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In this paper, 3-D space-time (ST) processing is proposed as a technique to enhance signals of in-
terest (SOIs) by attenuating near-over-the-horizon radio frequency interferences (RFIs) that exist
on dense phased arrays used in the next generation of radio telescopes. The proposed approach
is based on the difference between the regions of support (ROSs) in the 3-D frequency domain of
the Fourier transforms of the SOIs and RFIs. A 3-D linear phase filter bank structure, consisting
of 1-D FIR filters and 2-D circularly symmetric FIR filters, is employed to suppress the RFIs. The
performance of the proposed 3-D ST filtering approach is illustrated using synthesized broadband
(BB) SOIs and BB RFIs on dense aperture arrays (DAAs) and on focal plane arrays (FPAs). Re-
sults are presented that indicate the potential for successful mitigation of near-over-the-horizon
BB RFIs without significantly distorting the BB SOIs. The advantage of the proposed ST filtering
approach is its inherent capability of BB processing.
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1. Introduction

The next generation of radio telescopes requires unprecedented levels of sensitivity, resolution,
and field of view (FOV) that cannot be achieved with current radio telescopes. Radio astronomers
and scientist are working on the development of next generation telescope designs, such as the
square kilometre array (SKA) [1]. Depending on the observations, the signals of interest (SOIs) in
the next generation of radio telescopes, such as the SKA, may span at least a decade of temporal
frequency and are therefore broadband (BB). Moreover, the requirement of unprecedented levels
of sensitivity makes radio frequency interference (RFI) a major problem. In achieving the science
specifications, two emerging synthetic aperture applications of dense phased arrays are being con-
sidered [2], [3] for the so-called mid-frequency range from about 0.3-2 GHz: they are, rectangular
dense aperture arrays (DAAs) (as in Fig. 1(a)) and/or focal plane arrays (FPAs) in the focal plane
of paraboloidal dishes (as in Fig. 1(b)).

Previously reported works on the mitigation of RFIs are based on temporal blanking tech-
niques which are mostly suitable for intermittent RFI [2], on spatial filtering techniques which use
subspace-projection methods [3]-[5], on cancellation techniques which use a reference signal ap-
proach [6], and on post-correlation cancellation and anti-coincidence techniques [7]. Such methods
are mostly being investigated in the context of narrowband applications. However, for next genera-
tion synthetic aperture systems, such as the SKA, the SOIs are inherently BB and therefore it is an
interesting possibility to consider a suitable BB approach capable for attenuating (i.e., mitigating)
RFI signals without significantly distorting BB SOlIs.

Three-dimensional (3-D) space-time (ST) filtering for processing BB space-time signals has
been applied in many fields, such as wireless communications, video processing, radar, sonar,
seismic signal processing, etc. [8]. Previous studies [8]-[13] (and many references to be found
there) confirm the utility of these methods, based on the enhancement of 3-D ST plane waves
(PWs) based on their direction of arrivals (DOAs) or so-called linear trajectory (LT) 3-D SOls,
based on their trajectories. The 3-D stopbands attenuate undesirable 3-D signals, such as noise,
interference, multipath signals, etc. These methods are inherently capable of processing BB SOlIs
in the 3-D filter passbands.

In this paper, we describe the application of 3-D space-time cone filters for faithfully trans-
mitting passband BB SOIs while significantly attenuating near-over-the-horizon BB RFI stopband
signals on dense phased arrays for radio astronomy applications. The phased arrays include both
the FPAs and the DA As that are emerging for next generation radio astronomical applications. BB
near-over-the-horizon RFI signals are modeled using ST PW signals that propagate at, or close to,
light speed ¢ with 3-D spatial DOAs that are on (or sufficiently close to) the plane of the phased
array. Such ST PW signals have 3-D ST line spectra in (o, &y, 0 ) € R?, where & = @ /c € R,
having regions of support (ROSs) (ROS is the region of the 3-D frequency space where the Fourier
spectrum of the signal is nonzero.) that are on, or close, to the surface of the 3-D spectral light
cone (®? + coy2 = ®2) [8]. These BB ST models indicate that BB RFI signals can be attenuated by
means of a suitable 3-D ST cone filter encompassing the ROSs of the BB SOIs in the 3-D passband
and the region close to the spectral light cone in the 3-D stopband. The subsequent beamform-
ing/correlation operations demand that the ST filtering preserve the phase information of the SOIs.
Further, it is required that the SOIs undergo minimal distortion while providing attenuation of the
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RFlIs, implying a 3-D linear phase transfer function.

In previous work [9]-[12], the axis of the passband of cone filer banks may be oriented to point
at the DOA. However, for radio astronomy applications having the requirement that the passband
be circularly symmetric around the temporal frequency axis, a relatively simple 3-D cone filter
bank architecture is described (first proposed in [14] and consisting of 1-D FIR filters and 2-D
circularly symmetric FIR filters).

This paper is organized as follows: in section 2, the modeling of the RFIs, SOIs and their
ROSs in the 3-D frequency domain are discussed and, in section 3, the 3-D cone filter is presented.
Finally, in section 4 the performance of the proposed filtering approach is illustrated using synthe-
sized BB SOIs and BB RFIs on DAAs and FPAs.

2. Near-Over-the-Horizon Radio Frequency Interferences (RFIs) and Signals of
Interest (SOIs)

The type of RFI considered here are near-over-the-horizon artificial RFIs, often scattered by
the intervening terrain, that can be modeled as BB ST PWs arriving at the antenna array from a
direction of arrival (DOA) that does not fall within the range of the DOAs of the SOIs. A BB
ST PW signal, incident on a co-planar array with a spatial DOA of (8, §,,,) has its ROS in the
3-D spatio-temporal frequency domain on a straight line through the origin with an orientation of
(Cpw, Bpw) = (tan~!(sin Opw); Ppr) in (@, @y, @ ), Where ¢, and fB,,,, are the angles between ROS
and m,; axis, and o, axis and projection of ROS onto the @, ®, plane, respectively.
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Figure 1: ST PWs as SOI and RFI signals distinguished by their spatial Direction of Arrival (DOA)
(a) on dense aperture arrays (DAAs) (b) on focal plane arrays (FPAs).

The following scalar analysis is limited to the single polarization of EM PWs but may be
separately applied to the second polarization. In the case of FPAs, the angle subjected to possible
RFI intrusion corresponds to the angle between the focal plane and the physical spill over angle,
Ospin as illustrated in Fig. 1(b). Due to the diffraction of SOIs in the outer-rim of the paraboloidal



Space-Time Digital Filtering of Radio Astronomical Signals using 3-D Cone Filters Pan Agathoklis

(b) sliced at »,=1.8553

2

(a) ROS in 3D spatio-temporal frequency domain
>
g

Figure 2: The magnitude spectrum of an SOI on the FPA due to a broadside broadband (0.7-1.8
GHz) ST PW incident on a paraboloidal reflector of diameter D = 15m and focal-ratio f/D = 0.5;
(a) 3-D ROS containing 97% energy (b) a slice at @, = 1.8553 (c) a slice at @, = 0 [16].

dish, caused by non-zero taper at the edge of the outer-rim and the considerable size of the FPA,
0ax on the FPA may exceed ;).

In the case of DAAs, any BB ST PW that is incident on the array, and having a DOA corre-
sponding to an angle inside the FOV area (i.e., 0 < 68,,, < 6,,,4,) shown in Fig. 1(a), is considered
to be a BB ST SOI. The respective ROSs of the 3-D spectra of SOIs on DAAs are close to straight
lines through the origin in (@, @y, O ).

In the case of FPAs (and in contrast to DAAs), it has been proposed and confirmed [15] by
Gunaratne and Bruton that dish-reflected signals (including all celestial SOIs from all DOAs) form
a diffraction field that, in the focal plane and close to the focal point, has a 3-D ROS in (@, y, W)
that is very close to a wide-angle cone having axis @, = 0 and cone vertex angle given by 6,,,,.
Fig. 2 illustrates the magnitude spectrum of an SOI on the FPA due to a broadside broadband
(0.7-1.8 GHz) ST PW incident on a paraboloidal reflector of diameter D = 15m and focal-ratio
f/D=0.5.

3. 3-D Cone Filter Design

We now describe a suitable 3-D cone filter bank for processing the ST uniformly-sampled and
digitized 3-D FPA diffraction field, having the the required linear phase circularly-symmetric 3-D
passband that encloses the ROSs of the SOIs such that the 3-D stopband attenuates the ROSs of
near-over-the-horizon RFIs. Obviously, steep 3-D transitions between ideally-flat passband and
good stopband attenuation are desirable.

The 3-D ST filter bank structure proposed in [14] is used here. This 3-D linear phase FIR cone
filter is based on a filter bank structure consisting of 1-D linear phase FIR filters and 2-D circularly
symmetric zero phase FIR filters, yielding the linear phase 3-D frequency response transfer function
shown in Fig. 3 and Fig. 4(c).

4. Simulated Verification of Performance

We describe an example of two BB RFI signals having spatial DOAs given by (0;,¢;) =
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Figure 3: The linear phase analytic cone filter approximation with L bands.

(a) SOI and RFIs in space-time domain (b) ROSs of the SOI and RFIs in 3-D frequency domain
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Figure 4: Illustration of the 3-D cone filtering concept for mitigation of RFIs (a) SOI and RFIs in
ST domain (b) ROSs of SOI and RFIs in 3-D frequency domain (c) 3 dB surface of the cone filter
with £ = 30° (order of 40 x 40 x 40) (d) ROS of the output signal in 3-D frequency domain[16].

(859,80%) (RFI 1) and (6, ¢») = (90°,10°) (RFI 2). The SOI is also a BB PW having spatial DOA
given by (6, ¢9) = (0°,0°) (SOI). The BB property of these SOIs is ensured by synthesizing them
from multiple superimposed equal-amplitude cosine functions having monochromatic frequencies
that densely cover the desired mid-frequency range 0.7-1.8 GHz.

The elements of the DAA are assumed to be rectangularly-distributed, uniformly-weighted
and spaced to satisfy the Nyquist condition. The SOI has been filtered using the 3-D cone filter
bank with results as summarized in Fig. 4. In Fig. 4(a), we show the SOI along with two RFI
signals received by an array of (N, X Ny) = (41 x 41) in ST domain while in Fig. 4(b), the ROSs of
three signals in 3-D frequency domain are shown. In Fig. 4(c), the 3 dB surface of the frequency
response of the 3-D cone filter of order 40 x 40 x 40 and & = 30° is shown, and in Fig. 4(d), the
output of the filter in the 3-D frequency domain is shown. It is observed in Fig. 4(d) that the two
RFI signals have been significantly attenuated, as required.
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The improvement of the signal-to-interference ratio (SIR) for various cone angles has been
obtained. The RFIs are the same signals as before. And, the SOI in the case of DAA is the same
as before while in the case of FPA the SOI has a spectrum with ROS in a cone as shown in Fig. 2.
The FPA is assumed to be comprised of 225-elements, (N, x Ny) = (15 x 15), and the order of
the 3-D cone filter was chosen as 14 x 14 x 40. In both cases, the energy of the SOI is 100 times
lower than the energy of each of the RFIs, representing a very weak SOI. The SIR of the input and
output signals for various cone angles for both DAA and FPA are shown in Fig. 5(a) and Fig. 5(b),
respectively.
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Figure 5: Improvement of SIR (a) DAA of (N, x N,) = (41 x 41) (b) FPA of (N, x Ny) = (15 x 15).

It is observed that the improvement in SIR is reduced when the cone angle is increased. This
is due to the fact that, for increased angle, more of the energy of the RFI encroaches into the 3-D
passband. Further the improvement in SIR is significantly higher for DAAs than for FPAs. This is
due to the fact that the spectral energy of the SOI is concentrated closer to the temporal frequency
axis in the case of DA As relative to FPAs.

5. Conclusions

A 3-D ST filtering approach is described for attenuating near-over-the-horizon BB RFI signals
in DAAs and FPAs for potential application in next generation radio astronomy applications. For
sufficiently large arrays, the results indicate significant attenuation of near-over-the-horizon RFI
signals. The length of the proposed 3-D FIR cone filter in each spatial direction cannot exceed the
corresponding number of spatial samples: for example: 15 x 15 for the 225-element FPA reported
in Fig. 5(b). This maximum length limits the improvement in SIR that can be achieved and, in
particular, the maximum stop band attenuation and the accuracy of the passband inside of the cone.
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