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1 Introduction

At present the major contenders for the SKA antenna design appear to be either a phased array or a design based on reflector antenna technology. Both have their advantages and limitations. Our specific contributions to date are the reflector ‘doublet’ [1] and the cone array [2]. While the former is still a feasible option the cone concept in [2] has proven to be too difficult to provide complete scanning without undue complication. In this file note we present a possible alternative approach based around the Luneburg lens. 

     The desire for simultaneous multi-beam very wide band operation capability across the full sky has major implications for the antenna design. In one sense, the Luneburg lens is almost an ideal choice for this task. The basic physics behind the lens is very simple. In its basic form the Luneburg lens is a spherical lens with the property that energy from a feed source at any point on the spherical surface propagates through the sphere to emerge as a focussed collimated beam from the other side of the sphere as illustrated in Fig. 1. Given the spherical symmetry of the lens, perfect focussing is obtained from all feed positions on the surface. 


Fig. 1  A Luneburg Lens

     There are a number of variants of the lens, such as where the feed source is positioned away from the surface (either inside or outside of the lens) and the so-called ‘virtual-source’ Luneburg lens involving the addition a plane reflector passing through the centre of the lens, but the basic principle remains. 

     The Luneburg lens is formed as a non-homogeneous medium where the permittivity, r, varies as

r = √ (2 – r2)

where r is the radial dimension of a unit radius sphere.
2 Advantages of the Luneburg Lens for the SKA

The Luneburg lens has a number of distinct advantages over alternative solutions for the antenna element for the SKA. One of these is that multiple beams are achieved without the need of a phased array. It is usually accepted that a phased array is necessary to achieve multiple beaming. However, with the Luneburg lens property of providing a single beam per source, provision of additional sources very simply and elegantly provides multiple beams. Indeed, this and other advantages of the Luneburg lens, especially when compared to a phased array, are overwhelming and worth highlighting. They are as follows.

1) No gain loss on scan: phased arrays inevitably suffer from not insignificant gain loss on scan where, for a planar array, scanning is limited for this reason alone to no more than ± 45° from boresight. The Luneburg lens has no such limitation and can provide full coverage without loss in gain.

2) No scan blindness: phased arrays excite surface waves with the effect that nulls occur in the radiation pattern where a beam may be required. These nulls, or scan blindness, are a function of both frequency and angle and thereby present a serious problem for the SKA antenna design. No such problem exists with the Luneburg lens.

3) The beam shape is invariant with pointing angle: given the symmetry of the Luneburg lens the beam shape is, unlike the case of a phased array,  identical for all beams (assuming identical feed sources). In this respect it is matched only by a fully steerable reflector antenna, except that the latter has only a single beam on the sky at any one time.

4) Inherently very wide band coverage: Again this is similar to a reflector antenna as they are both designed in concept from ray optics. Like the reflector, the Luneburg lens will require several feed systems to cover the very wide band desired. On the other had, a phased array is quite restricted in bandwidth performance and falls well short of SKA requirements.

5) Time-delay phase shifting: The Luneburg lens provides a simple means of true time-delay phase shifting throughout. By contrast, providing phase shifting to feed elements in an array can involve a complex of power dividers, cables, connectors and electronics. This is especially the case where we need to provide true time-delay phase shifters such as in [2] for the SKA. All this complication, as well as the subsequent losses and cost, is eliminated with the Luneburg lens.

6) Feed position not critical: Another inherent advantage of the Luneburg lens is that the phase centre position for the feed source is not especially critical. In this respect it is similar to the focus of a dual-reflector antenna. The non-critical nature of the feed position has distinct advantages for wide-band performance where a varying phase centre feed, such as a log-periodic antenna, could be considered.

7) Multi-beaming capability: As mentioned earlier, the Luneburg lens has an inherent capability for multiple beaming. How multiple beams are formed will depend on the feed system used. For example, a focal-plane array would provide simultaneous imaging of contiguous multiple beams scanned across the sky. 

8) Simplifies the signal path: With the Luneburg lens there would appear to be no ambiguity as to where to digitize the signal as this would most likely take place immediately behind the feed source. In other configurations, such as a phased array, the point of digitizing is not so obvious.

3 Disadvantages of the Luneburg lens for the SKA

There is little electromagnetically that can be faulted with the Luneburg lens. Even the loss through the lens may not be a serious issue. Give the low dielectric constant of the permittivity profile of the lens, suitable materials are available, or can be simulated, with very low loss tangents of the order of 0.0001. Of course the lens will not be lossless and the loss will depend on the physical size the lens needs to be. Nevertheless, given the simplicity of the design with, among other desirable features, absence of power dividers cables and connectors, the loss from the lens may be considerably less than what is achievable by alternative solutions. 

    More serious objections to the Luneburg lens include the problem of manufacture. In the past, Luneburg lens have been built-up with ‘onion-layers’ of differing permittivity material; some designs as low as three layers and others with many more. Thus, in principle, manufacture appears manageable. However, problems arise with the size of the lenses required for the SKA. Assuming a practical limit (for correlation purposes) of 1000 stations or element antennas, each lens would need to be around 35m in diameter (assuming a single lens per element) and, even if the lightest materials possible were to be used, it would weigh well over 200 tonnes. To elevate such a lens to allow sources to be situated and accessed underneath the lens, clearly presents a problem. We also need to address the problem of how we achieve scanning and multiple beaming. A single source per beam may be ideal but we face logistic and a lack of physical space for this to be a serious option. Other possibilities include small scanning sub-arrays or physical movement of the feed.

4 A Virtual Source Luneburg Lens for the SKA

In addressing the problems just listed, the virtual source Luneburg lens [3] is a possible solution for the SKA. In this configuration a hemispherical Luneburg lens would be situated over a conducting ground plane as shown in Fig. 2. The energy from the source entering the lens is reflected from the ground plane to exit the lens as though from a virtual source from the ‘missing’ hemisphere below the ground. While this configuration has not been got for free, as there is some gain loss on scan although nowhere near as severe as for a phased array, it immediately solves the weight problem as the base of the lens now lies flat on, and supported by, the ground. It also offers some solutions to the feeding problem. 



Fig. 2   A Virtual Source Luneburg Lens

    For scanning and multiple beaming, the simplest solution is probably to use simple light-weight feeds which can be moved quickly over the lens surface by robotic control. While technically the feed is often in the path of the focussed beam, its effect will be minimal so that on a 35m diameter lens, over 200 independent feeds (and therefore beams) could be used at 1.4 GHz before blockage becomes a serious issue. At higher frequencies more feeds could be used in proportion to the square of the frequency. While the converse is true at lower frequencies, the fall-off in the number of feeds possible before blockage becomes an issue may not be as severe since the feed elements (such as crossed dipoles) at the lower frequencies are likely to offer less blockage than for the feeds at higher frequencies. 

    A single 35m diameter lens per antenna element may not be ideal and a cluster of smaller lenses may be preferable. For example, a cluster of four 17.5m diameter lenses would half the total amount of dielectric material required for the construction of the lenses while maintaining the same effective collecting area. It would also halve the loss through each lens before the LNA. These, and other issues, would need to be addressed in a design study.
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