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Introduction

It seems to me that at very low frequencies (30 MHz) there is no argument that a phase array of dipoles is optimal (LOFAR) and that at high frequencies (10 GHz) arrays of small paraboloids become the system of choice (mm array).  Between these limits there is a large region where it is not clear as to what is the best way to proceed.   But consider this observation, at high frequencies the field of view of a parabolic dish can be considered to be a point on the sky.   At low frequencies the phase array has a field of view that that can be considered as an area or surface on the sky.  A point has zero dimensions and a surface is two-dimensional.   Intermediate between these two is the line, which is a one-dimensional object.  This suggests at some intermediate frequencies between 30 MHz and 10 GHz a telescope that has a field of view that is a line on the sky should be the best choice.  



The Doublet antenna as proposed by Graeme James is just such a device.  It consists of two offset fed cylindrical surface supported at an angle of 450 and mounted on an azimuth drive.  Phasing of the line feed provides elevation steering and with the azimuth drive full sky coverage is achieved.  At any one time the field of view extends from the horizon to zenith.



�The contenders

The table below shows a number of the possible options for the receptor element in a mid-frequency SKA.  Listed are the constraints these receptor elements impose on the astronomy. The fields that are shaded indicate the best performing system for each parameter.



�Phased array�Doublet�Lightweight 

Parabolic dish 30m�Large Adaptive Reflector (LAR) (200m)�Spherical Reflector

(300m)��Field of view per beam 

(degrees) @ 1.5GHz�1�1�0.4�0.057�0.057��Number of instantaneous beams �32 to 100�32�4?�100 (phased array)�10?��Instantaneous field view 

degrees2 @ 1.5GHz�32 to 100�32�0.64�0.33�0.033��Sky coverage with electronic steering�90 x 90 =60000?�90 x 5 =4500?�.8 x .8 =0.640?�.57 x .57 =0.320?�.18 x .18 =0.0340?��Sky coverage with mechanical steering �90 x 90�180 x180�180 x 180�120 x 120�80 x80��Declination range 

at transit and 30o lat�-15 to 75�-55 to 90�-55 to 90�-30 to 90�-10 to 70��Mechanical slewing time �0�1 min�1 min�30 min�30 min��Relative collecting area at elevations 10,30,60,800 �na, ?, .87,   1�.82, .97, .97, .82�1, 1, 1, 1 �na, 0.5, .87, 1�na, na, .87, 1��Observable sky 

(%of 4() 300 latitude �60%�90%�90%�75%�55%��Observable sky 

(%of 4() 600 latitude�37%�72%�72%�50%�32%��

Viewable Sky

It is clear that large reflector technologies (LAR and spherical) impose severe constrains on sky coverage, instantaneous field of view and mechanical slewing times.   The spherical reflector can observe about one eighth of the sky at any one time and over the course of a day about half comes into view.   This means that about half the sky cannot be observed at all.   Such a constraint is probably unacceptable.



The Large Adaptive Reflector as proposed by the Canadians should be able to observe over a greater range of elevations but is still limited to a minimum elevation of about 300 and at that elevation the effective collecting area is reduced by half due to foreshortening.    The fraction of the sky that can be observed has increased to 75%.  



At a declination of 300 it should be possible to observe over 90% of the sky (elevation 60).  Both the doublet and lightweight parabolic dish should be able to achieve 90% coverage.  However reducing the minimum elevation to 00 may increase the cost of a paraboloid but has no effect on the cost of the doublet.  The phased array can also be designed to meet this requirement by building two arrays each pointing at a different elevation.  Most of the beamforming hardware could be shared but the feed duplication and added support structures will increase cost.  For the moment assume that this is not done then the phased array will be built flat to the ground to minimise support structure cost and the system is probably limited to elevations greater than 450 after foreshortening and the beam shape of individual elements is included.  Observations at lower elevations are still possible but must contend with large reductions in sensitivity.



Maximum sky coverage is achieved with a paraboloid or doublet antenna with about 90% of the sky accessible to observation without any major loss in effective collecting area.. The Large Adaptive Array (LAR) achieves about 75% coverage and the spherical reflector at about 55%. The phased array performs somewhat better than the spherical reflector But its performance could be improved to equal the LAR if problems due to beamshape and interelement coupling could be overcome. Even with possible improvements to a phased array both a Northern and Southern Hemisphere instrument are needed for full sky coverage.  Only the Doublet or paraboloid design can provide almost complete coverage with a single instrument. 

Number of Simultaneous Users



All paraboloid and spherical reflector design can observe in only one direction at any one time. So excluding multiple use of the same region (eg pulsar search and mapping) only one user can use the instrument at any one time.  At the opposite extreme is the phased array where the number of independent outputs from the beamforming network and the size of the correlator limit the number of simultaneous users. So in theory there is no limit to the number of simultaneous users.  But the major cost in building a phased array is the beamformers and correlators.  It is probably reasonable to assume a single beam instrument when the telescope is first commissioned.  However, with continued expenditure, the number of simultaneous beams should double every 2 years for as long as Moore’s Law holds. This gives a 32-beam instrument after 10 years of development.   



The Doublet antenna can also form multiple beams but they cannot be directed arbitrarily.  Instead they are confined to a 90 x 5 degree region extending from the horizon to zenith, or about 1/20 the coverage of a phased array.   But this is still 500 to 10,000 times the coverage of any parabolic or spherical antenna.  The question remains as to whether a 20 times reduction in sky coverage is acceptable.  If it is not then there is no choice but to build a phased array.   



With a 450 square degrees of sky coverage about 1% of the 4( steradians is in view at any one time.  If we assume one observer is given control then all other observers need only about 200 target sources between them to profitably use a second beam.  With about 2000 possible extra targets a 10-beam instrument becomes very efficient.   



Another observing strategy is to use it as a transit instrument covering DEC 30 to –55 degrees.  In the course of a day 75% of the sky comes into view.  Then during the day almost all users could be given some observing time assuming sufficient simultaneous beams.   



Types of users



Users that the instrument may have trouble catering for in a multi-user environment are those needing:

continuous tracking of source parameters (eg flux, pulsar glitches)

simultaneous beams in different directions (pulsars??),

instantaneous slewing  (Xray bursts),

high sensitivity and

imaging.    



With the large number of antennae the rate at which imaging data is generated is very high.  It is easy to design antenna configurations that give good instantaneous coverage or essentially complete coverage in 1-2 hours.   The only question to be answered is the number and quality of images that can be generated per day.   With 2 hours for complete data up to 12 areas can be imaged per day.  And with sufficient focal plane fill and backend compute power the area that can be imaged each time is 50 by 50 allowing 300 square degrees to be fully imaged per day.  The whole sky could theoretically be imaged in less a year.



For the highest sensitivity 2-hour tracking would give good sensitivity in a day while allow the majority of other users to satisfy their needs.   It would now take 3 days to get 6 hours of data.  In the 3 days, 12 such fields can be observed.   The same result is obtained in 3 days if the 12 observers were each given 6 contiguous hours.   Satisfying the needs of imaging and sensitivity become mainly a scheduling problem.



A design limitation that cannot be removed is the finite azimuthal slewing time. But consider the performance of the system relative to a phased array.  A phased array can cover about 10,000 square degrees at any one time.  The Doublet can cover a similar number of square degrees with an azimuthal drive of  (900. If the drive rate was 20 per second then the antenna takes 45 seconds to slew 900 but the average time to an arbitrary point in the 10,000 square degrees is about 20 seconds.   So when compared to a phased array the Doublet can view a similar area in an average time of 20 seconds.  Further concepts that could reduce the drive time are, high speed drives on a small number of antennae and splitting the array.   High-speed drives could reduce the average drive time to much less than 10 seconds.  Also, except when the highest sensitivity is needed, the array may be run in a split mode; for example, the central core (10 km) imaging extended objects and the higher spacing antennae targeting compact objects or doing VLBI.   With just a two-way split the average slewing time can be halved.



The reduced sky coverage also reduces the possibility of simultaneous observations of arbitrary sources and continuous monitoring.   If simultaneous observations are given priority then only two sources can be targeted simultaneously at the highest sensitivity.   However, splitting the antenna into 10 subarrays still gives each subarray 30 times the collecting area of a 64m paraboloid and allows 4000 square degrees of instantaneous sky coverage.  At least 10 sources can be targeted and if the source density were 1 in every 10 square degrees then 400 are seen at any one time.   



Continuous monitoring is the area where observational desires must be compromised.   Day to day monitoring is probably not a problem but it is unlikely any program similar to the Tasmanian observations of VELA could be carried out.  With only 1/20 the sky coverage the Doublet design cannot achieve the level of continuous coverage that a phased array can.   However, monitoring programs that have a large number of targets should be able to get data.  Monitoring can be made to become almost continuous by splitting the array into subarrays.  But it is almost certain that the SKA would not undertake a pulsar glitch monitoring program, similar to the Tasmanian VELA program.  Such programs would always remain the province of dedicated instruments.

Operational Comparison



Operationally the 30m lightweight parabolic dish, 200m large adaptive reflector (LAR) and the 300m spherical reflector offer almost no operation flexibility as only one, maybe two, users can be accommodated at any one time.  For both the phased array and the Doublet, full utilisation of the multiple beams provided can be achieved.  However, the Doublet imposes much more severe observation timing constraints.  Even so, the usage of available backend power should be similar for the two. If the backend power is fully utilised then both systems should be equivalent in performance for the majority of observations.  



 The doublet does impose limitation on the ability to observe multiple sources simultaneously, instantaneously move to another source and continuously monitor sources.  These limitations need input from the astronomical community to determine whether any observing programs are significantly compromised, and if so, does this have a significant impact on the science that can be done. 

Cost of  Phased Array versus Doublet.



For the phased array almost none of the cost is in the mechanical structure of the feeds.  Instead, it is almost all contained within the frontend electronics, noise cancelling system, beamforming network and correlator.  For a constant total array area the number of feed elements is approximately proportional to the square of the frequency.   In a Doublet antenna, line feeds are used and the number of feed elements is approximately proportional to frequency.  At a frequency where there is approximately one wavelength across the width of the reflector the number of feeds is similar for a phased array and doublet.  For a 10m wide reflector this occurs at about 30 MHz (it is not suggested that the doublet operate at this frequency).   So at this frequency front end and feed cost are approximately equal.    



A second factor that affects the cost is that as the observing frequency increases so does the bandwidth of the signal.  This increase causes the cost of frontend electronics, noise cancelling system and primary beamforming networks to be approximately proportional to frequency for each feed element.   Beyond a 10-20m patch/reflector electronics cost the same for both the Doublet and phased array



So if the cost of a SKA 30 MHz array excluding final beamformers and correlator is K  then to a first approximation frontend electronics and feeds, noise cancelling system, initial beam forming networks  for the phased array Pf and the doublet Df are:



	Pf = K*(f/30)3  		where f is the maximum frequency in MHz

	

Df = K*(f/30)2



These cost are only rough approximations but should provide an initial basis for comparing the two systems.  Once initial beamforming is done, the cost of the final beam former and correlator C should be similar for the two systems.  The added cost for the Doublet is the cost of the reflector, its azimuthal mount and the supporting structure for the feed.  Assume this cost is M.  With these assumptions the break even point for a doublet antenna is given by



	K*(f/30)3 - K*(f/30)2 = M



If M is much larger than K then equality occurs approximately when (f/30)3 = M/K   For example, if M/K =1000 equality occurs at 300 MHz.   This shows that if the cost of the reflector structure can be reduced to a low enough level then a Doublet or cylindrical reflector becomes a viable option in the 300 MHz and up frequency range.   In fact the two systems should be compared at the highest frequency of operations where both have the greatest cost.  If the upper frequency of operation is 3GHz then the Doublet is a viable option even if M/K approaches 1,000,000.   At this frequency feed, frontend electronics, noise cancellations and initial beamforming costs of the Doublet are 100 times less than those for a phased array.  The only question unanswered at the moment is can the mechanical structure be built cheaply enough.



Note that for a given collecting area the Doublet should be cheaper than a parabolic reflector because only an azimuthal drive is required.   This means that the supporting structure can rest directly on the azimuthal drive points.  These are well spread with each drive point supporting a part of the load.  In a parabolic reflector an elevation drive is needed and the entire load is taken on the elevation bearing.  These points may be fairly close together and necessitating a backing structure that is comparatively stiff and hence costlier.  The bearing mount and the tower it stands on must also have considerable stiffness.   If the elevation mounts are located at the edge of the dish then two towers are needed for support and the requirements on the stiffness of the dish are still much greater than that for a doublet.



A plot of the relative costs is given below assuming that the Doublet mechanical structure costs 1000 times a 30MHz array and that a fully steerable parabolic reflector costs 3 times as much again.  As time goes on the cost of the 30MHz array reduces because the electronics costs are reducing.  The effect of reducing the cost of the 30 MHz array by a factor of 4 is also shown.
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Australia’s Position



I would like to suggest that Australia publicly support a design study on the Doublet antenna.   It can satisfy the operation requirements at a level that approaches those provided by a phased array.  Only a small class of observations are excluded and even these are satisfied if the following is acceptable:

an average slew time over 10,000 square degrees of about 20sec and 

two simultaneous sources at arbitrary positions, larger numbers possible with reduced sensitivity;

monitoring of any source will be about 1/20 of that achieved by a phased array



The mechanical structure for the Doublet is cheaper than a lightweight parabolic dish and the feed structures and associated electronics are orders of magnitude cheaper than a phased array.   At the same time it has operational flexibility that approaches that of a phased array.  Because of these factors I believe a Doublet antenna holds great promise for satisfying the requirements for a mid frequency SKA.

Prototype

If a design study was to come to a favourable conclusion then the next stage would be a prototype.  I suggest that by sighting such a prototype at Narrabri a significant increase in low frequency speed and sensitivity could be achieved at the AT.   Many observations currently limit themselves to shorter baselines and leave the 6km antenna and its correlator unused.  A Doublet antenna with 40 x 40m of collecting area could and used as the sixth antenna would almost double the short spacing sensitivity of the AT.  At the same time it would increase the short spacing UV coverage by 50%.    By adding 6 extra correlator channels the same could be achieved for all low frequency observations.  Other options are placing the antenna further away and increasing the maximum baseline of the AT.  



Alternatively, site the prototype at Parkes and have one of the most sensitive two-element interferometers in the world.  In this case a 50 x 50m design should give a primary beam similar to Parkes.   Now configure the antenna with a 13-element beamformer and the doublet can provide matching beams for the Parkes Multibeams.  We can now follow up the Multibeam survey with high sensitivity interferometry.  To allow multiple baselines I suggest the azimuth mount rest on truck tyres that can be swivelled, similar to the AT rail switching.  We then just bring the tyres parallel and drive to the next antenna location.
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