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We demonstrate the use of spatial filtering algorithms for radio frequency interference (RFI)
mitigation in conjunction with a focal plane array of electrically small elements. The array consists
of a seven-element hexagonal arrangement of thickened dipole antennas with 1600 MHz designed
center frequency backed by a circular ground plane at the focal plane of a 3 m parabolic reflector.
Rooftop-mounted signal sources were used to simulate a weak signal of interest at boresight and a
strong, broadband interferer in the reflector sidelobes. Using an adaptive beamformer, the
amplitude of the interfering signal was reduced sufficiently to recover the signal of interest. For an
interference to noise ratio of 15 dB as measured at the center array element, the interferer was
suppressed to the level of the fluctuations of the 10-second integrated noise floor (the minimum
detectable signal level was interference-limited and no longer decreases after 10 s integration).
Similar cancellation performance was demonstrated for a nonstationary interferer moving at an
angular velocity of 0.1° per second. Pattern rumble due to beamformer adaptation was observed
and quantified. For a moving RFI source, the degree of pattern rumble was found to be
unacceptably large in terms of its effects on the maximum stable integration time and receiver
sensitivity. An array feed with more elements together with specialized signal processing
algorithms designed to suppress pattern rumble will likely be required in order to use adaptive

spatial filtering for astronomical observations.

1. Introduction

As radio telescopes increase in sensitivity, science ap-
plications move away from traditional protected spectral
line bands, and man-made radio sources grow in number,
techniques for radio frequency interference (RFI) miti-
gation become increasingly important. Time blanking,
adaptive cancellation, spatial filtering, as well as other
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approaches to RFI mitigation have received considerable
attention. In this paper, we present experimental verifica-
tion of RFI mitigation for a reflector antenna with a fo-
cal plane array (FPA) feed in conjunction with adaptive
beamforming algorithms.

FPAs have been used for decades for such applications
as multi-beam synthesis or compensation for reflector sur-
face aberrations [Blank and Imbriale, 1988]. More recent
efforts include the Netherlands Foundation for Research
in Astronomy (ASTRON) FARADAY array of broad-
band Vivaldi antennas for multi-beam synthesis [[vashina
et al., 2004]. The Parkes radio telescope has demon-
strated a 13 element waveguide feed FPA [Staveley-Smith
et al., 1996] which has been used operationally for the H1
Parkes all-sky survey (HIPASS) [Koribalski, 2002].

FPAs similar to the Parkes array employ electrically
large elements individually matched to the reflector sur-
face. Although electronic beamforming can be employed,
each element provides a high gain, high spillover effi-
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ciency beam without beamforming. To achieve greater
control over beam patterns, feed arrays of electrically
small elements have also been considered for use in ra-
dio astronomy applications [Fisher and Bradley, 2000].
Numerical simulations have been used to determine the
sensitivity and noise performance of seven and nineteen-
element dipole arrays in the presence of RFI [Hansen
et al., 2005].

This paper reports an experimental verification of
RFI mitigation using a seven-element array of thickened
dipoles over a ground plane, at the focal plane of a three-
meter parabolic reflector. A weak signal of interest (SOI)
obscured by a broadband simulated RFI source was re-
covered using conventional adaptive beamformer algo-
rithms for both stationary and nonstationary interferers.
We also characterize the performance of adaptive cancel-
lation algorithms as a function of interferer power level,
and quantify the degree of undesirable pattern rumble due
to adaptive beamforming in the case of a nonstationary
RFI source.

2. Array Feed Description

The prototype array feed, depicted in Fig. 1, consisted
of seven dipole antennas arranged in a hexagonal grid
over a ground-plane backing. The array elements were
designed for a center frequency of 1600 MHz (A = 18.75
cm). The element spacing was fixed at 0.6 A (11.25 cm),
which is small enough to fully sample the focal plane
field distribution [Fisher and Bradley, 1999]. The ground
plane of the array was formed by 1.5 mm copper-clad
laminate.

Figure 1. Seven element array feed geometry.

The array elements were balun-fed thickened dipoles
placed at a distance of 0.25 A above the ground plane. The
arms of the dipole were constructed from 6.0 mm copper
tubing, with a radius-to-wavelength ratio of a/A = 0.016.
This provided a 30% bandwidth based on an input reflec-

tion coefficient less than -10 dB with a system impedance
of 50 Q.

Each element feed port was attached to a low-noise am-
plifier and receiver with 105 K noise temperature for each
channel. The receiver was a two-stage mixer with a inter-
mediate bandwidth centered at 4 MHz to allow for analog
to digital conversion. Sampled data was streamed to a
disk array. Complex basebanding and signal processing
were performed in post-processing.

3. Signal Processing

The system architecture consists of seven antenna ele-
ments connected to parallel receiver chains, followed by
signal processing to form a linear combination of the re-
ceiver outputs. If the complex voltage samples at the out-
put of each receiver chain at time step n are arranged into
a column vector x, and the beamformer weights are de-
noted by w, then the beamformer voltage output is

vn] = whx[n] (D

The time average output power relative to a 12 load for
M samples is

= swiR,w 2

where R, is the sample estimated receiver output correla-
tion matrix. Assuming stationarity of the signal and noise
environment, R, converges to the exact covariance ma-
trix R, as M becomes large.

In post-processing, the time series of sampled receiver
outputs are divided into short term integration (STI) win-
dows. For each STI window, the sample estimated corre-
lation matrix R, is computed. An adaptive beamforming
algorithm is used to obtain a set of beamformer weights w
for each STI window. To initialize adaptive cancellation
algorithms, signal and in some cases noise training data
is required. A noise-only correlation matrix R,, was ob-
tained by sampling while the SOI and the interferer were
deactivated and correlating over a large number of sam-
ples. The signal correlation matrix R, was obtained by
sampling while the SOI was active with a very high SNR.
A calibrated signal response vector d, was obtained by
computing the principle eigenvector of R;.

A standard adaptive algorithm which can be applied di-
rectly in this scenario is the linearly constrained minimum
variance (LCMV) beamformer [Van Trees, 2002]

1 S —1

VS arRa ®

where the leading scale factor constrains the response of
the beamformer such that wd, = 1.
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Another adaptive spatial filtering algorithm is the max-
imum signal to interference and noise ratio beamformer
(max-SINR), which has the desirable property that it
achieves the best possible SINR over all beamformers
[Van Trees, 2002]. To apply max-SINR directly, the sig-
nal covariance matrix and the noise and interferer covari-
ance matrix must be known separately. The signal and
noise covariance matrices can be estimated from signal-
only and noise-only calibration data sets, but the interferer
covariance matrix is typically unavailable.

To estimate the interferer statistics, we employ inter-
ferer subspace partitioning (ISP). In the strong interferer
case, the principle eigenvector of R, provides an approx-
imation to the interferer steering vector d;. The interferer
correlation matrix R,; is then estimated as

R, = o}d,df’ )

The interference-plus-noise correlation matrix Ry is then
R N = RZ +R,,, where R,, is obtained from training data.
Finally, the array weight vector w is given by the princi-
ple eigenvector of the generalized eigenvalue problem

R.w = \Ryw 5)

where R is the SOI correlation matrix obtained from a
high-SNR calibration data set.

4. Experimental Setup and Results

| it e ,
Figure 2. Rooftop positions of the receiving reflector antenna
with array feed, the SOI source, and the simulated RFI source.

To simulate an astronomical observation in the pres-
ence of an interferer, transmitters were placed on building
rooftops with line-of-sight paths to the receiver. One of
the transmitters acted as a signal of interest (SOI) at bore-
sight, while the other acted as an interferer in the antenna
pattern sidelobes. The SOI was a standard gain horn po-

sitioned at boresight to the receiver. The interferer source
was a dipole antenna at 30° from the SOI. Figure 2 shows
an overhead perspective of the antenna positions.

Due to the proximity of buildings and other structures,
multipath is likely to be significant, as it would be for a
ground-based RFI source in a real observation scenario.
The SOI will also experience some multipath, but there
are no strong specular scatterers and the direct path is
dominant.

4.1. Effective Area and Aperture Efficiency

Effective area for a passive antenna is the received
power divided by incident power density. The effec-
tive area of an active beamforming array can be defined
by augmenting this definition according to [Warnick and
Jeffs, 2006]

P, kTB
Ssig Piso

A= (6)

where k;, is Boltzmann’s constant, B is the system band-
width, S, is the incident power density of a strong cali-
brator SOI in one polarization, P is the beamformer out-
put power due to the SOIL, and P, is the beamformer out-
put power for the array when surrounded by an isotropic
noise field at temperature 7. The isotropic response can
be expressed as P;s, = wHR,,,w, where R;,, is the co-
variance of the receiver output voltages for the array in an
isotropic noise field. The factor k,T' B/ P;s, in (6) scales
the beamformer output such that P, = kT B, as would
be expected for a passive antenna in thermal equilibrium
with its environment.

In practice, R;s, may be difficult to measure directly,
although it can be determined from the real part of
the array element mutual impedance matrix measured
at the feed ports [Stein, 1962]. Alternately, by neglect-
ing the relatively weak correlation across array elements
for an isotropic noise field, P;s, can be approximated as
kT BwH Gw, where G is a diagonal matrix of measured
power gains for each receiver channel from array element
feed ports to sampled complex baseband outputs. Us-
ing this approach, the effective area of the array feed was
measured to be 4.1 m2, corresponding to an aperture ef-
ficiency of 64%. Antenna misalignment, multipath, and
errors in gain measurements for system components lead
to uncertainties on the order of 1 dB.

4.2. RFI Mitigation

The first interference scenario was a weak SOI in the
presence of a stationary interferer. The SOI was a CW
transmission at 1611.3 MHz with an input power of —110
dBm into the standard gain horn. The SOI power level
was chosen so that the signal was below the system noise
floor at the center array element. The interferer was a 0
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dBm FM transmission centered at 1611.3 MHz, with 30
kHz deviation and 1.0 kHz modulation rate.

Since the signal processing is narrowband, RFI miti-
gation performance is essentially independent of the tem-
poral signal characteristics (although the impact of resid-
ual RFI on SOI detection certainly depends on the RFI
spectral characteristics). The modulation was chosen for
convenience in displaying results.

Figure 3 shows the power spectral density (PSD) of the
signal at the center array element. This represents the con-
trol signal that would be seen by a standard, single-feed
receiver in a radio telescope. The SOI is obscured by both
the variance of the noise floor and the interfering signal.
Figure 4 shows the resulting PSD after 10 seconds of in-
tegration. The noise floor variance decreases, but the FM
interferer remains and the SOI is not observable. Figure
5 shows the beamformer output with the max-SINR-ISP
algorithm with an STI length of 4.9 ms, or 6125 real sam-
ples. As can be seen, the FM interferer is suppressed and
the SOI is recovered. A small amount of residual RFI is
visible.
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Figure 3. Short-time PSD as seen by the center element. A CW
SOI is obscured both by variance of the noise floor and by an
FM-modulated interferer.
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Figure 4. PSD of the center element signal after 10 seconds of
integration. The noise floor variance is reduced by integration,
but the SOI is still obscured by interference.
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Figure 5. PSD of the max-SINR beamformer output using in-
terferer subspace partitioning for a stationary interferer. A small
amount of residual interference is visible after 10 seconds of in-
tegration.

4.2.1.

To simulate a moving interferer, the RFI source was
manually moved at a walking pace. As seen from the
receiver, the angular velocity was on the order of 0.1° /s,
which is typical for a satellite in medium Earth orbit. Dur-
ing this trial, the SOI was a CW transmission at —90 dBm
with a —10 dBm FM interferer overlapping in frequency.
Figure 6 shows the beamformer output with max-SINR-
ISP. The signal power is different from that of Fig. 5 be-
cause the SOI source power was varied between data sets
in order to test beamformer algorithms in a variety of SNR
regimes.

Nonstationary Interferer
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Figure 6. PSD of the max-SINR beamformer output using in-

terferer subspace partitioning for a moving interferer.

4.2.2. Performance Versus Interferer Power
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Figure 7. Interference rejection ratio of the beamformers as a
function of interference to noise ratio at the center element. The
straight line corresponds to an output interferer power spectral
density equal to the center element noise floor.

The performance of a given beamformer depends
strongly on the relative power levels of the signal and
the interferer. To quantify this effect, a series of data
sets were captured with varying interferer power levels.
A useful metric for beamformer performance is the in-
terference rejection ratio (IRR), the interference to noise
ratio (INR) at the center element divided by the INR of
the beamformer output, so that

INReny

IRR = INR,

(7

where the INR is defined for convenience in terms of
noise and modulated interferer power spectral densities.
Figure 7 summarizes the performance of several beam-
former techniques as a function of interferer power level.
The first curve (SINR-ISP) represents max-SINR us-

ing interferer subspace partitioning. The second curve
(SINR-TRN) was obtained with a fixed max-SINR beam-
former with interferer spatial statistics calculated once
from training data. The third beamformer is LCMV. For
reference, the fourth curve (GAIN) is a fixed maximum-
gain beamformer calculated from training data which
does not suppress the interference.

4.3. Correlation Time and Nonstationarity
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Figure 8. Interference rejection ratio as a function of STI win-
dow length for a stationary interferer.

There is a general trade-off with adaptive beamforming
between STI window length and nonstationarity. Spatial
filtering relies on an accurate estimate of the covariance of
the array response to the interferer. Assuming stationary
signal and noise statistics, covariance estimates improve
with longer STI lengths. If an interferer moves signifi-
cantly over the STI window, however, smearing of the in-
terferer spatial response leads a poor covariance estimate.
For short STI lengths, the interferer response estimation
error is dominated by noise, and for long STI lengths, esti-
mation error is dominated by nonstationarity. The former
effect can be seen in Fig. 8, which shows the IRR of two
beamformers as a function of correlation time for a sta-
tionary interferer. For integration times longer than 5 ms,
the IRR levels off and shows no improvement for longer
averaging windows. This may be due to mechanical vi-
brations or other sources of nonstationarity that limit the
interferer null depth even with long correlation times.
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Figure 9. Interference rejection ratio as a function of STI win-
dow length for a moving interferer.

Figure 9 shows IRR as a function of STI length for a
moving interferer. The IRR begins to decrease after 5 ms.
For an angular velocity of 0.1°/s, in 5 ms the interferer
arrival angle only changes by 0.02% of the main beam
half-width, so the motion relative to the pattern sidelobe
structure is extremely small over this time. For a larger
reflector, the scale of the sidelobe structure is finer, so for
a given angular velocity, shorter correlation times would
be required.

4.4. Pattern Rumble

As an interferer moves or the propagation environment
changes, beamformer adaptation changes the effective an-
tenna receiving pattern. This causes the responses of the
beamformer to the SOI and thermal noise to vary in time.
We refer to this phenomenon as pattern rumble. Another
type of pattern rumble occurs even for stationary interfer-
ers, caused by beamformer weight jitter associated with
interferer and noise covariance estimation error [Hamp-
son and Ellingson, 2002]. In this paper, we focus on pat-
tern rumble due to nonstationary interference.

Pattern rumble decreases sensitivity in the same way
as receiver gain fluctuations. The minimum detectable
signal for a radiometer with stable gain is commonly de-
fined to be the standard deviation of the integrated re-
ceiver noise output power, which for a standard receiver
architecture is

Tsys

AT‘min =
v Bt

®)

where T, is the system noise temperature, B is the noise
bandwidth, and ¢ is the integration time. In principle,
an arbitrarily weak signal can be detected with enough
integration, but receiver instability places an upper limit
on the benefits of integration. Taking into account gain
fluctuation, the minimum detectable signal level becomes

ARRAY FEED EXPERIMENTS

[Kraus, 1986]

€))

where G is the average gain of the receiver and AG is
the standard deviation of the gain. It can be seen that
the noise standard deviation becomes stability-limited af-
ter an integration time which decreases according to the
inverse square of the normalized gain standard deviation
AG/G.

For traditional single-feed radio astronomy, highly sta-
ble receivers and calibration techniques effectively reduce
AG/G to a very small value. With an adaptive beam-
former, pattern rumble introduces a new source of sys-
tem gain fluctuation which cannot be removed by stan-
dard calibration methods. In general, pattern rumble af-
fects the response to spillover noise as well as the SOI.
To quantify pattern rumble, it is convenient to assume that
the beamformer weights w are normalized to maintain a
fixed response in the SOI direction, as in (3). With this
choice of normalization, pattern rumble can be quantified
in terms of fluctuations of the beamformer noise response.

The beamformer output noise power in the mth STI
window relative to a 1 2 load is

Pom = 3WiRyW, (10)

where R,, was defined above as the covariance of the
system noise at the array outputs and w,,, represents up-
dated beamformer weights at the mth short time integra-
tion (STI) window. The noise covariance matrix R, in-
cludes a diagonal contribution due to receiver noise and a
non-diagonal contribution due primarily to spillover noise
received by the array elements. Assuming a stationary
noise field, P, ,, varies from one STI window to the next
as the beamformer weights w,,, change. In determining
the receiver sensitivity, the standard deviation of P, ,,
relative to the average output noise power or the output
noise power due to a quiescent beamformer with no inter-
ference can be treated as a gain fluctuation term in (9).
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Figure 10. Beamformer noise response as a function of time
for a fixed interferer 30° from boresight, a moving interferer
(0.1°/s) in the deep sidelobes, and an extreme case with an in-
terferer moving across the first sidelobe and into the main lobe

of the antenna pattern.

With measured data, there are two approaches to esti-
mating R, for use in (10). The noise covariance matrix
R, can be estimated from a noise-only calibration data
set with a very long correlation time. Alternately, if the
interferer and SOI are bandlimited, bandpass filtering can
be used to isolate a noise-only portion of the output sig-
nals for each receiver channel. This technique can be used
to estimate the actual noise response of the system in each
STI window including possible time variation of the noise
field, but it has the disadvantage that estimation error in
the correlation matrix f{n leads to additional fluctuations
in P, ,, that do not represent changes in the beamformer
receiving pattern. In view of this, we use the former ap-
proach.

The system noise response for three interference sce-
narios is shown in Figure 10. For pattern rumble tests, the
signal and interferer were CW tones at distinct frequen-
cies. The adaptive algorithms were applied using a short-
time integration window length of 1.6 ms. Two of the
curves represent interferers in the deep sidelobes of the
reflector. For comparison, an extreme case is also shown,
for which the interferer was moved across the near side-
lobes into the main lobe of the antenna receiving pattern.
It can be seen that the system noise response of the adap-
tive beamformer is strongly sensitive to interferer motion.
The measured relative standard deviations of the noise re-
sponses are 0.0062 (fixed interferer), 0.14 (moving), and
0.59 (interferer near main beam).

In Figure 10, it can be seen that for the interferer
near the main lobe the noise response exceeds the am-
bient temperature of the environment around the antenna.
This occurs because the beamformer weights are normal-
ized to maintain a constant signal response. This effec-
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tively lumps both SOI gain variation and spillover noise
fluctuation into the beamformer noise response. Output
noise values that are significantly larger than the quies-
cent system noise temperature correspond to STI win-
dows in which the array response to the interferer is sim-
ilar enough to the SOI response that the adaptive beam-
former must sacrifice SOI power in order to suppress the
interfering signal [Hansen et al., 2005].
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Figure 11. Integrated noise floor standard deviation as a func-
tion of integration time. Nonstationary interferers lead to pat-
tern rumble, which severely limits the achievable reduction in
noise variance with integration. For the fixed interferer case,
only 10 s of data was recorded.

As expected, the fluctuating system noise response lim-
its the stable integration time and consequently the sensi-
tivity of the system. Figure 11 shows the standard devia-
tion of the beamformer output noise floor as a function of
integration time. For the cases with moving interference,
pattern rumble leads to a limitation on the achievable re-
duction in noise variance with integration. This behavior
is in accordance with (9) with the relative gain fluctuation
replaced by the relative standard deviation of the beam-
former noise response.

These observations have serious ramifications for the
use of adaptive spatial filtering in astronomical observa-
tions. Clearly, the degree of pattern rumble observed for
moving interferers is unacceptable for scientific applica-
tions (although in practice the extreme scenario with an
RFI source near the main beam would be rare and if it
did occur the data would likely be discarded). More so-
phisticated signal processing and an array feed with more
elements will likely be required to reduce the degree of
pattern rumble to acceptable levels. As noted above, mul-
tipath is a factor in these measurements, as it would be
for a ground-based interferer in a real observation sce-
nario. For a stationary interferer and a fixed propagation
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environment, in principle multipath should have no strong
qualitative impact on RFI mitigation, but the behavior of
pattern rumble may be different for moving interferers
such as aircraft or satellites at higher elevation angles and
less multipath. For a larger reflector with finer sidelobe
structure, an interferer with a given angular velocity will
lead to a more rapid time scale for pattern rumble.

5. Conclusions

This paper has discussed experimental verification of
RFI mitigation with a focal plane array feed. The perfor-
mance of several RFI mitigation algorithms was charac-
terized using artificial signal and interference sources for
the seven element array. The level of residual RFI was
low enough that a weak SOI could be detected after in-
tegration. This observation provides strong evidence that
RFI mitigation with similar performance will be possible
with a larger radio telescope.

A number of significant issues remain before array
feeds can be used in practice for astronomical observa-
tions, including integration of array elements with cryo-
cooled LNAs, dealing with the heat load of many parallel
front-end amplifiers, and development of broadband array
elements, receiver chains, and signal processing architec-
tures. In this paper, we were particularly concerned with
pattern rumble due to adaptive spatial filtering, which in-
troduces a new source of instability relative to traditional
single feeds with fixed radiation patterns. For the pro-
totype seven element array results reported in this paper,
pattern rumble observed with a moving RFI source leads
to an unacceptable limit on the stable system integration
time and receiver sensitivity.

There are multiple avenues for reducing or mitigating
pattern rumble which may lead to acceptable sensitivities
even with adaptive spatial filtering and nonstationary RFI.
An array with more elements provides additional degrees
of freedom which can be exploited by the adaptive beam-
former to place a null on the interferer with less perturba-
tion to the noise response [Hansen et al., 2005]. Special-
ized signal processing algorithms which optimally bal-
ance interference mitigation, aperture efficiency, and pat-
tern rumble based on a given observation scenario may
lead to improved performance. The use of an auxiliary
antenna which tracks the interferer [Jeffs et al., 2005]
should also reduce pattern rumble. Bias correction can be
employed to achieve a stable long term effective antenna
pattern [Jeffs and Warnick, 2007], although it remains to
be demonstrated that long stable integration times can be

achieved with this approach. Developments along these
lines should enable deployment of a focal plane array on a
full-scale radio telescope, with the goal of demonstrating
that high sensitivity and pattern stability can be achieved
in the presence of RFI.
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