US) [3]. . The
package was written primarily for the VLA (Very Large:"'
Array), but only a small amount of additional: software i

processmg

field imaging with htgh bandwldth since using a single
continuum -channel would result in heavy radial .
(bandwrdth) smearing: - The number -of channels may’

- range from 32 for a continuum observation, to several :
~ thousand for speciral-line. Observations. Thus AT
software must - reflect .the . greater emphasrs on multi-:
channel operation. v :

However using several frequency channels also has -
benefits .for even small fields, since the simultaneous.
measurement over a range of frequencies (up ‘to:
256-MHz instantaneous bandwidth) allows simultaneous .
samplrng of a range of spatial. frequencres —a techmque ;
known as multi- frequency synthesis (MFES; see e. g. [5]): .
Furthermore, the AT’s ability ‘to switch rapidly . in.’
frequency over a wide tuning range allows even greater :
ranges of spatral frequenCIes 10 be. sampled provided
that spectral” index variations of the target source are

- also'modelled. An addttlonal advantage is that narrow- -

band mterference can be removed m subsequent3-

2o

So far the use of MFS has been largely restrlcted t0j
: relatrvely narrow frequency ranges and we have assumed
- that ‘the spectral index- is - uniform over the image.’
'vHowever ‘we ‘plan” to" 1mp1ement more sophisticated |

algorithms Wthh will model spectral 1ndex -variations
across the 1mage LT '

Another techmque we plan to use on. the AT 1s:.

mosaicing; where structures larger than the antenua}

.pnmary :beam are 1maged by measurmg visibilities at.f‘
: everal different pos1t1ons on the sky. In this way we,

can recover lower spatial frequenc1es than are otherwise
available to the interferometer, Extra information atlow

- spatial- frequencres w1ll be provrded by addmg smgle- .
dlSl’l data o ‘

5 ‘POLARIZMIOMCALIiiRA‘TION

_ All observations made with the AT are generally made

in'a'mode which allows full fecovery of the four Stokes

parameters. However, the way the AT calibrates these -
--polarization data- d1ffers significantly from that of most
“other ‘synthesis telescopes because of the AT’s lmearly
'polanzed feeds

. Pola‘rizationcalibration makes use of the complex gain

difference which- is contmually ‘measured on line

v'_.v'between the two linearly polarized feeds, to calibrate
* inStrumental polanzatron Further calibration is provided
by observmg a calibrator source wrth known polanzatlon
) characterrstrcs

e ~’Software for’ performmg thrs calrbratlon is complex
* because of the iriter: dependencres 'of the polarization
> etror terms and requires an iterative approach Software
“to' do this  (writien -in “another imaging package, -
'MIRIAD) 18 currently ‘in a testmg phase, and may be :
?ported to AIPS when complete. =

ine 1968
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6 . HARDWARE

: The main off lrne computlng system for the; AT. 1s

located at the Marsfield laboratory, although three .-

Sparcstations at Narrabri, and one at Parkes, are also.

available, ‘Here -we. will .concentrate . on . the facrlrttes

available at Marsfield.

.. The main computer pu_rchased for AT data reduction, is.
a 50-Mflop Convex C210 supercomputer, which has ..

- been upgraded to .a 100-Mflop C220-and is-now shared
~with the CSIRO Division of Rad10phys1cs As well as
the Convex C220, the current Marsfield network carries
about 40 RISC workstations (mamly Sun Sparcstatlons)
60 Macintoshes, 80 IBM- compatible PCs, and a number
-of other machinés:such as a VAX3400, whrch is retained.
for: compatlbrlrty with the VMS- orrented s1tes Seven of
’the Sparcstations (plus one X- termmal) are avallable for
' communal AIPS use, and a further seyen are used prima-

rrly for AT software development and AIPS processmg

‘In addrtlon the network at Marsfleld provrdes facﬂrtles
such as networked, laser printers and.: a-colour printer.-
‘The network is organrsed to provrde transparent mail
- access -and. flexible filessharing. between, archltectures,
-using primarily TCP/IP protocols and NFS services.

* Multinet is used to connect the YAX to these protocols; -

‘ ‘Gatorboxes provide connectivity to the. ‘Macintosh
network and PC-NFS. provide PC. connect1v1ty

In: addrtron 1o the on- s1te network Marsfreld also marn» :

taing 9600-kbit/s leased line links: (currently DECNET,
but a change to TCP/IP is being considered).to Parkes
rand Narrabri, anda. dedicated 48-kbit/s line to. AARNET

- and Internet for connecttons 2o the outsrde world

.Experlence w1th data processmg s0 far has shown that

the major bottleneck has ‘been. disk space rather than
processing power. Thus, as well as-upgrading the
Convex 10 a total disk space of 11 Gbytes (five of which

are available for AIPS data), we have provided a further - .

6 Gbytes for AIPS data onthe- Sparcstations, :and:a;
- -number of Exabyte drives to aid raprd data arch1v1ng and
‘de-archiving. . -

The AIPS computmg power at Marsfreld is roughly
-equally divided between the central processing of the.
‘Convex and the distributed computing available in the -
workstatrons Users are encouraged to do' the: first,
~user- 1ntens1ve, stages of processing (data editing and -
cahbranon) on the workstations,’ and then transfer therr
data to the Convex for. the. computer—rntensrve opera-
tions. However many contmuum users fmd it convenient

to:do all their processing: on the workstations, leavmg :
the ‘Convex availablé for the heavy spectral-line users. .

7 VI:SUALI'SATflOl\Iﬂ"T o

Synthesrs radlo telescopes have untrl recently, produced
largely two- d1mens1onal images, or.a small. number of

Journal of Electrical and-Electronics Engineering, -An.gtrAalia‘; <[, Aust. &IREE Aust. Vol. 12,No 2‘

such imagesstacked-togetherin-a 'data‘cube’s However,

:the AT will produce data cubes of -unprecedented size
- (up. 1o 2000 x 2000 x 2000 pixels). The astrophysical .~ |
~interpretation . of .this data requir¢s the. user (an .

astrophysicist) to-gét an intuitive *feel’ for the data.-The

- present two- -dimensional -imaging systems, therefore,
-present a major conceptual batrier, separating user from

data ‘For thrs reason, we. have invested a s1gn1f1cant .

~-amount of resources (largely funded separately by-our -
Institute of Information, Science & ‘Engineering [IISE]),

into a-project-to explore the application of imaging and

visualisation techniques to radio astronomy. and other
._related branches of astrophys1cs :

Most of thls work has been done on a: Sun 4/370;

-equipped with a TAAC visualisation engine, but this has

been. recently upgraded to-a 5-processor 320- Mflop

MvVX engme

The prOJect s most dramatic result so far is the drsplay‘ :
of three-dimensional data cubes. In such cubes; each

.-voxel . (the. three-dimensional -analog of . a-pixel) is

assigned not only.a brrghtness and-colour, as in ordinary

~ imaging, but also an opacity. A cube containing AT data
" on the néutral- hydrogen in a-galaxy, for example, will

then appear as-an ‘object.sitting in the. centre of a frans-

.. _parerit cube, By rotating the cube, the; resultmg visual-cues - - .- .
convey to the astronomer far more.information: than could .- -
-be-conveyed by sequences of two-dimensional planes. An
important step in this work was- the devélopment of a

. simple-radiative transfér algorithm, which- -gives -a much
- more ’realistic’ impression - than. the surface-oriented =
. algorrthms supphed ‘with standard llbrarres

' 'Other developments have : explored fac111t1es such as
- combining two :images, .using hue - and 1ntens1ty, or. -

superrmposrng 1mages in. drfferent colours

A small number of spectral lme users have already

“started using our advanced visualisation facilities.
-Reactions. so" far -have been: very. favourable, Some
- -astronomers fmd that they obtam much more information.

from their data when viewed asa three dimensional cube -
rather than as, a movie of two- drmens1onal planes.. It
appears that these vrsuahsatlon techniques- allow full use
to be made of the pattern recognition capabrlltres of the-
human brain, . so. that. structures mot seen in: two-
d1mens1onal movies, are immediately apparent in three-

. drmensronal cubes

Typrcal of the results is a well studred VLA synthesrs
observation of HI in a galaxy These -data - have been’
used in the past to-demonstrate the -AIPS function

TVMOVIE, which shows the sequence of planes’i’n,the,‘.
. data cube as a movie. of two:dimensional images,; When-

portrayed as-a cube on the visualisation  workstation it

-was immediately apparént that the disc of the galaxywas: -

warped a-fact that- had not prevrously been notrced

. To assrst in dlssemmatmg these results equlpment is- also
. provided for users to record the1r results.on video tapes

, June 1992
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8 . aips++

* The AIES.ipa'ckage was developed “about «=i~98'(). Singe
then, .not only - has ~computer technology - changed:

enormously, but also-modern synthesis telescopes such
as the AT operate in'modes which-were unthouglit-of at
that time. For this reason; a-successor to AIPS néeds to

be written, ‘and an international collaboration. has been . - -
formed to do this. The participants include the NRAO, -

the ATNF, and Gthier - participants from the US, the
Netherlands, Brrtain Canada and India.

The ATNF is ‘contributing a Significant -amount -of
resources, to-this project:in the: hope that the resulting - .
package, to be availablé in 1993, will be mich betteru_

geared to: the neéds-of the AT than AIPS is.

As its name 1mphes a1ps++ w1ll be wrltten in the obJect-_. ‘

oriented language: C++#, which shouild allow for .casier

maintenance, development;-and-upgrade paths. As well . .

as - taking -advantage. -of - newer . techinology, such as

- graphical user interfaces, massively parallel processors; . . -

and open systems standards, the -new “package will

- address-the AT’s need-tohave, for example, différent
“numbers of channels on drfferent IFs, and to cahbrate*

lmearly polarrzed feeds

9 CONCLUSION -

~Off-line. computing for the AT has-departed a longv way -
from - the tluster-of VAXes originally envisaged.in‘the .-. -

early stages ofplanning ‘the” AT, .and ‘continues to

develop-a path designed to take advantage’of developing. -
technology. In some ‘cases (e.g. AIPS) we have been -
able to rely heavily on the work and expetience of our -
predecessors, whilst in“others (e.g. visualisation) we:find. .
ourselves following untroddén-paths and-developing.new .~
» techniques: We aim to retain this flexible approach and
 to take advantage of technological development; At the -
same:time, we aim to catér for the demands. of new .

" techniques that may be'pioneered on-the AT. - -

DR R.P. NORRIS

Journal of Electrical and Electronics:Engineering,-Australia {‘IEfi'-Austv.ru&%IREE*Abt,st;-;V’olf;IZ",‘"No,“-2;:f:x;f.“: et e T vt
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Momtormg and Protectlon Strategles for the Compact Array

- PJ. Hall*, MJ Kesteven* RI. Beresford* R.H. Fems** and DG Loone*

SUMMARY The Australla Telescope Compact Array consists of six 22-m antennas located ona 6- km East-West
baseline. The geographical diversity of the atray, the complexity of the antenna systems, and ‘the vulnerabrllty of the

Observatory to damage from storms for example, makes effective momtormg ‘and protection essential.  We have. -

1mplemented two monitoring, alarm and control systems which overlap in function. A hardware based system examines
a relatively small number of very important Telescope and envrronmental status 1nputs A sécond system based on a
m1n1computer network acquires, checks and archives data from a much larger number of sensors; Our approach has
enabled s to implement a relatlvely low-cost computer network and to proceed with complex software engineering
tasks, 1ncludrng the current development of expert-system- fault-diagnosis software, while ‘being ‘satisfied that the
Telescope réemains well protected This paper describes the Telescope monltormg and protectlon schemes and discusses

briefly the expected capablhtles of the new expert system

1 INTRODUCTION

In~ terms of engineering complexity the Australia -
Telescope (AT) Compact Array (CA) is comparable to

many contemporary medium- scale industrial facilitics.

Unlike most such facilities however, the Telescope has. ~

only a few 1nd1v1duals allocated specrﬁcally to 1ts
operation. and. maintenance, Virtually all profess1onal

personnel ' have scientific research “or engineering -
development roles in addition to their Telescope support
responsibilities. The maintenance burden is increased by.

the physically distributed nature of the array, making an
extensive computer monitoring capability essential if
support for the instrument is to be feasible w1th the

resources available. -Furthermore, there are important-
additional requirements relating to the safe operation of -

© the Telescope to be consrdered It has proved convenient

to address both the momtormg and protection’ strategres'

srmultaneously

We identify three main reasons for developmg
comprehens1ve monitoring and protectron schemes, First,

instrument safety is of major concern, There is a clear .
need to ensure the safety of the antennas and major
sub- systems (e.g. cryogemcs) The safety demands are
high since the Australia Telescope National Facility’s

¥ Australia Telescope National Facility, CSIRO, :
PO Box 94, Narrabri NSW 2390, Australia, - -

** - Australia Telescope National Facility, CSIRO, =~ -

" PO Box 76, Epping NSW 2121, Australia.
Submrtted to The Institution of Radlo and
Electronics Engineers Australia in June 1992,

i Jourial of Electrical and Electronics Engineering, Australia - IE Aust. & IREE Aust. Vol. “12.,"1:\‘/'0“ 2.0

'(ATNF) operatlonal goal is unattended astronomrcalx'
' observrng Engmeerlng -maintenance concerns provide

a second strong motivation to implement an’extensive
momtormg system. - “The -aim ‘is to -detect actual or
incipient faults in the Telescope: using both passive”

(alarm) and active (probing) modes: The intention is to -
allow non-specralrst technicians to ‘diagnose: problems
" and maintain the instrument,

Finally, the extensive:
Telescope momtormg allows a broad, real-time, quality

- assessment of astronomical data to be made. On the -
~whole, a synthesrs telescope such as the Compact Array

- has many graceful (partial) failure modes; we aim to
‘correct or flag sub-standard data resulting from’ system

problems

Our approach has been fo 1ncorporate srmple self-

- protection schemes into as many Telescope sub-systems

as poss1ble with the intention of avoiding actual damage
due to gross failures. We have also 1mp1emented two
array-wide, partrally redundant, momtormg, checking:
and alarm ‘systems. One system is based on hardware
while the other uses dlstnbuted minicomputers. In most
other radio telescopes monrtormg and protection have
been added as something of an afterthought. Typically, -

. .computér or closed-circuit television surveillance of a
" fairly small number of points is used, together with a

basic hardware protectlon scheme incorporating devices -
such as high wind and smoke detectors. In some

© instruments computer-initiated antenna stowin g (parking)

is also performed under some conditions (e. g. highwind) -
[1]. Before deéscribing the two CA systems, we’ first

. review the areas of the Teléscope which are most prone
-to damage and dlscuss brleﬂy the. f1rst-level protectlon

stratégies adopted.

* June 1992
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2 FIRST-LEVEL PROTECTION

We identify four partlcularly vulnerable -areas of thec

' Compact Array
:/(1) nstructures‘
(i) power systems

'(111) s1gnal drstnbutlon and data communications
network :

,-(1v) cryogenic refngerators :

: Damage or: malfunctron in any of these areas has the -
- potential to be especially expensive and disruptive to .
Telescope operatton At the top level of protection, all-

. ‘phys1cally separate parts of the instrament (1nc1ud1ng the. -

individual antennas) have self-contained firé-alarm and

protectlon controllers frtted -As well as reportmg to the{ -
hardWare monltormg system descnbed in Section 4, the
controllers tespond to smoke and over- -temperature
alarms in:a grven area by removmg power from that;' :

zone N

‘ The most 1mportant Compact Array structures - the six
- 22-m antennas - are designed to withstand winds of ‘up
" 0170 kim hr *! when in the Jupright (or stowed) position.

- Normal “observations cease with winds - greater than, =
- 40 km hr~!and,in practice, the systems described in, the .
‘next section ensure that the antennas’ are stowed undér- -
In .an attempt to anticipate. the.
destructive high wmds ‘associated with thunderstorm'

, cells a thunderstorm early- warning device has been
: v,mcorporated intothe hardware momtormg system. These
. cells: pose a real risk. Storms in recent. years have-

: resulted in wind speeds of more ‘than. 160 km hr -}, To-
.minimise the possibility of lrghtnmg damage the antenna
structures are mamtamed av ground potenual and have’ :

these condrtlons

lrghtmng arrestors fltted

¢ Apart from weather-related damage, the antennas are: -

* vulnerable to damage from.collisions, either between a.
“reflector and its support structure, or between individual .

- _antennas on the: 3-km. rall track durmg ‘a ’long- travel o

A series ‘of software. and -

- *~hardware _interlocks and .limit ‘switches, mcludmg a-

hardware *watchdog’. activated.- by failure of the servo-

. (re—posmomng) operation.

control. computer, prevents . the -first type of accident.

. Soon, : proximity sensors. desrgned o stop: antenna-’
. -antenna collisions during array re- conﬁguratrons willbe . -
At ‘present, .guaranteeing. the driver: an
-excellent forward view and using ‘a long-travel drive”
system requiring a continuous ’drlve ‘command: reduces .

installed.-

the rrsks to an acceptable level

- The Telescope s1gnal dlstrrbutton and data communrca—'f :

- tions network 'is-implemented using. a combmatton of .\
optical fibre, coaxial cable-and multi-pair cables. “The - -
- metwork is largely underground emergtng at antenna .-
station. posts, the control burldmg and, 1n some cases, -

. Journal.of Electrical.and. Electronics Engincering, Avstralia - IE.Aust: &/IKREE'iAust.fVo_l.;IZ, NoZ o

.-continuously . -

- other Observatory buildings.” The optical fibres carry -
.- astronomy data and computer communications and are of

- course. largely immune to_electrical transient damage. -
The fibres are separated from other cabling to prevent .

. damage due to heating from catastrophically impaired
‘copper conductors. Site coaxial cables are bonded to

safety. grounds at many points :and according to Boyce

- [2], lightning-induced transients in such lines rarely
« exceed 250V, a value which can be dealt with using
' commerc1a1 coaxial transient suppressors

We consider the- shrelded multl parr cables to be at the

- greatest risk since; -although grounding is still thorough,

the network extends widely over the Observatory site
and .there are substantial -unshielded sections around

- buildings. These cables carry signals such as telephone,
- digital intercom, fire-alarm and hardware monitoring. In
. our protectron scheme each pair is protected using a
»successmn of gas arrestors (6OOV flash point), metal

" oxide varlstors (SOV) and approprrately rated solid-state-

transient = suppressors (Transorbs) The _protection

.. devices hayve been placed at all vulnerable points, and
. the distance between- the protecuon stages chosen to-
- make best use of cable 1mpedance in the surge- -limiting

process

Power dlstrrbutlon to the CA site is underground and -

conventional, with a 22-kV primary: feed and several

- 415V .distribution networks:: Gas arrestors at'each end

of the 22-kV- underground cables protect the 22-kV.

_transformers from. catastrophic damage while individual

Observatory ‘switchboards . (including . those- at_the six
antennas). -are fitted with - high-energy - metal-oxide
varistors rated at 275V rm§ per. phase. Crltlcal systems . -

- (including computers) in both the Control Building and
the ‘antennas are ‘powered from uninterruptible power -

supphes '(UPSs), minimising. observmg time. ‘and.
monitoring down-time due to.mains outages and other

disturbances. - As well as its 10-kVA UPS each antenna - -

is equipped with a 105-kVA dresel generator allowing
complete independence from the council mains for up to
24 hours. . Power cycling between mains, UPS and‘.

: genset is entrrely automatrc

J The control burldlng UPS 1s ‘a“vl:()vO KVA ‘type

manufactured by Thycon Systems (Australta) _The unit. -
is ‘monitoréd -comprehensively using a . VAX- based;'»'
software - package (developed . by - the - ATNF). i

conjunction with the. supplied user.interface. . In. the

- future-an 800-kVA. genset will be added to extend the.

existing - 20 min. backup offered - by the: UPS. ~In the
interim, a few very important Observatory ‘systems —

~ mcludmg,the hardware monitoring’ descnbed in thenex,tw' i
- section — have dedicated’ battery- supplies, giving. an

endurance extension ‘of several hotirs «in the event of‘
complete power farlure :

*The Compact Array is umque in Austraha ln havmg a :
“number of closed- cycle cryogenic refrrgerators operating” . -
At present, . there. are - 12_tefrigefators < . -

coohng the Telescope s low—norse _receivers . to- -

L June 1992,
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temperaturés below 20 K. - The main components of the

units are supplied by Cryogenic Technology Inc. and the

overall investment is of the order of $‘1m.~ The two

major -items in' the refrigerators are the helium. gas

‘compressor- and the cryodyne, The COmpressors in the

Compact Array are- well protected using standard
over-temperaturé  frip .- sensors, - but - -considerable

- - development was needed to give the cryodynes adequate

- specified lifetime (80,000 hours before major overhaul) :

: uncommon

protection. - The most common cryodyne failure
mechanism i$ initiated by inadequate lubrication due to
failure of the fluid (helium) flow, perhaps as the result
of compressor failuré. To - prevent “such damage,

- electronic protection modules have been developed,

which ‘shut' down the cryodyne when' ifi-line sensors
detect low helium pressure. With approximately 15,000
hours of operation, two of these.modules have tripped
and we anticipate achieving or exceeding the maximum

for all cryodynes

3 THE TWO MONITORING SYSTEMS -

Each of the Compact Array antennas isequipp.ed with a

PDP11/73 antenna control computer (ACC). The ACCs .
“are networked, using a specially developeéd protocol; to

a central VAX array control computer.” Each ACC
addresses about 500 monitor and control points spread
over many antenna electronic, eleétrical and - mechanical

systems, Time -tagged antenna monitor data are placed -

in a common memory area in the central VAX, allowing
convement data. sharing between several software tasks

(e:g: display and ¢hecking programs) The extensive -
computer-based monitoring - allows convenient and, -

indeed, partially automatic, engineering assessment of

incipient and-actual Telescope problems. Furthermore, -
‘continuous checks of major instrument parameters, such - - -
-~ as receiver equivalent noise temperatures, are made and . . -

the - results - logged as pdl‘t of the astronomrcal data
records ’ - L

Notwrthstandmg the advantages of the computerr.a

monitoring system, experience has showi that distributed

- tomputing systéms ‘are disrupted occasionally for a

variety of ‘reasons.' Thé Compact ‘Array network: is

~ vulnerable in at least three areas, all of which result
from compromises made on economlc grounds. “Fitst, it -
- has not been possible to- dedicate one central computer

to -collect and c¢heck’ monitor data. In a research

environment, fairly frequent software and -hardware’

upgrades: to the central ‘computer system- aré not

power drsruptlon perhaps due to electrical storms.

Although the various UPS/diesel genset combinations'in . -
‘the array minimise such disruption, the fact remains that
the computer network could ‘be ‘distupted at the very
' times monitoring and control are needed most; Finally;
the ‘trade-offs ‘made between’ network. cost, -network - -
protocol and information - transfer. rate ‘mean. that very

occasional dropouts can be expected

Journal of Electrical and Electronics Engineering, Aistralia - IE-Aust. & IREE Aust. Vol, 12, No 2. #

as: términal broadcasts from

sometimes these changes.. disrupt “the . -
network. Second,’ the network nodes-are vulnerable to-

| Fig’ur’e Lo

‘In an attempt to minimise the possibility of Telescope: -

damage during computer network - outages, we have

* _ adopted. the . strategy  of implementing-a parallel, yet
.‘mdependent monitoring and control system,

This

’primary’ monitoring is hardware-based ‘and:examines
and controls a much smaller range of sub-systems than’
the computer or *secondary’ monitoring. It is, however,
designed to be more robust in the face of power arnd

- other dlsruptrons

In practice, the prrmary and secondary  monitoring

systems are linked during normal Telescope opération
(Fig. 1), effectively -expanding- the capability - of the
computer-based system' and allowing it to dictate alarm

-response strategies. If the computer network is disr upted

or if the antennas fail to réspond to computer requests,
the primary’ momtormg and control system continues to

function and is, if necessary; able to drive the Compact- -
- Array antennas to the elevation stow posmon If our. -
‘implementation this.control function is invoked as alast -

- resort. .However, the alarm distribution function of the -

pnmary monltormg system is always actrve and SCI'V@Q

to alert operational and. engineering staff and,’ outsrde <

normal working -hours, on-call personnel, to seridus

system problems. Less serious anomalies are reported
the computer based '

momtormg system Co e :

; . i
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- Figure2 Block dlagram of the prrmary momtormg’

o system The_controller is the heart of the
: _system and handles overall alarm genera-v
. tion, alarm dlStl‘lbuthIl computer commu-

' 4, PRIMARY MONITORING SYSTEM

The scope of the prrmary monltortng 1ncludes the“

followrng antenna systems:
,'\".'(i) ‘fire’ detection' |
| \”‘.“."i(n) power (mams generator and UPS)
'(111) cryogemcs :
. (iv) motron controllers and 'driyies

'(v) hrgh wmd and htgh ambrent temperature
detecnon .

As well ‘as’ the antenna based momtormg, the»
Observatory weather station provides additional high -
~wind and- approachmg thunderstorm warnmgs to the -

primary. mon1tor1ng

The antennas and Compact Array control bu11d1ng‘

- portions of the primary monitoring system are linked via.

* buried, shielded cables (Sectlon 2).  In essence, each

primary monitor sense loop is a simple, normally closed :

- gircuit completed by the sensors at the antennas. ‘The

momtonng system is modular and it is possible to isolate
an antenna during, for example antenna re- posmomngl

‘ (when the sense loops are opened mtentlonally)

- Journal of Electrical and Electronics Engineering, Australia - IE-Aust;. & IREE Aust. Vol. 12, No 2 -

o 'mcanon and array emergency. stow- tasks ‘

' controllers

Figure 2. gives :an overview.of the primary monitoring
system, The four mam functronal modules are:

. _';(1) the mterface to the antenna sensors
‘ (ii) the ‘interface isolation cards R
(iil) the primary 'mon'itorirng controller’

(iv). the antenna autostow controllers.

“The first. three modules are locatedl in the control

building and there is one autostow controller associated

* with the elevatton -axis motion controller in, each of the

s1x antennas.

The antenna mterfaces recelve and drsplay, on an LED
The' mterfaces also. generate alarm srgnals based on
abnormal antenna status conditions. These alarms are
passed via the alarm isolation modules to the primary

v monrtorlng controller The controller has three functrons

. (i) .to generate a sequence of. audrble and visible

" .- alarms’ based on alarm srgnals from: the'

i antenna interfaces, the weather statlon and the“
storm warmng system :

,(,ii) o pr0v1de two -way: commumcanon with the.
; ,Observatory VAX array control computer

(i) to request the VAX and antenna control_

. ,computers to stow the CAi in the event of high

. winds or. nearby thunderstorms and, in the
.. event of computer farlure, 1o command the
.. autostow: controllers at the antennas o 1n1nate‘
8 hardware stow of the array '

By the trme practlcal consrderatlons such as sequencmg
delays and muluple-path decision making are accounted

~for, the resulting primary monitoring and autostow

controllers are rather complex if .implemented using
conventronal hardware However, we. cons1der that

.formal . hardware . design methodology has’ reliability
- advantages over alternative software-based realisations.

: Using a modern digital systems approach, it has been

possible to retain both reliability and flexibility in the
. Synchronous,  state-machine design
formahsm has been used, and the resulting ° one -hot’
controllers L3] 1mp1emented with programmable logic
technologres rather than microprocessors. This method
of implementation .provides excellent matchmg of the
circuit topology to the control algorrthm high ﬂexrbrlrty, :

.- and predictable operation., While conventional CMOS
* PROMs form the basis of the autostow controllers, the -
- primary monitoring controller is realised using the new

Xilinx range: of application-specific integrated circuits

" (ASICs). - These devices are configured at power-up
- from a- conventronal PROM allowmg gasy frrmware
revision.: N DR . .

iy e 1992
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The Observatory‘ weather station is interfaced to both the -
primary and secondary monitoring systems. Much of the

‘weather station is as described by Hall [4]. The most

‘novel :aspect iy ‘the incorporation of a 3-M - WX120 "
Stormscope ‘to predict and plot the paths of approaching -

thunderstorm cells,” ‘This instrument uses a ‘very low

frequency (50 kHz) receiver followed by digital signal

processing stages to .provide drsplays and  warnings.

~After experimenting  with- sophisicated - personal

computer-based . data-acquisition methods, we have

settled on a simple Stormscope alarm, derived on the

basis of ‘a pre-set discharge rate within a 45-km guard
radius; as the most appropriate mput to the prlmary
monitoring system. . . ,

Specral care has been taken to provrde back~up power -

for the primary monitoring system and weather station,
with the main supplies being derived from standby

batteries float-charged across a UPS-derived source. ‘As .
well, continuous operational self-Checking is-a feature of:
the primary monitoring controller, . In- antrcipatlon of
‘potential power transients around the Observatory, the :
whole system is designed t0 provide: multrple‘auto-reset,'

. and re-clese operations in an attempt ‘to “allow the,i‘
“maximum poss1ble opportumty for successful ¢ emergency

~Stowing,
5 SECONDA’RY“(V:AX) MONITORINGf L

. provides ~‘astronomers  and engineers ' with -
'comprehensrve Telescope performance ‘and. dlagnostlc

facility. - Importantly, it also 'supports. data archiving, -
allowing long-term - trends to be analysed and perhaps -
-used in- identifying signatures of -actual .or -incipient

faults. To:date, most ‘of -the ‘monitor points examined:

antenna-based systems.

control-building
switchboatds. -

The 500 or so momtor pomts per antenna currently yreldi -

quantltles such as:

i (@) antenna az1muth and elevatron together wrth

critical servo-loop performance: parameters -
such as drive ‘motor currents and posrtlon

errors; -

o (i_j) operatmg temperatures and blas currents of the ;
et 'cryogemcally cooled low norse amplrfrers, o

i

" (). supply and return gas pressures 1n the”‘r

cryogemc refn gerators

S (V) voltages ‘or status ﬂags at crltlcal moniitor. .
‘e lpoints withinTocal oscrllator convers1on charn N

iands s1gnal transmission modules

Jbiirnal of Electrical and Electronics Engzne.ering,-Amrhaziah-IEI‘Ausi.?&-’liefEE Aiist, Volz 12, N2, 05 0 i Tt

monitoring database.
- compatible terminals- in ‘page format, with individual - .
users ~.able  to define custom ‘pages “if ‘they ‘wish. -~ =

(v) physical . operatmg temperatures of many
electromc modules - . .

(vr) 1mportant Telescope parameters such. ‘as
recerver equlvalent noise temperatures

‘As well as these antenna based. mputs the secondary?
_monitoring -
k Observatory weather station, - the -primary ‘mohitoring
“ system and the main Compact Array observmg software
: ‘package CAOBS.

system also .accepts data. from . the

The AT "Data-sets’ [5] are central to. the operation of the

-computer monitoring. These devices allow each anterina
‘control computer to- address and control various points in
- the antenna via a few medium- -speed (384 kb s71) RS422.

serial ‘busses. Monitor points may be either drgrtal or
analog (12—b1t resolution) - with general-purpose points -

. being examined with-a typrcal time ‘resolution -of 30 s; -

.~ more crrtrcal points are -measured once per telescope:

. mtegratron cycle (currently 10 s). “Time- tagged monitor -~ -
data from the individual ACCs are “transferred to the =~
' ~centra1 'VAX array control - computer (running“the VMS

operatmg system) via a.9.6 kb s ‘serial network which -

. -uses.an efficient-protocol developed by the ATNE.. ‘After
. some: ‘preprocessing, data are placed ina large common
. -area of \VAX memory, ‘allowing . $everal display and
" checking programs to have srmultaneous access to data.
-~ This central data: pool, thérefore, permits astronofers and
! engmeers to make use of the data for various purposes.
‘The computer—based secondary monrtormg system
: Detarls of the data analysrs and dlsplay optrons have
., ‘been described by Gough- and Kesteven [6]. -Figure 3,
-+ extracted from that paper, shows the interaction-of the . .
~-various software ‘processes.
g CHECKER ‘packages allow - limits " to be spemﬁed for .
~ each ‘monitor point .and incoming -data to be.tested for - .
" have been those provided in the original Hesign of AT =%
However, the. secondary O
monrtonng has- proved -so useful that it s being
- expanded -to ‘ericompass areas. such :as . antenna . and.
a1r condltlomng plants and‘

The CHECKINI and

aceeptability. The CHECKER program -also writes data

. to disk storage from where it is archived periodically to
*. ‘Exabyte video cassette media. The XARCHIVE and =

© CASUM programs allow current disk -data (or- restored - -
~archive data) to be exammed and plotted or the array It
‘faults to be summarrsed o R N R B =

;The CAMON package is the one by which - most-

astronomers ~and engineers routinely ‘ access. the -
It displays “data on- VT220-

Readings and status flags for monitor points in error are
highlighted * in reverse video, - and * terminal audio .

rwarmngs generated. ‘For convenience, CAMON also. has' -
- an error’ page where all array monitor points generating -
‘abnormal readrngs are summatised. - Although Ausing

terminals father” than, say, workstatrons, places some’

- limits-on display sophistication, we have found that this’
A T compensated for by the: ﬂex1b111ty of” the s1mp1er9
- display. "For" example, Observatory staff are’ able to ™
- provide dial- -up ‘support ‘from home usmg only:modéms-
and- termmals or personal computers Nonetheless we s o
- recognise: the potential ‘of more sophisticated analys1s

U Tunehezs
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AR

and display software and, with the supportof the C,S'IllO :
Institute of Information Science and . Engineéring . (of
which .the -ATNF s a part), a trial expert-system

-software: package is.currently being developed. -« < .

L

- 6 EXPERT SYSTEM

: ;

Our development in th1s area has two main objectrves o

non spec1alrst

prov1de
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: Dragram showmg the operatron of the secondary or computer momtormg system The ma1n user

- interface program, CAMON, can be executed 31multaneously by a number of users.

(ii) to demonstrate the potential of modern expert
system techmques in a medium-scale SCrentrfrc -
or: 1ndustr1al complex »

B

L The Compact Array momtor database provrdes an 1deal
- foundation for.an expert system. However, wetecognise -

astronomers e

S engmeers and technicians with. the means to. .
oo ASSESS: Telescope performance and reparr»'

o 1nstrument faults; - oo

S e

- Jéurnal.of Electrical and Electronics-Engineering, Australia - IE Aust: & IREE Aust. Vol 12, No2::*

* that there are many- -practical . drff1cult1esx involved in

“developing -a useful product, not- the .least.. of which
“_involves cofivincing the human- _experts in the .many: -
" diverse: sub-systems to produce documentatlon to the
: level of dragnostrc demsron algonthms N

Work on the expert system began in mrd 1991 and 1t is _
expected that-an experimental version will be operational

- by,the end of 1992 [R. Landau, private communication]. - '

" June 1992
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This should provide at least engineering-level assistance
in major arcas such as receivers and drives. A
hierarchical pictorial (mimic) display of the Telescope is
also planned, allowing users to select, from the top
down, the level of complexity in displaying the monitor
data. The expert system will reside on a DEC VAX7600
workstation with multiple-user access.

7  CONCLUSION

We have outlined the strategies adopted to monitor and
protect a major national astronomical facility. Remote
or unattended observing is currently being tested and
‘indications are that the monitor systems allow safe
operation in these modes. Furthermore, both monitoring
systems are already proving invaluable in the timely
diagnosis of instrument problems, with telescope down-
time due to hardware failure reduced to about 2% of
scheduled observing time.

We are adapting the hardWare andAsoftware ‘developed

for the Compact Array to the monitoring and protection .

of the Australia Telescope 22-m antenna located at
Mopra, near Coonabarabran. During normal operation,
a low-speed data link between computers at Narrabri and
Mopra will allow the two instruments to be monitored

and controlled simultaneously. At this stage it is likely.

that a simple telephone link will be used but satellite and
radio links are also being considered. Regardless of the
link type however, our plan is to provide local primary

and secondary monitoring systems at Mopra, giving the

maximum possible safety margin.
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Operations Begin

G.J. Nelson* and J.B, Whiteoak**

SUMMARY The transition from construction to operation for the Australia Telescope involved appointing a Director,
formally incorporating the Parkes telescope, and. transforming-the Australia Telescope Support Group from a group
within the’Division.of Radiophysics to an independent unit within CSIRO - the Australia Telescope National Facility.
- Operation as a National Facility began in ‘April -1990. To provide. effective operation, several committees were
- established: an AT Advisory Committee, an AT Time Assignment Committee, an AT Users Committee, and several
user-support groups. -Of the six antennas:which comprise the Compact Array at Narrabri, only five‘were outfitted for
the first formal observations, at frequencies of 5.0 and 8:6 GHz, and only three of these were outfitted with- 1.5- and
2.3-GHz systems, with limited spectral-line capability. Since then, outfitting at these frequencies has been completed,

and services appropriate to.a.national facility have been set up at. the. sites to support visiting astronomers.

\

1 THE TRANSITION FROM CONSTRUCTION

© TO OPERATION =
1.1 ~Management issues

-~ On Julyfl. 1987, the ,ParkeS‘ ‘ObSefvatorj; was formally
incorporated. into the. Australia Telescope (AT) project,

At the end of 1987, Dr R.D. Ekers, then Director of the
- US Very Large Array, accepted the appointment: as

-Foundation Director of the Australia Telescope. He-

arrived -in Sydney to take up the position. during :the
following February. - . " - . .ooe

In ‘July" 1988, the- Asﬂophysics Grb,i;p ‘Qf«thék CSRO

Division of Radiophysics was transferred to.the Australia -

Telescope. support group;.

On January 11989, the AT support group. was. given
independent CSIRO Divisional status: as the Australia
Telescope National Facility (ATNF). A management
structure was set up, geared to operate a. national

facility. Despite this change, the ATNF still shares with -

Radiophysics. some. resources at - the -Radiophysics
Laboratory — the computing network, engineering
services, the: library, some adminis_tration, and editorial

% . Australia Telescope National Facility, CSIRO, -
‘ PO BOX 94, Narrabri NSW 2390, Australia.

*% . Australia Telescope National Facility, CSIRO,
"« PO Box 76, Epping NSW 2121, Australia. = . -
~--Submitted to The Institution of Radio and -~ ..

Electronics Engineers ‘Australia in June 1992,

-~Journal of Electrical.and Electronics Engineering, Aiulra{ig - [E-Aust; & IREE -Aust. Vol. 12, No 2. .-,

e

" serviges. . Mr JW Brooks was appointed Engineeﬁng

Manager to oversee the completion of the AT after the
start of operation, C

1.2 Final testing and outfitt>ing
SYSTEM TESTING

During 1986, as part of the testing procedure of the new
AT receiving systems, monitor systems and associated

- electronics, a single receiver system containing prototype
- units operating at the four AT frequencies was installed

on the Parkes telescope for real-time -testing. - The
system proved very reliable, and even today remains the

front-line system -at Parkes for observing at these . -

frequencies. At the same time, the Parkes-Tidbinbilla
Interferometer (PTI) was set up iising the Parkes
telescope;NASA’s 70:m -antenna. at. its Tidbinbilla
Tracking Station, and a connecting Telecom microwave
link.: - The. main purpose was to test. techniques

- (including computer software) intended for use with the

AT, . In addition to fulfilling this aim, the PTI has
produced some important radio-astronomical results at_
frequencies between 1.6 and 12.2 GHz [1,2].

’ In Novembcr"1987, testing bverall systems béfore

installation at Narrabri was instituted at Radiophysics.
A dedicated test room was .set up, complete with -

‘compressors, helium piping for receiver cryogenics,

fibre-optics links for clock and signal transfers; and
computer. links.. . The , tested: components  included
receivers, correlators, local-oscillator chains, fibre-optics
transmission, and computer.control, . ,

. June 1992
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Outfitting the Compact Array antennas with receiver
systems and associated electronics began in 1988. In
August, the first interferometer tests, using twoantennas
were successfully accomphshed

Four months later, and 30 years after usmg the Dover‘

Heights Cliff Interferometer to discover that the "radio

stdrs’ were supernova remnants and  galaxies,

Dr O.B. Slee made the first astronomical observations.
He used two antennas of the Compact Arrdy to detect
radio emission from flare stars. At about the same time,

one of the antennas was successfully used i conjunction -

wrth other anténnas - around Australia for very long
basehne interferometry (VLBI) observations.

In April 1990, the Compact Array, with only five
‘anténnas, one polarrzatlon ‘and oné pa1r of frequencres R

(5.0-GHz/8.6-GHz) "available, began operating as a

" national facility, available for use by astronomers at =
large. Asa result of periodic outfrttmg, slotted: between - -
périods of observation, the ‘major outﬁttrng was ¢om-
pleted during 1991; by March the six Compact Array s

~ antennas were fully operational at four frequencies, and -

the capability for simultaneous observations with two

different frequency bands followed a few months later.
By the end of 1991, the MOpra antenna  at

Coonabatabran -~ was. also outfitted, * and - -antenna’

performance tests' weré under way; on November 24 At

was successfully used for "VLBI observations.* - In
November 1991, the AT Steermg Commlttee formally;.

declared the AT constructlon complete

2 THE FIRST YEARS OF OPERATION

i

2 1 Estabhshmg support groups

As part of the effectlve operatron of the Australra’f
'~ Telescope * National Facrlrty, several support and‘

feedback groups were establrshed o

ATNF STEERING COMMITTEE

Shortly after the offrcral opemng .of the Australra
Telescope in September:1988, in accordance with-récom- -

mendations-of . the -Australian ‘Science and- Technology

‘Council (ASTEC):[3], the Minister-for'Science, Customs
and Small Business appointed an’ Australia: Telescope
“wProféssor
L.E. Cram' of the University of Sydney chaired  the -
inaugural meeting in May 1989, The main roles of this - -
committee aré to-determine the broad directions for the .-
scientific and technical-activities of the ATNF; including:
the future development’ of the Australia- Telescope, to."
oversce trme~ass1gnment policy;-andto-advise. CSIRO ot -
pol1cy and other issues: affecting the-operation of the-
ATNF, The Committee contains representatives from the. :
Australian-and overseas-astronomical commiunities, and
from:’ CSIRO. In recognmon of thie'value of miitual inter=
action between thé: ATNFE vand ‘Australian: 1ndustry,::

"National Facility Steering ' Committée;

leading industrialists have been invited to serve-on the -

-Committee. The Committec is responsible for the pro--

duction of an annual report on the activities of ATNF.

AT TIME ASSIGNMENT COMMITTEE

At its frrst meetmg, the Steermg Commrttee establrshed :

a Time Assignment Committée, whose role was to assess -

observing proposals and allocate timé on- AT instru- -

ments. Membership includes ‘the ATNF Director and -~

four astronomers representative “of -the Australian
astronomical community. In1t1a11y, the Committee met at

- three monthly mtervals, this was later extended to four 7

: 3In preparatron for. the- formal start of operatron (of'
- course; the Parkes: telescope had been in operation for .
‘many- years, but not.on a formal national facility basis),
the first proposals for: observmg time ‘on the Compact'
- ‘Array were solicited by the Commrttee at the end’ of_» O
‘1989 and rev1ewed in February 1990 2

. AT USERS COMMITTEE

’ -

In 1989 the” Steermg Commrttee also set up a group to

represent the Australian users of the AT. ItS role is to
provide information to the ATNF on the operation of the

AT, and to advise. on futurc developments, - It has a~

membership of about twenty representatives from the'
Australian uset community, It meets-at six- -monthly -

~_intervals‘in conjunction with a general users-meeting at .
‘which the current status and planned development of AT

facilities are discussed.- The program: includes: a’small..

o symposrum on scientific results obtained with the: AT . -

AT USER ASSIS TANCE

i 1990 ‘a small User. Support group was set up at- the ,
- Sydney “headquarters * to ‘assist * AT users, particularly'
_visitors " to the ATNF. It assists ‘Wwith travel and

accommodation needs, arranges’ for experienced ATNF

‘. staff t0 help prepare telescope observing schedules and the -

subsequent processing of observations, -‘and -arranges

_support for .observing. Also, the group prepares - and
" distributes observing schedules and site information, assists
- with a student vacation employment program, and prepares -

and distributes documentation such as AT preprints, AT -
newsletters, and user manuals. A communications manager
is responsrble for preparing media releases; drsplays, ther =
pubhclty actrvrtles, and annual reports ‘ ’

Observers 1nexper1enced wrth ATNF telescopes are”
helped ‘by local staff -or ‘scheduled: *duty. astronomers’ -
provrded mOstly from the ATNF s Astrophysrcs Group

'As part of user: support the ATNF durmg 1990

provided visitor: accommodatlon ofiits Sydney sité. The ‘
demand for this' was so High' ihat" the aécommodatron‘? )
was ‘enilarged twelve months Tater. > 7 L4 i o
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22 Operatlons begm

‘COMPACT ARRAY

At the beginning of formal. operations in- 1990, the - -

Compact Array had all five of the antennas on the 3-km

track equipped for single-polarization observations in -

frequency bands-centred at 5.0 and 8.6 GHz. Three of

the ‘antennas were also équipped to operate at 1.5 and-
- All. 35 .¢bserving stations on -the 3<km
railtrack were available. The correlator system was set
up to process two outputs for ten pairs of antennas, This.

2.3 GHz.

yielded 32 channels spread over a 128-MHz band for -

contimnim ‘observations. -Spectral-line observers were

limited to a combination -of 128 channels covering:
64 MHz, or 256 channels gver 8 MHz: For the latter, -

prominent interference *spikes” were found at intervals -

of - 0.5.MHz in. the  initial -spectra, -and 1ise - of - the

combination had to be postporied until. the. interference

could be eliminated.

The initial operational plan included using a minimum- -

redundancy set of four antenna: configurations (taken

from. the original ‘study for the 6-km array [4]) each -
A threé-week cyclé was adopted: the first’

quarter.
‘twelve days following a configuration change were used
for equipment installation,” and equipment -and array
testing, and the remaining nine. days were programmed

for radio astronomy observations. - As lime progressed,

the: quarterly allocation period. was” extended -to -four

months; new configuration sets were derived, including

“a set of lower resolution arrays (down to 220 m); and
with-a more uniform distribution of antenna spacmgs' o
and the ‘installation/observation cycle was changed to-

enable: longer observmg perlods BEETE

PUBLICITY

To provide publicity about radio astronomy, the ATNF .. -

and-CSIRO, a new_ visitors centre was constructed at
Narrabri, anid opened to the public early in-1990.The

Parkes Observatory-has had such-a centre: since 1969;: - -
. but for 20 years it-was operated by CSIRO Héadquartets .
in Canberra, The ATNF took over the Centre in 1990,
- making-it part of the overall ‘management "of Parkes =
Observatory. - A total of about 45 000 people v131ted the

Centre that year

2, 3 Observmg statlstlcs

From the very begmnmg, there has been cons1derab1e ,
international interest in-using the. AT.:- For- .Compact
~ Array operation during -the -nine months of 1990, 64
- programs involving .92 scientists from :34 - different = -
institutions were allocated observing time:. Of these, 25°

_different programs involved 32 overseas observers from

20 different institutions. For the Parkes-radio telescope 3
(operating. . throughout - 1990), observing time ‘was. -
allocated to 43 different programs involving:88‘:scientists 3

- Journal:of Electrical 'and Electronics Engineering, Australia’; B Au‘.r't.i;&\IREE Aust, Vol 12, No-2. -
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operatlon

- from 32 institutions and, of these, 24 programs involved.
33 overseas observers from 24 different institutions, . -

o

3 OPERATIONS TODAY
iy

. This section summarises the current organisation of the
- ATNF and the operation of its observatories. Figure 1

shows the external organisational structure; the three

- committeés have been already-discussed in. Séction 2.

The ATNF is part of CSIRO’s Institute of Information
Science and Engineering and, as such, is answerable to
both the - Executive of CSIRO and the Minister for
As ‘explained ‘in Section . 1, " ATNF staff and
facilities - were. “part - of the CSIRO Divigion  of

~ Radiophysics until after the construction of the new AT
- antennas.
- They share a site in-Sydney and, in many. service areas,

The two-organisations maintain close links.

staff are jointly employed. Continuing formal and

- mformal collaboratlon beneflts both groups

The ATNF 'S management structure is shown in Flgure 2.

At the top is the Director (Dr R.D,‘Ekets), with the same |

status as a Chief of a CSIRO Division, ‘Deputy Director
(Dr J.B.. Whiteoak), ‘and - Assistant  Director (Mr.

J.W. Brooks, who is also Assistant Chief of the Division

of Radiophysics):- The computing group 'is shared with
“The ATNF’s resources are balanced
engineering
development, and astrophysical research. :

‘Coordinating-activities at- ATNF sites is an important-
“ task.” Frequent operational, management and research

meetings form- the basis of this coordination, - Regular

- meetings are held in Sydney to.review and coordinate

issues - involving outfitting ~and -opérating the AT
antennas. -Site management meetings are held in turn at

-each of the three major sites. Other ad hoc meetings are
held by ‘teleconferencing’; more modern collaboration.
technologies such:as video conferencing and. electromc
‘whiteboards will be used i in the future. :

. dine 1992 °
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‘ 3 1 Operatlons at the Paul Wlld Observatory

At Narrabr1 a staff of 35 is responsxble for:- operatmg,g
-and participating in, the development of the AT anténnas - -
“on site (i.e. both the Compact Artay and elemeérits of the
Long Baseline ‘Array), and the Mopra antenna. During’

a - four-month - scheduling - period:-for.- the “Narrabti:

. “antennas; typically on¢ month-is devoted to. installing, -
testing and ‘maintaining hew - equipment; one -week to -
system- testing, “one week ‘to.observing- as ‘part of the

Long Baseline Array,and the balance to.Compact Array .- -
* observing. - Observations are:scheduled on-a 24-hour, -
-7-day week basis, - with" any--short  gaps -used - for-:

emergency maintenance, system:testing-or ‘target of: -

opportunity’ observing. Despite.its short operating life,

_the Compact Array: has performed with.-few unscheduled :
interruptions;- The unplanned ?down-time’ has‘averaged . -
~atabout 4% during 1990 and 1991; which is:at-abeut. the[, o

© same level as for the Parkes fadio telescope

A typlcal Earth rolauon synthesrs observatron takes

about 14 hours. During this‘time;.the system has.to be
~set up and calibrated, and the target source observed *
- with cperiedic :short -

from . horizon ..to . horizon;
interruptions to .observe nearby - phase-calibration

sources. ~In other observations where .the targets.are:: .
sufficiently intens¢-and their-structure not too complex; -
- observations of several -sources can be interleaved, with. - -
each source observed for short periods at typically six
different hour angles.. Where complex regions are being -
imaged, the UV coverage may be increased by obsérving .
_simultaneously. at two-frequencies, .or. sequentially. at a7 -
larger number of frequencies. Where this‘is not possible -
or:adequate, regions-may be reobserved wrth the. array in .

additional configurations.
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- 3 2 Operatlons at the Parkes Observatory

Of the 14 standard conflguratrons presently in use, about
eight canbe made available in a four-month scheduling

-period. Reconfiguring and calibrating the array currently

takes about two. days. Somé routine maintenance.and-

* . testing is done while the antennas are being moved. On.

completion, -the system is' madé. operational; “and:

" astronornical observations are carried .out to determine -

the ’pointing’ parameters of ‘the ‘antennas on their new
stations, the baseline lengths between antennas, and. the

* time delay. for transmitting data from each antenna to the -

correlator. Any remaining time is used for system
testing and emergency-maintenance. It is antrcrpated that

reconfrguratrons will eventually require léss: than a day,.
* “when systems.are in*place to-measure directly. the "ilt* .
of the azimuth axis of each antenna and its ’rotation’ in

azimuth on its station.. Measurement of, and corrécting
for; changes :in -the ‘round-trip’ . phase. of ‘the .local:
oscillator signal for each antenna will also speed up the
accurate measurement of baselmes ‘

At:the Observatory, ‘astronomers arefprovided With.
“motel-style accommodation, and ttansport:to and from - .
airport and bus’terminals;’ While they are operating:the -
telescope, they are provided with:three levels of support.. - -~

A duty astronomer or local staff member assists-them in
setting -up- and. carrying- out their -observations,  an

" Observatory staff member .is on-call “at-all. times-to~ ~
. resolve equipment’problems, and an Observatory resident
isron-automatic call-to respond to serious emeigencies: . -

such- as fire, high wind and loss of power. . The staff on:
call can.monitor the operation of the telescope.from their:

homes:via télephone ‘modems; i ‘many cases they can: -
resolve problems without going to-the Observatory. The .. -

" ultimate aim s’ for the :‘Compact: Array. to be-able’to. . -
‘operate safely unattended, with appropriate people called: ...
out automatically- -when problems w1th data qualrty Q- ,_’: o
equrpment are detected e SR TTRTEL R e

. The Parkes telescope has gradually changed from bemg_,; ‘
+-.an*’inzhouse’ instrument to bemg a’ natronal facrhty wrth_,;
:many non- CSIRO lisers. ! ~

It 18 operated and malntamed by a staff of 20‘

Observations-are scheduled  for-the .same four -mofithly
“periods. as. for «the Compact Array; but are grouped

according to-the receiving system requested. (In.contrast, .
Compact Array ~observations - are -grouped - by .array: -

- configuration,) - If ‘pecessary, long integrations .can be: -
- spread out-over several days. -Maintenance, installation . -
and-testing are carried .out during préviously scheduled. -
~.petiods, or.during: the s mornings. . of. ‘week ~days.” - -
- Normally, ‘observations. are scheduled -forat least-16 " -
hourseach--weekday: and ‘24 -hours’ during  weekends.
- Observing programs.are typically. allocated between 2: -
-and.5 days, sometimes longer.. Increasingly; the.Parkes -
telescope is being used to measure the ’zero.spacing’ -
_component; orlarge-scale structure, to complement the

finer scale structure-measured: with thie Compact: Array:" .

Py Fog vl une 1992



OPERATIONS : OPERATIONS BEGIN': Nelsor & Whitéodk o223

Similar services to those. at Narrabri: are’ provided to’

support. visiting: astronomers: at" Parkes: -Assistance is - -
‘available for astronomers who are unfamiliar with the. .
telescope’s - operation; . a - formal - training scheme. is.
currently being organised. Staff are on call at all times -

to solve system problems. Unattended operation will not

be possible at Parkes, but plans are in‘hand to reduce the-
number of people required for safe.operation. from two -
to one. On-site motel-style accommodation is provided;.
additional self—contamed lodgmg is available for v1s1t1ng .

families. -

33 Long Baseline Arl'ay._ o[’)e_rya,tions

The AT Long Baseline Array incorporating. the -‘Mopra

antenna was used for the first time in November 1991,
but without- wideband tape recorders and. accurate.
phasing via satellite, Since then,’ it has-also-operated as .
part .of a larger, very long baseline  interferometry.
(VLBI) network- containing a number-of, non- ATNF.. |
- telescopes.” The scheduling of this type of. -array cannot: .
be.done entirely within the ATNF; at present, the Time .
Assignmént Committee rates proposals, which-are then, . ..
scheduled in detail by the wider community. of VLBI, .
astronomers. -In each four-month interval, a week is set. -

aside when the Parkes, Mopra and Narrabri antennas are

- made available for use in VLBI éxperimenis. -On other.
occasions, the Parkes radio telescope alone.is made-

~ available for PTI observations, or for VLBI observations
in conjunction . w1th other Austrahan and overseas
antennas e - ’

Iti 1s_ antlcipated that, with the installation of wideband .

tape recorders and a correlator, the amonnt of obserying

with the Long Baseline Array will increase.. In addition, -

when the Mopra antenna s fitted out with a-millimetre-
wave receiver, its use as a stand-alone instrument will
increase significantly.. At present, it is envisaged that

this antenna: will be: maintained and operated from-

Narrabri. However, a small number of support staff may

belocated at Coonabarabran if the demand for observmg :

time becomes ‘high, -

4 CONCLUSI.ON

The trans1t10n from construcuon to operatlon of the AT-;
has. been a gradual process spanning: several years, and

in many ways the process still continues. ‘To date the

proposed usage -of - the various mstruments has been.
between 150 and 300% of the - avallable time, ' -All-

. Australian -astronomical institutions have been awarded
- time, and-up-to 40% of Compact Array time has been

- awarded to. overseas users. This percentage is seen as a
good indication-of the standing of the instrument in the
international commumty and also helps to maintain the
access of- Austrahan scientists to overseas fac1l1t1es

The operatlon of the A'INF is changmg to ‘suit, theA

- changing needs of ‘the users; and- the new: capablhttes

Jour"n)zl of Eleetrié:al and Electronics Engineering; Australia,: JE, Aust, & IREE Aust, Vol.-12, L R T

and requirements of the instruments. In the future, the -

‘possibility -of. unattended operation 'of the Compact

Array, the requirements . of = some programs for -

- interference-free observing; and the demands for a dry

and stable atmosphere during millimeter-wave observing,
may see a move to more dynamic scheduling. The

. development of Long Baseline Array capabilities and
.. millimetre-wave. instrumentation may see the Mopra

antenna becoming- an observatory in its own right.

-Commitments to- Space VLBI, ‘and to the support of

programs by NASA and other agencies, will play a
major role in. the future _operation of the Parkes
telescope, and pos31bly the Mopra and Narrabri antennas
as well. It is important. that the Australia Telescope
National Facnhty be alert to the need for changes and

~ flexible enough to make them.
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DR G.J. NELSON ‘ : o ' : ' ‘

Dr Graham Nelson is a graduate of the Unrversrty of Sydney He was awarded the degrees of
BS¢ in‘1962; BE in 1964, and PhD in 1968. During 1965 he worked as an ¢electrical engineer
in the NSW Electricity Commrssron In 1968 he was a Nuffiéld Foundation Fellow working .
‘on the development of the Fleurs Synthesis Radiotelescope. Diiring 1969 and 1970 he worked :
at the Arecibo Observatory: in:Buerto Rico. In 1971 he joined the CSIRO. Division of
Radiophysics’ then solar observatory at Natrabri, NSW; uging optical techniques to' study
magnetic fields and flares on the' Sun; and later using the metre-wave radrohelrograph and -

Australia Telescope and to do research into the coronae of active stars. In 1988 he returned

radiospectrograph to study the dynam1cs of the solar corona. . Durmg this time he was also the . '
resident radio éngineer for these: rnstruments In 1985, with the closing of the radioheliograph” -
he moved to the Division’s Eppmg Laboratory to work on the overall system design of the. .

to Narrabri as Officer-in-Charge of the Paul wild Observatory and mamtams his intérestin. -

the physics of the atmospheres of the Earth, Sun and- stars and in" the development of
radro telescope systems -

DR JB. WHITEOAK 0 0 0 oo o5 :
Dr John Whitéoak has a BSc degree from the . Umversrty of Melboume and a PhD in" -
‘astronomy from the Australian National Umvers1ty (1962). He joingd thé-CSIRO Division of -

years on’ leave' at- the Max- Plcmck Institut. fiir Radioastronomie, Bonn. Dr. Whrteoak was -
involved in the construction of the Australra Telescope as PI'OjeCt Secretary.. Smce 1989 te
has been ‘Deputy. Director of the CSIRO Australia. Telescope ‘National Facility. Hrs main
research interest lies in the study of molecular clouds in our Galaxy and other galaxies.”
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~TheFirst Radio Astronomy:
-~ Results and Future Developments

 R.D.Ekers* and J.B. Whiteoak*

SUMMARY Since the Compact Array began operating as a National Facility in April 1991, new exciting results have
been provided by observations of southern galaxies (normal galaxies, radio galaxies, megamaser galaxies), supernova
remnants in the Magellanic Clouds; and objects within our Galaxy (a Galactic Centre transient source, maser regions
~inzmolecular clouds; pulsar identifications.and stellar radio emission);- B R TR R S e ‘

Major future development of the Australia Telescope includes the ’tieing’ of the six 22-m antennas of the Compact
Array at Narrabri, providing better short-baseline configurations, extending observing frequencies on both the Compact:
Array:-and the Mopra (near Coonabarabran).antennas to'115 GHz, and completing the correlator, recording system and

satellite for the Long: Baseline Array (which includes the _Mop’fa antenna -and the Parkes 64-m antenna). Further
downstream will see the development of focal-plane arrays, and baseline additions to the Compact Array. :

1 THE FIRST RADIO ASTRONOMY RESULTS

Observations with the Compact Array are now producing:
exciting results;: some have already won international

acclaim. - A-selection. of results follows.

1.1 Radio galaxies

The extended radio-emitting lobes ejected from some
galaxies to distances of millions of light years continue
to be of intense interest to radio astronomers. The
southern skies also contain- good examples of such
objects, but little was known. about:their structure until
.the Compact Array began operation. -

'The. ﬁrstrin‘zage'with'the Array.: . . [

In June.1989, observations of ‘a prominent: sbuthem radio

galaxy, listed in the Parkes Catalogue of Radio Sources as
PKS:2152-69, provided the first Compact Array image of
aradio galaxy [1]. Figure 1 shows the most recent image.

PKS 2356-64

An extensive Cémpact Array study of PKS v2356-‘64,‘one 4

* - Australia Telescope National Facility, CSIRO, -
- PO Box 76, Epping NSW.2121, Australia. - -
Submitted to The Institution of Radio and
* Electronics Engineers. Australia in June 1992, .-

J'o‘urm/zl of Electrical and Electronics Engineering, Australid.- 1E Austi: & IREE: Aust: Vol I25No-2i i vas sl wihs s i

of the brightest-southeérn high-luminosity radio galaxies,

has been carried out by a-group from Mount Stromlo

and ' Siding Spring - Observatories, the Netherlands

Foundation for -Radio Astronomy, and the Australia
Telescope National Facility (ATNF). Figure 2 shows the
final radio image, obtained at 5-GHz frequency using
observations with four different antenna configurations,
It-shows an'elongated distribution with two prominent

‘hot. spots ‘protruding -well outside the two inner diffuse
-regions-of emission. At a distancé of 550 million light
;years, the separation between the outer hotspots is one
‘million light years. The optical counterpart, from which

the radio emission originated, is a 16th-magnitude
elliptical galaxy, about 30 arcsec in-diameter. It is of

- special interest because it contains. regions of intense
- narrow-line optical emission, extended over distances of
-up to 65,000 light yeéars. The nucleus of this galaxy
ccontains a small-diameter radio-source, which is located
in the centre of the radio image. g

1.2 Another ’Einstein Ring’? -

The detection of close pairs of quasars with identical
spectral - characteristics - and redshifts ‘supports - the
existence of cosmic gravitational lenses [2]. With the

- gravitational - bending  of light in accordance with
- Einstein’s general theory of relativity, a massive object

such as a galaxy can, when viewed along the line of
sight'to a quasar, act as:a gravitational lens and produce
multiple images of that quasar. Moreover, if the quasar
and the intervening gravitational lens are exactly aligned,
the image has the form of an 'Einstein Ring?,

sissbin Tune 1992,
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Until recently, only two candidate rings were known..
Now, a third has been identified [3], one hundred t1mes
‘stronger than the others at radio wavelengths, Images of
the radio-source PKS 1830-211, obtained using several
radio astronomy arrays, including an international very
long baseline interferometry (VLBI) - network

incorporating Australia Telescope. (AT) antennas, show -
a complete faint elliptical 'ring’ with two strong compact .

components at each end of the major axis. . This

morphology, togéther with other features such as the-
high brightness of the components, suggests that the

radio source has been produced by gravitational lensing.
Further study should provide a better understandmg of
gravitational lenses.

13 ..Supernova SN 198’7A;

February 1987 provided one of the most exciting events . -
- of modern astronomy, with the sudden appearance of a_-

‘bright supernova (SN :1987A) in the Largé Magellanic ...
Cloud (LMC). It provided astronomers in thé Southern. |-

‘Hemisphere with an unprecedented opportunity to follow

~the evolution of a supernova front its very beginning. -
At radio wavelengtlis, ‘an -initial . outburst of - radio-

emission [4] was followed by -three and a half years

during which the emission was undetectable. However, - -

it reappeared in July 1990 [5,6], and since then has been
monitored : at séveral: frequencies with. the Compact
Array. . The first images, obtained. with, 3-km
~configurations, showed a radio source near the optical
itage. ' The radio position was not accurate enough to
show whether the radio emission was associated with the
stellar object, or with the front side of ‘a surrounding
ring of ionized matter which an‘image obtained with the
Hubble Space teléscope revealed.  If the:latter, emission
from other regions of- the ring should have been

detectable within a further six months. To enable. this.
prediction to be tested,’ outfrttmg the 6-km- array -was .

accelerated to provide: the, ¢quired resolution. In March
. 1991, 9-GHz observations with. the 6-km configuration
(resulting in an:0. 85 arcsec. _beam)-resolved the radio

image. The radio em1ss1on appeared to be from a region

with a deconvolved. size of 1 arcsec: (1 lrght year)
probably msrde the 1omzed rmg (Frg 3) “

1.4 Supernova remnants in the Magellanic Clouds

The study of supernova remnants in our Galaxy is
severely limited by the obscuring . nature of the
- interstellar dust, uncertain . estimates ‘of distance, and
variations -in. the¢  radio-emission, background ~.Our
‘nearest ‘neighbouring - galaxies, the Large-and: Small
Magellanic Clouds, have low dust and background radio

emission levels, allowing clear views of the remnants in. -

these galax1es Moreover .the remnantshave- similar

distances, -making.. comparison. _easier; and angular

. structure well matched to the resolvmg power of the
Compact ‘Array. + The  high potential.- of - research

involving Magellamc Cloud objects is shown by several -

Journal of Electrical and Electronics Engineering, Ausivalia - IE Aust. & IREE Aiist. Vol. 12 No 2. 7+

- have different locations in the remnants. 7
< object  SNR 0540-693 [6] is especially interesting
~ because it contains a radio pulsar, emitting a burst of

projects mow in progress; the results are already
:providing evidence of a number of dlfferent physical

processes ‘occurrmg in the remnants

~Several Compact Ar‘rayv»studies of supernova remnants

indicate that synchrotron emission and hot shocked gas
The LMC- .

radio- waves every 50 ms, near ifs centre. The -first
well-resolved image shows a central radio core, about
four light years across; it is associated with optical and

- X-ray radiation. This core is surrounded by a shell-like
‘nebula about 50 light years in diameter, which

presumably marks the edge of the debris ejected from

- the supemova

: Another LMC remnant desrgnated N132D ‘(Fig. 4),

shows-a’shell-like imageé similar to X-ray and optical
[OIII] images [7]. However_, an extra radio feature, in
the form of a faint-cuter:arc to the southeast; suggests a

. differencé between the distribution of the magnetic fields

and relativistic particles responsible for the synchrotron

- -emissiony and the distribution of the hot shocked: gas

assocrated wrth the X-ray: emrssmn

1.5 Binary radio pulsar with a Be star companion

: Pulsar PSR 1259-63 was discovered during a large-scale A

high-frequency search using the Parkes radio telescope.
The observations indicated that the object isin a-highly

- eccentric orbit around a’massive ‘companion, ~Using

Compact . Array observations to obtained . accurate
positions, a group of scientists from the ATNF, Jodrell

- Bank, Princeton University, Peking University, and the

Universita di Palermo identified the companion as a
'10th-magnitude Be star [8]. ' The system forms a link

between Be X-ray binary systems and recycled pulsars.

-1r6 Stellar radlo emnssnon .

Radio ¢mission emltted by stars (other than the Sun) is -

usually very weak. The Compact Array is ideal for
observing this emission, -particularly ‘that from young.

- pre-main-sequence objects, older active-chromosphere
‘main-sequence stars and evolved giants. It is being used

to study both stellar: ,flarevsv and the quiescent emission
from stellar coronas. Monitoring the radio émission
associated with the star- AB Doradus ‘led- to-the first

- conclusive evidence for rotational modulat1on of stellar

radro emission [9].

1 7 Spectral -line studies wnth the Compact Array

Abundant molecules in the dense molecular clouds give

" - rise to many narrowband. spectral lines in the radio

spectrum, particularly - at frequencies - above 50 -GHz.
The linés can appear in emission; or in absorptlon if the

" June 1992



: FIRST-RADIO ASTRONOMY; RESULTS ‘AND FUTURE DEVELOPMENTS - Ekers & Whiteoak 27

2152-69° .~ IPOL. , 4740.000 ‘MHZ . -

. =69 .40 15— | - 1——
T30 e ]
45— —
D
E :
c ¢
skl ee— o
N
A
8
1.
0 .
TN G w —
e a4
J
3
‘8
-8 39— e
2 32
45— p—
42 00— ]
21 57 15 1]
. PEAK =
- IMNAME=' 21
s, 200 3p0
R WILLIJV/EEAN. - -
Figure 1- - PKS 2152-69.

-, 2356-61."-IPOL - 4798, ooo MHZ 2355-51 SDCLN. 13
T

60 52:f-
) 82

541~

‘DECLINATION: (J2000)

88

LB7pR

N 5’8‘.— Y

oo 3:59 30° 15 5
2 RIGHT ASCENSION (J2000)

“Levs =° *( 0003, 0010 0020,
0050 0100 0150 05 0).

Figuwe2 . PKS 2,(3_5,6.—76?4.,, g

clouds. overlie a-bright radio. source, Each molecule
'»produces a set.of lines with a spec1f1c signature -of

frequencies. which; however,:can. be: Doppler shifted- . - -
\,'(redshrfted) by-the. line- -of-sight motron of the molecule.v :
.~Consequently, spectral lines. are important because they

- provide mformatlon not., onlywabout the - chemical . -
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}composrtron and physrcal condrtrons in molecular clouds,
‘but -also .about . the..motions .of the- clouds, and -the
- galaxies in which the clouds are s1tuated ‘The Compact :

“:Array. was planned 'to- make important"contributions. to
1spectral- 11ne studies, by virtue -of: a- wrde frequency
coverage and hlgh capa01ty correlator‘ .
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megamaser galaxy TRAS 20100-4156.

The cloudy galaxy NGC 4945

This sp1ral galaxy is . seen® edge on,’ and has dense

molecular clouds surrountl1ng its radio-bright nucleus.
"Several molecular spectral lines have now been detected

from these clouds.. Low-excitation lines. of hydroxyl.
(OH) at 1.6 GHz were first detected in :1973 using the. -
‘Parkes-radio telescope. Ideally, several lines are needed:. -

to define the physical conditions -in the clouds, but
subsequent searches - at ‘Parkes - were unsuccessful.
- However, in January 1989, durmg the first testing of the

Compact Array spectral: -line - system using. only two. -

antennas, 6- GHz lines were detécted [10]. - Apart from

our own Galaxy, such lines have: been detected.in-only. .- -
oone other (in the Notthern Hemisphere). Both objects:
have nuclei which are unusually bright at infrared

wavelengths, and the 6-GHz lines probably tesult from
OH éxcitation’ by the 1nfrared rad1at1on

’Megamaser emlssmn in IRAS 20100-41 56

' ,'In our Galaxy, 1ntense OH and H2O 'maser’ . emission,
some: with features only a few kHz wide, are often
agsociated with dense molecular clouds in which  stars

- .are forming. However,, for a few other galaxies, even
more luminous (’'megamaser’) emission is associated
with the nucleus. This emission is wideband, and-still

- puzzles radio astronomers becausé they don’t understand
how it is produced.
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-‘spectra rendered the results uncertaln

“ At Parkes -several - years ago, -
redshifted 1.6-GHz megamaser emission was.detected -
towards the infraréd bright galaxy IRAS 20100-4156. It
was suspected that the ‘emission covered an unusually
Jlarge velocity range; but 1nstrumental baseline effects in:
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:However, -a
sideband spectrum of the emission, obtained” with' the
Compact Array (Fig. - ) has.a-flat baseline, and shows

.. -an OH profile with a width of 1300:km s*! (i.e. 7 MHz). .

Such-a large range of motions in.molecular clouds near

g the nucleus of a galaxy is rare:

_ HLin 'galaxies‘ |

HI i exlremely “abundant " in - most galaxies, and

observations of its assomated spectral line: at 1.4 GHz © -

are oftén used in studies of the- ‘mass and mot1ons of our
own and. other: galaxies. " Several groups are usmg the -

-~ Compact Array for such studies, . The velocity: field for -
* the ‘galaxy NGC 289 (Fig: 6) is. the first derived from

Array observations. - The extensive HI envelope allows '

- the galaxy’s gravitational potential to be traced well-

beyond the “optical disc representing the. main stellar
component. This leads to a more accurate estimate of -

~ the mass’ of the galaxy, and may prov1de further‘

. with it,

Trans;ent radw source near the Galactlc Centre

In .March. 1991 a team of US and. Austrahan radlo‘

astronommers using thie: US Very Large Array.detected a-
bright, transient radio source in a direction towards the

_‘centre of our Galaxy. It was suspected, but not known
_for certain; that thé-source was located near.thé centre.
©At’this’ time; plans to bringinto operation. thé: sixth
‘antenna of thie Compact Array, located at the 6-km site,

© June 1992

. 289, superimposed-on the optical image.. -
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were accelerated.” This.enabled:the. first high;resolution .
observations :with the:6-km-cenfiguration. a-few days
later whrle the. transrent s0urce ‘Was. strll qurte strong

HI -and OH speCtra were obsgrved- towards both*the

transient source-and'thé compact radio.source [Known as "

- Sagittarius (Sgr A*)] at the nucleus of‘dur Galaxy [11].

The 'vs'pectra “of :the . transient -source - contained ~-am- -
absorption. feature :from-.a well-known. dense-moleciilar.

cloud believed:to- be located near the' Galactic Centre,
indicating that’this source was at least as distant as this

*cloud. At the same time, thére were no - absorption
features to suggest that ‘the source was beyond: .the.

molecular clouds located not far behind the nucléus.
Thereforé,. the results indicated, .for the first time;»that

the transient source. was located “in the vicinity--of -
' 'Theirsourceis-

Sgr A*, the ‘nucleus.of our Galaxy.
: probably transient radio emission- from ‘synchrotron-

radiating plasma associated withan X-ray binary system. -

New methanol masers-in our galaxy

The methanol molecule (CH3OH) has a large number of . . . T
spectral lines: with frequencies below 100 GHz.  A'féw...

years ago, strong CH3OH maser émission was. detected

at 12 GHz, Observations with Australian VLBI networks:.

(some incorporating a’ Compact Array anterina) indicated,

‘that the positions of maser spots within individual:clouds =~
- - followed curved lines.. This is: consistent with-maser - -

productlon in outflows or dlSCS of proto—planets

During 1991 ‘even: stronger CH3OH maser emission:was-:
detected elsewhere at 6.7 GHz. Although.this:fréquency-

is beyond ‘the specified band-edge of ‘the  6-GHz
receivers of ‘the Compact Array, test.observations, early

in 1992 showed that the brightest masers could be €asily. . - -~
imaged despite the reduced performarice of the:receiver.
~‘gystems. A series of observations-in February resulted- - ™
in the very first images of these masers: Theése:enabled: " -
them to be located with sub-arsecond accuracy rélative -
- -to “associated OH ‘masers .and -ionized hydrogen:gas "
In several casés,”6-GHz masers:were:
 -found to be coincident (to -within-0.020" atcsec)-with ..
.*12-GHz masers at the' same ‘velocity .(sée example in, -
Fig. 7). This provided new constraints on. mechamsms‘

“regions [12]..

proposed to explarn the maser process

2 FUTURE DEVELOPMENT

2.1 Compact Array

The first stage of outfitting the "Compact=Array is . - -

_virtually complete: ‘dual-polarization; . dual-frequency

observations can be -carried out. in frequency: bands-

centred at.1.5, 2.4, 5.3 and 8.6 GHz, using all" six

antennas. Projects involving the accutate-measurement.: -
~of linear polanzatlon are now -under way: Its-highest- .
~ fréquency  band is far below :the-planned: limit. ‘of - ..
In “addition, . -higher - spectral: resolution- is~ -

116 GHz. '
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needed "for: studies. of “molecular - masers, «
 bandwidth.4:MHz will be installed soon:at the antennas,. -
-.and ‘will : provide::a; resolution of 2 kHz under full .
':‘op'eratio’nal c‘onditions This will be still i‘nadequate for ‘

G35 15424064 (NGCE334F) -

3000 F .

R S'ruve'l'oclty'(km/s) . Right Ascension (zresec)
Map and: spectra of the 6. 7 and 12. 2-GHz :
“maser- - emission- from - G351.42+0,64..
Letters - on . the*'maps correspond 10" the
letteréd-featutes ~on ‘the Spectra, -and- the
same letters are used-in both transitions for-

o comresponding “maser features,  Relative .
pos1t10na1 uncertainty is estimated at 0.02- .
~arcsec, “The cross represents. the position -
of:the:continuum-: peak; and: the-ellipse. the

' ':‘appr,oximate;fp’osition:of the OH masers.

" Filters - of- |

: ..p,rov1de as resol,unon as’ hrgh» as: 250 Hz. r

Even with the present hmrted range- of frequency -and

sspectral. resolution; -the .Compact Afray is successfully,

fulfilling: its. national and: 1nternanonal obligations as:a
National:Research Facility. Forexample, for -the first

“éleven: months-of 1991, of the:eighty:different programs
. -that were allocated observing time; Australian sciéntists -
- -outside . the ATNFE : were -associated: with :64% “of -the
- pr.ogram's,,vfsand,: overseas-scientists were:associated with
+40% . Séientists’ from- 40 different “institutions- (28 .
--overseas) and 37 PhD students ‘are. currently usmg these .
: .facrhtles for: therr research,

Pl‘a»ns for,future development cover.several areas. One is
‘to-extend -operation -to* higher - frequencies. Several
- spectral-lines<important for studies of molecular clouds
“have-frequenciés-between 12 and 25. GHz, and receiver
-systenis:covering this-$pectral range are under. construct-
-iom, - In-future retrofits involving the 5.3:GHz/8:6-GHz

. systems, the 5.3-GHz receivers will be-replaced by-wide-
"band HEMTS: eovermg the 6.7-GHz methanol maser line.-

: ‘It g proposed 10+ txe together all the Compact Array
. -antennas; - This will provide a'system: with a-collecting -
~areaequivalent to-a54-m’diameter antenna, with an
-.“obvious:‘increase: ‘in:-§ensitivity “over- a’ single 22-m -

June 1992
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antenna - for VLBI, LBA " and hlgh time-resolution
observatrons »

'The hrgh frequency reglon of the electromagnetlc'

spectrum is a unique window. Operatrng here are
several important mechamsms which produce continuum
radio .emission. In.addition, many .molecules in . the
interstellar medlum émit microwave spectral lmes only
at high frequencies. For the Compact Array operating at
-~ 100 GHz, a combination of hrgh sensitivity and' high
angular resolution & would prov1de ‘a” ‘wealth of
opportunities for new science, partrcularly for objects in
- the southern sky 1naccess1ble to all other hrgh frequency
mstruments Because of these. cons1derat10ns, we plan
o design’ and construct rece1v1ng systems that will
operate in the atmospheric 'window’ between 84 and
116 GHz. The design, prototype development, and final
productlon could be undertaken by the ATNE’s receiver
group, with constructlon carried out in the workshops of
_the CSIRO Radlophys1cs Laboratory - :

,‘A focal plane feed array would greatly enhance the. .

. -capability of a mm-wave array. ‘At high frequencies, the

“field of view: of .a- radio telescope -large enough to
7prov1de good sens1t1v1ty becomes smaller than the -

.typical objects to be imaged." In prmcrple, the problem

~* can be solved by combining the power of an array of
antennas with a small focal-plane array for each antenna,

. Whereas some single-dish focal-plane arrays are now
under- construction, -their use. in . conjunction with a
“synthesis array -is- new ' and: untried..

and the antenna group of the Division of Radiophysics
" isa world leader in this area of feed design. We will
concentrate - initially - on - the - productlon of: an
erght element prototype umt

Further enhancement would be provrded by ‘a. lkm. ‘

‘north- -south spur- track, -equipped with - four observing
stations and turn table linked to. the exrstmg east-west
: ftrack This would enable better i 1mag1ng of objects near
~ the equatonal zone of the sky.. -Moreover, operatlon at
-high” frequency is much more dependent .on_weather

~conditions than at low frequency, and images must.be .
‘made. rapldly ‘to. minimise the. effects - of changing. -

weather condltlons rather than waltmg for the movement
of. the Earth to rotate the baselme .

“The addition ofa lowaprecision track bétween the 6-km
‘site. and east-west track -wotild enable the 6-km- antenna

to. be moved into the small-scale configurations used for
vhrgh frequency observations.
increase the. collectrng area, but. also the number of
1nstantaneous spacmgs from 10 to° 15

The Array lacks the antenna statlons to provrde adequate R
sets of small configurations. Such sets are -useful for-
low- “frequency spectral-line studies of jonized- hydrogen =
- regions. of - our Galaxy, “.and ' ar¢;, mandatory for- .
“+high: frequency operatron D1scuss1ons are under way to- " - -

provide méans of setting the antennas closer together. - \
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« The most -~
challenging problem is to construct a close—packed atray,

This would: not. only .- -~

2.2 Mopra antenna

’A mm wavelength capabrhty w1ll be avarlable on the

22-m Mopra antenna near Coonabarabran by mid-1993,
This will enable the antenna to be used.in stand-alone

‘mode for observatrons of molecular line transitions with
'frequenc1es between 85 and 115 GHz. The des1gn of a

sensitive SiS receiving system is. bemg completed in a
collaboratrve venture, between the. ATNF and the US

‘National Radio Astronomy Observatory, A correlator

system based on the desrgn used for the Compact Array

~ will provide’ spectral bandwidths_of up to’ 1000 MHz.

This . correlator may be. supported by a. w1deband
acousto- optrcal spectrograph provided . by .the .

Max-Planck Institut fiir Radroastronomle, Bonn,

'In addrtron to these developments the antenna w111 be

outfitied for its’ role as.an element in the AT Long .

,Baselme Array by having suitable data- recordmg,
.facrhtles and frequency- reference hardware prov1ded

2 3 Long Baselme Array

t

‘One problem assocrated w1th completmg the Long
,‘Baselme Array has. been the Jlack ' of a  suitable

tape-reco1d1ng system Although 1nd1v1dual antennas
have been mcorporated into VLBI networks, old mkII

‘narrowband recording equipment was - used and_the
,correlatron of the recorded observatrons had to be carried

out using 1mported playback facﬂrtles A w1deband 52
Canadian recording systém has now been developed and
several will be purchased for the LBA sites:. For signals

correlation; a large correlator is under construction

which will be -capable of processmg recorded observa— .
tions simultaneously from as many as six stations. For

- continuum observations, four products 16 MHz wide can .
-be handled per baseline.. For spectral- lme .operation and
“2-bit. samplmg, the highest resolution will be prov1ded ,
.by. a" combination- of 2048" channels extendmg ‘over
»1'MHZ - (4096 - ‘channels for -1:bit ~sampling); . other
"combmatlons of. channels .and bandwidth w111 be. also .
) ~avarlable up toa bandw1dth of 16 MHz S

. The frnal step 1s to complete the reference frequency
- rtransfer system,:.using - the . communications satellite
_OPTUS B, With this in’ place the Long Baselrne Array
~.will be: ready for operatron either alone or as part of.the
" giant VLBI networks planned for the next decade. When

this milestone: is reached, the total .concept. of - the
Australia Telescope. will then be.a reality. -
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THE AUSTRALIA TELESCOPE — OVERVIEW
KEY WORDS :. Australia Telescope National Facility, radio astronomy, synthesis telescope.

ABSTRACT : On the second day of September, 1988, at a windy ceremony held at CSIRO’s Paul Wild

Observatory near Narrabri, some 600 kilometres north-west of Sydney, Australia’s then Prime Minister, the

Hon. R.J.L. Hawke, declared the Australia Telescope off101ally open, ‘This heralded a new exciting era in Australian

scientific research, because the Australia Telescope is an advanced radio telescope network which will keep-
Australia at the forefront of radio astronomy for many years to come. Designed and built in Australia, and -
containing a high Australian content, this 50-million dollar national fac111ty isa substannal monumént to Australlan

- manufacturing expertise and high-technology capability.

REFERENCE : Frater R.H., Brooks, J. W and Whiteoak, J.B., "Overview", Journal of Electrrcal and Electronics
Engineering, Austraha Special Issue on Australia Telescope, June 1992, Vol 12, No. 2, pp. 103-112. '

THE AUSTRALIA TELESCOPE — SYSTEM DESCRIPTION

KEY WORDS : Australia Telescope National Facility, radio astronomy, astronomy inStrumentation, long-.
' baseline arrays. :

ABSTRACT - The Australia Telescope' Compact Array comprises six 22-m moveable antennas with-a maximum-
east-west baseline of 6 km. Provision is made for operation in the frequency range 0.3 to 116 GHz. Flexible atray -
conflguratlons wide, instantancous bandwidths and tuning ranges, high polarization purity, a aberration-free wide-field-
imaging, simultaneous operation at two frequencies, powerful spectral-line capabrlrtles and high time- resolutron
operation are important features of the system. : . -

- REFERENCE : Nelson, G.J., "The Australia Telescope - System Description”, Journal of Electrical and
Electronics Engineering, Australia; Special Issue on Australia Telescope, June 1992, Vol. 12, No. 2, pp. 113-120.

THE ANTENNAS
KEY WORDS : Australia Telescope National-Facility, radio astronomy, antennas, radio astronomy -arrays.
ABSTRACT As part of the Australia Telescope constructron project CSIRO,:in’ conjunction w1th ‘Macdonald -

bogies, the other fixed), to operate at frequencies up to. 116 GHZ. In the evolution from currently ‘Operating
antennas, special attention was given to transportability, azimuth transfer, control systems; thermal performance
wind loading, and surface panel manufacture. Seven antennas were constructed, six movable instruments in an array
near Narrabri, and a single, fixed ("wheel-on-track’) antenna near Coonabarabran. : :

REFERENCE : Cooper, D.N., James; G.L., Parsons, BF. and Yabsley, D.E,, ."The Antennas", Journal of
‘Electrical and Electronics Engmeermg, Austraha, ‘Special Issue on Australia Telescope, June 1992; Vol. 12; No. 2,
pp. 121-136, ‘

THE FEED SYSTEM

KEY WORDS :. Australia Telescope: Nat1onal Facility, radro astronomy, antennas: feed. systems, orthomode
transducers; . _

ABSTRACT  This paper describes the wideband feed system of the elemental Cassegrain antenna used to form |
the Australia Telescope array. The development of the feed horn and orthomode transducer is put in an historical | .
perspective and how the system evolved is discussed. ‘Results are g1ven showing the performance of the various
components as well as the overall behaviour of the antenna.

REFERENCE : James, G.L., "The Feed System”, Journal of Electrical and Eléctronics Englneermg, Australia; -
Special Issue on Australia Telescope June 1992, Vol. 12, No. 2, pp. 137- 146 :

Journal of Electrical and Electroriics Engineering, Australia:- IE Aust. & IREE Aust. Vol, 12, No 2, =+ 270 /i 0 i 190

‘Wagner & Priddle (now Connéll Wagner), produced two new designs for 22-m diameter antennas (one mounted on | -
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THE RECEIVER SYSTEM

‘KEY WORDS : Austraha Telescope Nattonal Fac1l1ty, radlo astronomy, mlcrowave radlometers, cryogemcs IF B
‘ and convers1on systems D : ) :

ABSTRACT The seven 22 metre antennas of the Australla Telescope (six at Nanabn and one at Coonabarabran y
NSW) have been equlpped ‘with a range of low-noise microwave receivers.. The- System requ1remer1ts design |.
concepts and constructlon techmques of the overall recelver system are dlscussed and some early performance date |
indicated. et e - 7

RETR‘ERENCE : Smclalr MW Graves GR Gough, R.G. and Moorey, G G "The Recelver System" Journal 1 ',

No. 2, pp 147-160.

THE LOCAL OSCILLATOR SYSTEM
KEY "WORDS' Austraha Telescope Nauonal Facﬂxty, radto astronomy, phase stable local osc111ators

AB STRACT The Austraha Telescope receivers require a complex, highly stable local osc1llator system for signal

“tuning and for conversion: to. lower frequencies. All twelve oscillators within each antenna’ must be pre01se1y,
phaselocked to a central. frequency reference oscillator up to 5 km away. - One oscillator in “each antenna must also -
be phase rotated at many. thousands of degrees per.second whilst maintaining -a phase accuracy of 1° ThlS paper'
outlines the comb1nat10n ol techmques used to meet these requlrements . :

REFERENCE : Young, A McCulloch MG Ables ST Anderson MJ and Percwal T.M., "The ‘Local
Oscillator -System", Jonrnal of Electrical and Electronics Engmeermg, Australia, Spec1al Issue on. Australia
Telescope, June 1992, Vol. 12, No 2, pp. 161-173..

THE SAMPLING AND DATA SYNCHRONIZATION SYSTEMS

'KEY WORDS . : Australia Telescbpe Na‘tional‘ Facility, radio astronomy, high—,speed ‘samplers.

ABSTRACT  Theé sampler, digitiser and data synchronization systems of the six antennas which make up the
Australia Telescope Compact Array are described. The sampler/digitiser units, which are located at the antennas,
convert the analog outputs of the receivers to digital form and encode the resulting data sireams into a form Suitable -
“for transmission via fibre-optic links to the central control building.. The method by which the various data streams
are synchronized is explained. v

"REFERENCE : Wilson, W.E. and Willing, M.W., "The Samphng and Data Synchromzauon Systems", J'ournal‘-
-of Electrical and Electronics Engmeermg, Austraha, Spec1al Issue on Australia Telescope, June 1992, Vol.: 12,
No. 2, pp. 173-182. :

THE OPTICAL FIBRE SYSTEM
KEY.WORDS :  Australia Telescope National Facility,' radio astronomy, optical fibre.

ABSTRACT * The Australia Telescope has made extensive use of optical fibres for the return of high-speed | -
signals from the receivers. This unusual application of fibres required many short links operating :at. 1-Gigabit | .
speeds in combination with the need for easy disconneciion in a dusty or wet environment, The system also uses
fibres to carry a local-oscillator reference over a 5-km distance and to carry communication: 11nks to all antennas,
This paper outlines the techniques used to meet these requirements. e :

REFERENCE :  Young, A.C., Anderson, M.J., Hayes, M.J.W. and Ticehurst, R.C., "The Optical Fibre System", |
Journal of Electrical and Electromcs Engmeermg, Austraha Specxal Issue on: Austraha Telescope June 1992, .
Vol. 12, No. 2, pp. 177-182. : -

. Journal of Electrical and Electronics Engineering, Australia - IE Ausi. & IREE Aust. Vol. 12, No'2. " e 0o 0 ooyt

of Electrical and Electronics Engmeermg, Austraha, SpeCIal Issue on Australla Telescope, June 1992, Vol 12 A
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THE DELAY SYSTEM
" KEY WORDS : Australra Telescope Nat10na1 Fac111ty, radio astronomy, digital. delay systems

ABSTRACT We describe the delay system for the six antennas which make up the Austraha Telescope Compact
Array. The digital data from the antennas arriving at the central site first pass through the delay system. The
amount by which each data stream is delayed differs from antenna to antenna, and changes over the course of an
observation. The delay system performs this function and converts the data into a- format suitable for subsequent
processmg ,

REFERENCE Wilson, W.E. and Carter, CN, “The De_lay»System", Journal of Electr;ical-and-Ele.ctronics.»
Engineering, Australia, Special Issue on Australia Telescope, June 1992, Vol. 12, No. 2, pp. 183-186. '

THE CORRELATOR’
KEY WORDS : Australia Telescope National Facility, radio astronomy, digital cor'relators :

ABSTRACT  This paper descnbes the corrélator system of the Australia Telescope Compact Array. The Compact -
Array is located at. Narrabn NSW and comprises six of the Australia Telescope’s ¢ight antennas.. The ‘correlator -
isa special-purpose real-time digital processor which performs the first stage of data reduction for the Compact | -
Array (CA). Itoperates at the maximum: data rate of 12 Gbits/s at the input, reducmg this by a factor of order 5000, e
- at the output. o . .

‘[ -and. Electronics Engmeermg, Austraha Spec1a1 Issue on Australia- Telescope, June 1992, Vol. 12 No. 2, .
mp18’7198 - S S T

‘ON- LINE COMPUTING FOR THE COMPACT ARRAY
1 KEY WORDS Australla Telescope Natlonal Facrhty, radlo astronomy, radlo astronomy on- lme computmg .

ABSTRACT The Australra Telescope Cempaét Array 1s-made up of six 22-m antennas at Narrabn NSW The

control system of the Compact Array has to deal with antennas-and hardware distributed’ over 6:km; It needs to | .

maintain synchronization- of the sampling of astronomical data to-a precision of better.than: 1 ns, coordinate the |

activities.at the central site (data collecting, processing and archiving), and provide extensive monitoring of the data - |.

" | ‘quality and the hardware status. These. goals are ach1eved through a combmatlon of drstrlbuted computmg and -
- specral -purpose hardware. : S e : -

Journal of Electrical and Electromcs Engmeermg, Austraha Spec1a1 Issue on Australra Telescope June 1992
Vol. 12, No 2, pp. 199- 204 e

| DAT—A"REDUCTI‘ON -‘AND IMAGE PROCESSING -

: KEY' WORDS D Austraha Telescope National Fac111ty, radro astronomy, data reduct1on 1mage processmg

. of data.as three- d1mens1ona1 objects

‘*REFERENCE : Noms R.P., Kesteven MJ and Calabretta MR "Data Reductron and Image Processmg s
Journal of “Electrical ‘and- Electromcs Engmeermg, Australla Specral Issue on Austraha Telescope June 1992,
Vol 12 No. 2, pp 205 210 R ; : : v

Journal of Electrical and Electronics Engineering, Australia ~-1E-Aust: & TREE Aust:Vol, 127 No 2. ¢i s b s s o0 00008 0 ing 10077

IREFERENCE : ' Wilson W-.E., Davis, E:R., Lo<f)ne D.G..and Brown, D.R:, "Thé Correlator" .Iournal of Electucal" L

~ REFERENCE : Kesteven MJ., McConnell D. and Deane J:E., "On-Line Computmg for the Compact Array A IR :

ABSTRACT We: descnbe the ‘systems - used to process. and callbrate the data from the: Australla Telescope,-»~:
| ‘starting with the data transfer from:the Telescope and ending with the imaging and visualisation software; We also | .0
“describe the-continuing development-of-a specrallsed vrsualrsauon system which allows astronomers to view cubes i BASR
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MONITORING AND PROTECTION STRATEGIES FOR THE COMPACT ARRAY

KEY WORDS : Australia Télescope National Facility, radio. astronomy, radio telescope: monitoring, radio
telescope: protection. : . : ' _

ABSTRACT  The Australia Telescope Compact Array consists of six 22-n antennas located on 4 6-km East-West.
baseline. The geographical diversity of the array, the complexity of the antenna systems, and the vulnerability of
the Observatory to damage from storms for example, makes effective monitoring and protection essential. 'We have
implemented two monitoring, alarm and control systems which overlap in function. A hardware-based system
examines a relatively small number of very important Telescope and environmental status inputs. - A second system
based on a minicomputer network acquires, checks and archives data from a much larger number of sensors. Our
approach has enabled us to implement a relatively low-cost computer network and to proceed with complex software
engineering tasks, including the current development of expert-system fault-diagnosis software, while being satisfied " |
that the Teléscope remains well protected. This paper describes the Telescope monitoring and protection schemes’
‘and discusses briefly the expected capabilities of the new expert system, . . - o

REFERENCE : Hall, P.J., Kesteven, M.J.; Beresford, R.J., Fe’rris, R.H. and Loone, D.G., "Monitoyringland";i
Protection Strategies for the Compact Array”, Journal of Electrical and Electronics Engineering, Australia, Special
Issue on Australia Telescope, June 1992, Vol. 12, No. 2, pp. 113-120. ' o

OPERATIONS BEGIN
KEY WORDS : Australia Telescope National Facility, radio astronomy, radio telescope: operating. -

ABSTRACT  The transition from construction to operation for the Australia Telescope involved appointing a-

- Director, formally incorporating the Parkes telescope, and transforming the' Australia Telescope Support Group from -
a group within the Division of Radiophysics to an independent unit within CSIRO — the Australia Telescope
National Facility. Operation as a National Facility began in April 1990. To provide effective operation, several
committees were established: an AT Advisory Committee, an AT Time Assignment Committee, an AT Users
Committee, and several user-support groups. Of the six antennas which comprise the Compact’ Airay at Narrabri,
only five were outfitted for the first formal observations, at frequencies of 5.0.and 8.6 GHz, and only three of these
were outfitted with 1.5- and 2.3-GHz systems, with limited spectral-line capability. Since then, outfitting at these
frequencies has been completed, and services appropriate to a national facility have been set up at the sites to
support visiting astronomers. S '

REFERENCE : - Nelson, G.J. and Whiteoak, J.B., "Operations Begin", Journal of Electrical and Electronics'
Engineering, Australia, Special Issue on Australia Telescope, June 1992, Vol. 12, No. 2, pp. 219-224. S

THEi FIRST RADIO ASTRONOMY: RESULTS AND FUTURE DEVELOPMENTS
KEY WORDS : Australia Telescope National Facility, radio as’tronomy, radio astronomy: future.

ABSTRACT  Since the Compact Array began operating as a National Facility in April 1991, new exciting results

“have been provided by observations of southern galaxies (normal galaxies, radio galaxies, megamaser galaxies),
supernova remnants in the Magellanic Clouds, and objects within our Galaxy (a Galactic Centre transient source,
-maser regions in molecular clouds, pulsar identifications and stellar radio emission), S

Major future development of the Australia Telescope includes the ’tieing’ of the six 22-m antennas of the Compact-
Array at Narrabri, providing better short-baseline configurations, extending observing frequencies on both the -
Compact Array and the Mopra (near Coonabarabran) anterinas to 115 GHz, and completing the correlator, recording
system and satellite for the Long Baseline Array (which includes the Mopra antenna and the Parkes 64-m antenna).
Further downstream will see the development of focal-plane arrays, and baseline additions to the.Compact Array.

REFERENCE : E’ker's, R.D. and Whitoak,J.B., "The FifstRadio Astrono_my: Results and Future Develbpments",
- Journal of Electrical and Electronics Engincering, Australia, Special Issue on Australia Telescope, June 1992,
Vol. 12, No. 2, pp. 225-232. ' ~ : :
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