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Abstract—This paper investigates the aperture efficiency 
performance limits of the shaped offset Gregorian reflector 
antennas with single pixel feeds, as used for the Square 
Kilometre Array (SKA) radio telescope. A parameter study of a 
theoretical feed defined by a number of spherical modes, limited 
by the physical dimension, is performed. The results are 
compared to practical feeds. 

I. INTRODUCTION 
The mid-frequency array of the Square Kilometre Array 

(SKA) radio telescope will consist of offset Gregorian reflector 
systems. The reflectors are shaped with a mapping function 
that was optimised for a set of single pixel feeds that cover the 
specified frequency range [1]. Due to the large scale of the 
SKA project, and significant infrastructure investment required 
during the initial construction, it is foreseen that some future 
upgrades to the feed antenna structures are likely. With this in 
mind, it would be useful to obtain some practical estimate of 
the upper limit on performance of the system, given the current 
reflector system design. We present in this paper an estimate of 
the maximum aperture efficiency that can be achieved, given a 
fixed feed antenna volume. 

The lower two frequency bands, i.e. Band 1, 350 MHz – 
1050 MHz; and Band 2, 950 MHz – 1760 MHz are 
investigated here. The maximum diameter of a sphere 
enclosing the feeds was taken as 1.3 m and 0.8 m respectively. 
We compare the performance of the current most likely designs 
for the feeds in these frequency bands to the theoretical 
maximum, and show that the actual feed performance is not 
significantly worse than the expected best possible case – at 
least in terms of aperture efficiency. At the conference we will 
also present results for the receiving sensitivity of the system. 

II. PROBLEM DESCRIPTION 
The SKA dish is a shaped offset Gregorian system, with a 

full description available in [1]. As with all reflector systems, 
the dish can be thought of as providing a mapping, in the 
geometric optics (GO) limit, between the feed radiation pattern 
( )fG θ  and the aperture distribution ( )ρE  in the reflector 

system. This mapping is defined by the function ( )fθρ , and 
relates ( )fG θ  and ( )ρE  (both axially symmetric) by 
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where fθ  is the polar angle in the feed coordinate system, ρ  
is the distance from the projected aperture central axis, and cV  
is a normalization constant. The apostrophe indicates the 
derivative with respect to fθ . The mapping function is 
described in [1]. For maximum aperture efficiency we require 
( ) 1=ρE . This implies a discontinuous function for G , since 

fθ  is only defined up to the subtended angle of the sub-

reflector eθ  (for unshaped systems the classical ( )θ2sec  type 
pattern is required for maximum efficiency in the GO limit). 
Also, this is only true in the GO limit, and significant edge 
diffraction for high edge taper values will degrade the aperture 
efficiency performance. In order to reduce the edge diffraction 
effects, and improve the noise and thus sensitivity performance 
of the system, an extension is included in the sub-reflector [1]. 
For a realistic prediction of the performance limit, all of these 
effects must be taken into account. 

The discontinuous nature of the ideal feed radiation pattern 
is accounted for by spherical mode expansion (SME). A 
radiation pattern of an antenna that can be enclosed in a sphere 
of radius r0 can be fully described by SME by sampling the 
near field of the pattern, on the enclosing sphere, at a density of 
at least λ/2. In practice this limitation translates to a maximum 
number of modes required to represent the radiation pattern as 
[2] 
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where k = 2π/λ is the wavenumber and r0 the radius of the 
sphere enclosing the antenna. A realistic radiation pattern, 
which approximates the ideal discontinuous definition, may 
thus be extracted through SME by limiting the number of 
expansion modes to N – given the electrical size of the antenna. 

To account for the edge diffraction effects of mainly the 
sub-reflector, the ideal pattern is extended past the subtended 
angle (linear extrapolation is used here) up to an angle θext. 
Subsequently the pattern is weighted by a hybrid 
uniform/Gaussian function to allow the central part of the 

989978-1-5386-3284-0/17/$31.00 ©2017 IEEE AP-S 2017



pattern to remain identical to the ideal case, while 
simultaneously applying a stronger taper to the pattern close to 
the edge. The weighting function takes the form 
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where the constant θb  controls the edge taper and θσ  controls 
the extent of the central uniform power distribution. In this way 
a parametrized feed pattern is created, which can be fully 
sampled to find the maximum aperture efficiency when the 
system is analyzed in GRASP [3] using physical optics (PO). 
The ideal feed pattern, with SMEs at several frequencies, are 
shown in Fig. 1. 

III. RESULTS 
GRASP simulations were performed on a regular grid (5 

samples per parameter) in the space within the frequency range 
[350, 1760] MHz, and the maximum aperture efficiency was 
extracted at each frequency using cubic interpolation. The 
parameter space limits are: ∈extθ [60°, 80°], 

∈θb [-16 dB, -8 dB], and ∈θσ [0, 0.8]. The maximum 
aperture efficiency performance is shown in Fig. 2, where the 
reduced efficiency for lower frequencies due to edge 
diffraction is obvious. Note that a relatively large edge taper of 
around -12 dB is required for all cases, confirming that the 
ideal pattern in the GO sense does not provide optimal aperture 
efficiency performance when diffraction effects are included in 
the analysis. For comparison, the aperture efficiency for current 
best effort feed antennas for the two SKA bands considered 
here [4, 5] are also shown in Fig. 2. These antennas were 
optimized for maximum receiving sensitivity, but due to the 
sub-reflector extension it has been shown that antennas with 
high aperture efficiency also typically have high receiving 
sensitivities for this reflector system (ignoring receiver 
temperature effects) [6]. In terms of aperture efficiency, the 
current feed antennas thus provide performance within a few 
percent of the maximum achievable values. 

 

Fig. 1.  The ideal feed pattern and its SMEs at three 
frequencies. 

 
Fig. 2.  The aperture efficiency over the lower SKA frequency 

bands. 

IV. CONCLUSION 
This paper presented a method to estimate, and the values 

of the expected maximum aperture efficiency performance of 
the SKA shaped offset Gregorian reflector system. It is shown 
that current feeds approach the maximum achievable value 
relatively well. This upper limit can inform designers of future 
feed upgrades of the system on what the best achievable value 
is, where it is foreseen that most of the effort will be spent in 
trying to obtain wider bandwidths with a single feed antenna, 
while maintaining the performance of the current designs. 

ACKNOWLEDGEMENT 
The authors acknowledge the Department of Science and 

Technology (DST) of South Africa for their financial support. 

REFERENCES 
[1] R. Lehmensiek, I. P. Theron and D. I. L. de Villiers, “Deriving an 

optimum mapping function for the SKA shaped offset Gregorian 
reflectors,” IEEE Trans. Antennas Propag., vol. 63, no. 11, pp. 4658-
4666, Nov. 2015. 

[2] F. Jensen and A. Frandsen, “On the number of modes in spherical wave 
expansions,” in Proc. 26th Antenna Meas. Tech. Association (AMTA), 
Stone Mountain Park,GA, Oct. 2004, pp. 489-494. 

[3] TICRA, GRASP10, Version 10.0.1, Copenhagen, Denmark. [Online]. 
Available: http://www.ticra.com. 

[4] B. Billade, J. Flygare, M. Dahlgren, B. Wästberg and M. Pantaleev, “A 
wide-band feed system for SKA band 1 covering frequencies from 350 - 
1050 MHz,” in Proc. 10th Eur. Conf. Antennas and Propag. (EuCAP), 
Davos, Switzerland, Apr. 2016, pp. 1-4. 

[5] R. Lehmensiek and I. P. Theron, “The design of the MeerKAT L-band 
feed,” in Proc. Int. Conf. Electromagn. Adv. Appl. (ICEAA), Cape 
Town, South Africa, Sep. 2012, pp. 321-324. 

[6] D. I. L. de Villiers and R. Lehmensiek, “Offset Gregorian reflector 
shaping for optimum sensitivity”, in Proc. Int. Conf. Electromagn. Adv. 
Appl. (ICEAA), Palm Beach, Aruba, Aug. 2014, pp. 585-588. 

 

 

990


