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Abstract. Various methods of radio frequency interference (RFI) mitigation methods at radio astronomy tele-
scopes are being considered. Special attention is given to real-time processing algorithms. Computer simulations
and observational results are used to describe the applicability of these methods. Best results can be achieved
when the RF'I mitigation procedures are adapted to the particular radio telescope, the type of observations, and
the peculiarities of the RFI environment. A combination of different linear and non-linear methods in the tem-
poral and frequency domains, with and without the use of reference antennas, may give considerable suppression

of strong RFI.
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1. Introduction

Radio astronomy uses the radio spectrum to detect weak
emissions from celestial sources. The frequencies at which
these emissions can be seen are completely determined
by the physical processes occurring at the site of origin.
Generally speaking, the whole electro-magnetic spectrum
contains information on the physics of celestial sources.
Improvements in antenna quality and receiver parameters
seek to lower the detection levels for these sources at all
available frequencies. However, the real sensitivity of radio
astronomical stations is often limited by man-made radio
emissions due to a variety of activities such as broadcast-
ing operations, radars, and a variety of communication
and radiolocation systems. In practical terms, the electro-
magnetic environment at radio observatories is deteriorat-
ing every year. As a result, the performance improvements
of the astronomy stations do not always give the expected
results because of man-made interference. It may be dif-
ficult to attain the sensitivity limits of radio telescopes
that are situated even in secluded areas far from human
activity.

The vulnerability of radio astronomy stations to radio
frequency interference (RFT) has been described in a num-
ber of publications (Pankonin & Price 1981; Waterman
1984; Galt 1990; Maddox 1995; CRAF (Committee on
Radio Astronomy Frequencies) 1997; Spoelstra 1997;
Kahlmann 1999; Cohen 1999). The received signals of in-
terest are extremely weak: the typical signal-to-noise ratio
(SNR) is generally —30 dB or less and can be as low as
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—60 dB. As a consequence of their high sensitivity, radio
telescopes are also susceptible to interfering signals from
transmitters in adjacent and nearby bands. The influence
of RFI on a radio astronomy measurement ranges from
total disruption by saturation of the receiver to very subtle
distortions of the data. While broadband RF'I raises the
general noise level of receivers, thus degrading its sensitiv-
ity, any narrow-band RF'I may imitate spectral lines. For
weak interfering signals the degradation of the data may
be found only after considerable off-line data processing,
and may result in false scientific observations.

Radio astronomers are also interested in parts of the
radio spectrum that have not been allocated for passive
use, because broad-band and narrow-band signals can be
found across the whole spectrum. There is a common prac-
tice at radio-astronomical stations to monitor the RF'I
environment in those bands and choose observation times
and frequency bands so as to receive the minimum possi-
ble man-made noise. Investigations of the different types
of RFI indicate that in some cases it is possible to coun-
teract them actively and avoid contamination of the radio
astronomical signals. The combined application of ana-
logue and digital (linear and non-linear) processing can
significantly improve the quality of the observational data.

It is important to mention at this time that there is no
universal method of RFI mitigation in radio astronomy
observations. In particular, the applicability and the suc-
cess of certain mitigation procedures depend on a number
of factors:

1. The type of radio telescope — Single dish opera-
tions, or connected interferometry, or Very Long Baseline
Interferometry. Single dish radio telescopes are especially
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Fig. 1. Examples of RFI waveforms in the receiver output
versus time: a) and b) impulse-like RFI; c¢) radar impulses;
d) narrow-band RFI.

vulnerable to RF'I because all incoming RF'I, entering
by scattering or reflection, enters the system coherently.
The data obtained with interferometer systems suffer from
RFI to a lesser degree (Thompson 1982), but any noise
power measurements made at each of the antennas for
calibration purposes will be distorted by the RF'I.

2. The type of observations — Continuum or spec-
tral operations. For continuum observations it is possible
to sacrifice some part of the data stream affected by RFT
and save the remaining part with some loss of observing
efficiency. For spectral observations the narrow-band RFT
and the signal-of-interest can be placed in the same spec-
tral region, such that editing in the spectrum can be done.
If they are superposed, it is impossible to delete this par-
ticular part of the spectrum.

3. The type of RFI — Impulse-like bursts, narrow-
band or wide-band RF'I. Theoretical considerations and
experimental data show that RFI may be represented as
a superposition of two types of waveforms: 1) impulse-
like bursts and 2) long narrow-band random oscillations
(Middleton 1972, 1977; Lemmon 1997). Figure 1 gives ex-
amples of the waveforms of various sorts of RF'I.

2. Methodologies for suppressing RF'I

The goal of this paper is to consider various mitigation
methods and evaluate their applicability and consider how
much they may help to decrease the impact of RFI on
the astronomical data. These methods are all based on
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the characteristics of modern digital signal processing al-
gorithms and the techniques that are commonly used at
existing radio telescopes. Right at the start it should be
mentioned that all methods of RFI mitigation will be
more effective with stronger signals; it becomes increas-
ingly difficult to detect and suppress weaker RF I signals.

In evaluating the methodologies for excising or partly
suppressing RF'I in the data, there are three main options:

1. Rejection in the Temporal Domain. This type
of RFI excision is most effective when dealing with strong
and short (spiked) bursts of RFI. Sampling with suffi-
ciently high frequency and subsequent thresholding may
give good results. More complex processing such as the cu-
mulative sum method (CUSUM) (Basseville & Nikiforov
1993; Fridman 1996) unites thresholding techniques and
adaptive smoothing and provides more flexibility and ef-
fectiveness. Weak and long-lasting RE'I signals are prob-
lematic because the threshold methods in the temporal
domain do not work in this case. This type of RFI might
be suppressed by frequency rejection methods, which have
limited applicability in spectral line observations.

2. Frequency rejection. The whole receiver band-
width is divided in many channels (using a filterbank or
digital correlator techniques) and the channels with RFI
are suppressed. This type of RF'I excision can only satisfy
observational objectives if there is no special spectral line
information in the rejected channels. If the RF'I signal
is concentrated in a few spectral channels, their rejection
would not impact strongly on the radiometric sensitivity.
If the RFI signal in spectral line observations coincides
with the spectral window of interest, the RF'I cannot be
simply excised because the signal-of-interest will be also
excised. If a time-frequency analysis shows that RFT is in-
termittent (with less than 100% duty cycle), the excision
of this RF'I can be efficient. In general, adaptive interfer-
ence cancellation using an auziliary reference antenna is
more effective as a form of spatial filtering.

3. Spatial filtering. Spatial filtering methods use the
difference in the direction-of-arrival (DOA) of the astro-
nomical signal-of-interest (SOI) and the RF'I. This type
of adaptive interference cancellation is similar to the adap-
tive noise cancellation (ANC) techniques that can be use-
ful for single dish observations using an auxiliary reference
antenna pointing off-source. The RF'I emission from spa-
tially localized sources could be suppressed using multi-
element radio interferometers based on an adaptive array
philosophy, where zeros of a synthesized antenna pattern
coincide with the DOAs of undesirable signals (adaptive
nulling techniques). This approach is being considered for
some new-generation radio telescopes (van Ardenne 2000;
Bregman 2000). There are some limitations in using this
technique for large radio interferometers using sparse an-
tenna arrays with phase-only computer control, which will
result in a complex impact on the imaging process. One
of the possible applications for this technique could be a
tied-array (phased-array) mode, where only one output
(two polarizations X, Y or R, L) is produced for use in
VLBI or pulsar observations.
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Spatial filtering is effective when the RF'I is strongly
correlated at the individual antennas of the radio tele-
scope, which may be the case for common radar and
communications half-wavelength phased-arrays.

Single dish radio telescopes with large antennas em-
ploy total power receivers as their output, which is partic-
ularly susceptible to RF'I, because it is 100% correlated
at the antenna feed. Therefore, the RFI power is fully
added to the system and to the desired radio source noise
power. Even very weak RF'I will be dangerous after long
averaging by mimicking wanted astronomical signals.

RF1I at the sites of VLBI system separated by hun-
dreds and thousands of kilometers, are practically uncor-
related. The impact of RF'I at the correlator output is an
increased variance. This change in the variance will be sig-
nificant when the RFI power becomes comparable with
the system noise power.

Connected interferometers form an intermediate type
of radio telescope. For these systems the RF'I at nearby
adjacent antennas (with less than 100 m separation) is
highly correlated, but it becomes less correlated at larger
separations (baselines) of 1 km and especially at baselines
from 10-100 km. Because of non-continuous spacings, the
effectiveness of the adaptive nulling technique cannot be as
high as that of the continuous-like half-wavelength phased
arrays.

2.1. Parameters describing the results of the methods

When evaluating a certain RFI mitigation method, the
following two questions need to be asked:
a. What is the level of suppression of the RF'I signal?
b. What is the loss of the signal-of-interest as a result
of the RFI mitigation also including the total amount of
data loss?
The general parameters that describe the method and
quantify the results of RE'I suppression are the following;:
1. The intensity of the RF'I is characterized by the in-
put ratio of the system-noise variance to the RF'I variance:

2
OSYS (1)
ORFI

Q1=

2. The bandwidth occupied by an RFI signal is charac-
terized by the ratio of signal-of-interest (or receiver) band-
width to the RF'I bandwidth:

Afrec

Q2= AFgpr

(2)

3. The processing gain obtained after RF'I suppression
is characterized by the ratio:

G _ SN R(after processing) 3)
Pro¢ ™ SN R(before processing)

4. The loss arising from the RF'I suppression relative
to the ideal situation (no RFI) is:

R SN R(after processing) (4)
pre = TSN R(without RFI) ’
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Fig. 2. Time-frequency plane of telescope data. The grey areas
represent the system noise, and the black areas represent data
with RFI.

where Af is the receiver bandwidth, A frps is the band-
width occupied by the RFI, 02 is the system-noise vari-
ance, and 0%p; is the RFI variance. The signal-to-noise
ratio (SN R) is determined as the ratio of the radio tele-
scope output resulting from the SOI to the rms of the
fluctuations at this output.

3. Five methods of RF'I suppression

In this section a number of RF'I suppression methods will
be considered. An evaluation of the processing gain and
loss parameters for each of these methods can be found in
the corresponding section in the Appendix (Sect. 6).

3.1. Excision in the time-frequency domain —
thresholding

A general description of a telescope input signal x(t) is
z(t) = Tsig(t) + Tsys (t) + 2RrFI(1), (5)

where xgig(t) is the signal-of-interest, xsys(t) is the to-
tal system-noise (the radio sky plus the feed plus the re-
ceiver), and xrp;(t) is the RFI signal. x4 (t) and xgys(t)
are noise-like signals with a Gaussian probability distri-
bution, zero mean, and with variances USQig and O'SQYS, re-
spectively. xrpy(t) is a signal waveform whose statistical
characteristics, probability distribution and moments can
be highly variable due to the intrinsic properties of an RF'T
source. This variability is caused by motion of the source,
the movement of the tracking radio antenna, the change
of the signal content of broadcasting or mobile transmis-
sions, and constructive or destructive interference due to
multi-path propagation, etc.

The signals received by a radio telescope can be repre-
sented in a simplified form in the time-frequency (¢t — F')
plane (Fig. 2), where the grey parts are the areas free from
RFI with only the presence of xgig(t) + xsys(t), and where
the black parts correspond to the presence of RF'I. Thus a
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Fig. 3. Source scans made at the RATAN-600 at A31 cm us-
ing RFI excision in the temporal domain: a) without RFI
excision, b) with RFI excision, both records were made si-
multaneously; ¢) and d) give the same sequence for another
radio source.

time-frequency analysis of (t) with sufficiently high res-
olution in both axes must be performed in order to detect
these “black” zones and excise them.

It is difficult to prescribe a time resolution 4t and a
frequency resolution & f for detection of all possible va-
rieties of RFI. However, some recommendations can be
made for the range of these values: §t =~ 0.1—1 us and of
0 f =~ 1-50 kHz. Especially this last number is conditional
and depends on the receiver bandwidth A fyec, which may
vary from dozens of kHz to hundreds of MHz. When the
ratio of excised data to the total amount of data Af - T
is less than 5-10%, where T is the integration time, this
method of RF'I mitigation can be used well for continuum
observations. The quantitative estimates for the gain and
loss are given in the Appendix.

Figure 3 illustrates some RF'I mitigation results in the
temporal domain during observations with the RATAN-
600 telescope (Fridman & Berlin 1996). The procedure
uses post-detection sampling with a time resolution of 4 us
and an RF'I detection and excision method by thresh-
olding at the +304ys level. Subsequent time averaging to
obtain the necessary SN R gain ~+/Af - T provides addi-
tional suppression of impulse-like RF'I.
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Fig. 4. The time evolution of the autocorrelation (power) spec-
tra affected by RFI taken with the WSRT at 6 cm receiver
with bandwidth Af = 10 MHz and a sampling speed of
fsample = 12.5 MS/s: a) the signal at telescope RT1, b) the
signal at telescope RT2.
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Fig. 5. The time evolution of the cross-spectrum magnitudes
for the data in Fig. 4: a) the dirty data without RFT excision,
b) the cleaned data after RFI excision.
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Fig. 6. The averaged cross-correlation spectra corresponding
to Figs. 4 and 5 are given on a logarithmic scale in the upper
frames: a) no RFI excision applied; b) with RFI excision
applied. The averaged cross-correlation functions are given in
the bottom frames: ¢) no RFI excision applied; d) with RFI
excision applied.

Figures 4-6 give examples of RFI excision in the
frequency-domain at the Westerbork Synthesis Radio
Telescope (WSRT). The data were recorded during a
VLBI session at the WSRT at 6 cm on 8 June 2000. The
baseband outputs of two radio telescopes (RT1 and RT2)
were digitized and their power spectra were calculated
with the help of a DSP processing unit (TMS320C6201,
Signatec PMP-8 board). Figures 4a and 4b represent
the autocorrelation spectra including RFI. The cross-
correlation spectrum of this raw data is represented in
Fig. ba, while the cleaned cross-spectrum after RFI ex-
cision is shown in Fig. 5b. The time-averages of the
cross-correlation spectra of Fig. 5 are given on a loga-
rithmic scale in Figs. 6a,b. The time-averaged dirty and
clean cross-correlation functions (magnitudes) are shown
in Figs. 6¢,d. The five-fold difference in the magnitude in
Fig. 6¢ shows that a large false correlation occurs in the
presence of RFI. The peak in the cross-correlation func-
tion in Fig. 6d corresponds to a weak (but real) radio
source. Blanking in the time-domain can be very effective
when the RFI detection is done after a statistical analy-
sis of the correlator lag outputs, such that the blanking of
the correlator output is triggered by the detection of RFT
(Weber et al. 1997).

3.2. Excision using filtering techniques

Temporally spread and strongly correlated RFI (see
Fig. 1d) can be suppressed using cancellation techniques
based on estimating the RFI waveform and subsequently
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Fig. 7. Methods of RF'I cancellation using autoclean filtering
as described in Sect. 3.2 (frame a) and RFI excision by filtering
using a reference channel as described in Sect. 3.3 (frame b)).

subtracting it from the signal+RFI mixture:

(6)

The RFI waveform (or its complex spectrum) Zrpr(t)
can be estimated using any available filtering technique
(spline-smoothing, Wiener filtering, wavelet denoising,
parametric identification, etc.). The estimate can then be
subtracted from the input data in the temporal or fre-
quency domain. The principle of this autoclean method in
the time and frequency domain is shown in the diagram
of Fig. 7a.

The following example uses WSRT data to describe
the use of this autoclean method in the frequency do-
main. Figures 8a,b display the time evolution of the power
spectra at two adjacent WSRT antennas at A = 49 cm.
Figures 9a,b show the averaged power spectra correspond-
ing to Fig. 8. The complex instantaneous spectra at each
of the two antennas were processed using this “RFI es-
timation — subtraction” technique. Figure 9d shows the
“dirty” cross-correlation function (without RF'I suppres-
sion), while Fig. 9c shows the “cleaned” cross-correlation
function (after REF'T suppression).

One necessary comment should be made about us-
ing these thresholding (Sect. 3.1) and autoclean (this sec-
tion) methods: the basic form of the system noise spec-
trum must be known beforehand. Because it is not ideally
rectangular, it repeats the form of the receiver transfer
function. These algorithms depend on the “quiet”, undis-
turbed baseband spectrum as a reference in order to com-
pare it with the running spectra with RF'I.

An example of a parametric approach to this type of
RF1I cancellation can be found in Ellingson et al. (2000).
In this paper the strong interfering signal of a GLONASS
satellite is represented by a parametric model, such that

xoLeaN(t) = z(t) — Trrr(t).
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Fig. 8. An example of the time evolution of power spectra with
RFI on a logarithmic scale. The bandwidth is Af = 10 MHz
and the sampling frequency is fsample = 25 MHz. The data
from a) RT1 and b) RT2 are the basis for the discussions in
Sect. 3.2 and the excising results in Fig. 9.
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Fig. 9. Excision by autoclean filtering of the data given in
Fig. 8: a) the averaged power spectrum of RT1, b) the aver-
aged power spectrum of RT?2, ¢) the cross-correlation function
after the RF'I suppression, and d) the cross-correlation func-
tion with RF'I present.

its parameters — Doppler frequency, phase code, and com-
plex amplitude — were calculated for each separate data
block. The parametric model of the RF'I was then used
to calculate an RFI waveform, which was subsequently
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subtracted from the RFI + noise signal mixture. The
signal-of-interest, in this case an OH spectral line at 1612
MHz, was not significantly distorted during the RF'I sup-
pression process.

3.3. Adaptive interference cancellation using reference
channels

A separate, dedicated reference channel may be used in
order to obtain an independent estimate of the RF'I sig-
nal Zrpi(t). This technique has been used for a long time
in digital signal processing and is called adaptive noise
cancelling (ANC) (Widrow & Stearnes 1985). Figure 7b
shows a block diagram relating to the application of this
type of algorithm. There are two data channels: a main
channel with the radio telescope pointing on source and
containing the RFI signal, and an auxiliary or reference
channel at a separate antenna pointing off source and also
containing the RFI signal. While both channels contain
the RF'I signal, they are not identical due to the different
propagation paths and radio receivers. To the procedure
now calls for adjusting the RF'I signal in the reference
channel with the help of an adaptive filter, such that the
error signal e = Tyain — Tref — 0. The value of this error
signal is used for adjusting the filter.

This procedure can be applied both in the tempo-
ral domain (adaptive filtering) and in the frequency do-
main using an FFT — adaptation in each frequency bin
— FFT~1) procedure. This kind of RFI cancellation is
especially useful for spectral line observations, where the
RFI and the signal-of-interest occupy the same frequency
domain.

Figures 10 and 11 illustrate the results of using
the ANC procedure with WSRT data at 428 MHz.
Figures 10a,b shows the power spectra at the outputs of
the main and the reference channels. Figure 11 shows the
cleaned power spectrum of the main channel.

Other examples of the use of a reference channel can
be found in Barnbaum & Bradley (1998) and Briggs et al.
(2000). The second paper also discusses post-detection
RF1I suppression. In these papers the complex spectrum
of the RF'I estimate was obtained with the help of clo-
sure relations using four averaged correlator output sig-
nals all containing RF'I: two polarizations for the main
channel and two polarizations for the reference channel.
Subsequently the power spectrum estimate of the RF'T
was subtracted from the power spectrum of the main chan-
nel. This method is particularly effective for multi-feed
single dish radio telescopes.

3.4. Spatial filtering with multi-element systems
Adaptive-nulling of a synthesized pattern in the direc-

tion of RF'I sources has been widely used in radar and
communication systems (smart antennas). This technique
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frequency channel number

Fig. 10. The time evolution of the power spectrum of the main
channel of RT1 is given in frame a and of the reference channel
of RT2 in frame b. This data is used to obtain the effectiveness
of adaptive noise cancellation using a reference channel as given
in Fig. 11.

chean power spectrum 1

frequency channel number

Fig. 11. The time evolution of the “clean” power spectrum of
the main channel RT1 after applying an adaptive noise cancel-
lation technique with a reference channel.
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can be applied in multi-element radio interferometers
(MERIs) but has the following limitations:

1. Radio astronomy MERIs are generally very sparse
arrays. The distances between antennas are equal to hun-
dreds and thousands of meters, which is significantly
larger than the A/2 separation of ordinary phased-arrays.
Therefore, adaptive-nulling is particularly effective for
narrow-channel processing (at the kHz level).

2. Radio astronomy MERIs are correlation arrays and
are not additive. The antenna pattern is not synthesized in
real-time but rather off-line after several (up to 12) hours
of tracking the radio source. In principle, it is possible to
introduce complex weighting during the image processing
stage and do the RF'I suppression off-line. But this also
means that time averaging during correlation requires the
use of small time intervals and narrow bands, so as not
to smooth the RFEI in frequency and time. This type of
processing requires a significant increase of computational
power and also requires changes in the image-making soft-
ware. Several aspects of this problem have been discussed
in Leshem et al. (2000).

3. All spatial adaptive-nulling procedures presume that
the RF'I sources are well localized in space, which is not
always the case.

In this section, we discuss some test WSRT observations
using a spatial filtering technique based on adaptive com-
plex weighting of the data. The signals from two antennas
RT1 and RT2 (Fig. 12) were Fourier transformed and their
complex spectra were combined at each frequency bin in
order to get an estimate of the RFI. These RF I estimates
were then subtracted from each of the RT1 and RT2 sig-
nals. The RF'I estimates were made, while minimizing the
error signals at the subtracted outputs. Subsequently the
cross-correlation functions and the corresponding cross-
spectra were calculated. Figure 13 shows the results of test
observations of 3C 48 at A = 49 cm with a sampling fre-
quency of Afs; =10 MHz. Figures 13c,d show the cleaned
spectrum after RF'I subtraction, and the dirty spectrum
without RF'I suppression.

Real-time adaptive-nulling techniques are particularly
suitable for the future generation of radio telescopes us-
ing phased-array techniques (van Ardenne et al. 2000;
Bregman 2000). It is also possible to apply adaptive-
nulling in existing MERIs operating in a so-called tied-
array mode, for example, during VLBI operations or pul-
sar observations (see Moran 1995).  Currently operating
MERIs are severely limited because they have computer
control only of the antenna phases but not of their am-
plitudes. This situation can be optimised by introducing
small phase-only perturbations in order to minimize the
total-power output of a tied-array that contains a strong
narrow-band RF'I signal and a weak signal-of-interest.
Such phase perturbations should be calculated, while op-
timising the gain of the synthesized antenna main lobe at
the SOI direction. This typical optimisation problem can
be executed with any algorithm, that is robust enough to
deal with the multi-modality of the optimization function.
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An example of such an application using a genetic algo-
rithm for solving the optimisation problem is represented
in Figs. 14-16. Figure 14 shows the calculated unmodified
(solid line) and adapted (dashed line) beam patterns of a
linear MERI with 14 antenna at separations of 144m and
at a central frequency of fy = 1420 MHz. The direction
of arrival (DOA) of the signal of interest (SOI) is at 0°
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Fig.15. The unmodified (solid line) and the phase-only
adapted (dashed line) beam pattern of the 14 element array
in Fig. 14 in the direction of the RF'T source at +10.015°.

and the DOA of two sources of RFI are at +10.015° and
—20.1°, respectively. Figures 15 and 16 show fragments of
the beam patterns in the two directions of the RF'I, which
were purposely chosen to coincide with the maxima of the
unmodified side lobes. The distribution of the phase cor-
rections corresponding to this adapted pattern is given in
Fig. 17.

3.5. Excision based on a probability distribution
analysis of the power spectrum

The method of RF'I excision based on a probability distri-
bution analysis of the output signal of the radio telescope
has applications for both spectral line and continuum ob-
servations (Fridman 2001). The signals of the system noise
and the radio source generally have a Gaussian distri-
bution with a zero mean. Fourier transformation of such
an ideal signal also gives real and imaginary components
in every spectral bin, that are Gaussian random values
with zero means. On the other hand, the instantaneous
power spectrum (the square of magnitude of the complex
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adapted (dashed line) beam pattern of the 14 element array
in Fig. 14 in the direction of the RF'I source at —20.1°.
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Fig. 17. The distribution of the phase corrections at the 14 an-
tennas corresponding to the adapted beam patterns described
in Figs. 14-16.

spectrum) has an exponential distribution, which can be
described as a chi-squared distribution with two degrees
of freedom.

The presence of an RFI signal modifies the ideal in-
put signal further and yields a change of its statistics. The
modified power spectrum will now have a non-central chi-
squared distribution with two degrees of freedom. Standard
radio astronomy practices employ significant averaging of
the power spectrum, which would again convert the prob-
ability distribution of the averaged power spectrum into
a Gaussian distribution. Therefore, only real-time anal-
ysis by means of DSP processing of the distribution be-
fore averaging will allow a separation of the two signal
components.

Test observations at the WSRT have been used to
demonstrate the effectiveness of this digital spectral anal-
ysis. The baseband (0-1.25 MHz) signal at the analogue
output of the WSRT-DLB subsystem for one of the anten-
nas (RT6) has been digitized in a 12-bit analogue to digital
converter and then supplied to a Signatec PMP-8 system,
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Fig.18. RFI excision based on a probability analysis of
the signal. The WSRT data were taken with bandwidth =
1.25 MHz, half-sampling frequency = 1.563 MHz, and fre-
quency resolution = 3.052 kHz. a) A total power spectrum
of a galactic HI emission spectrum and an absorption line to-
wards the Crab Nebula at 1420.4 MHz with an artificial RFT
signal at 1420.397 MHz; b) The same data after RFI exci-
sion made simultaneously; ¢) The spectral window around the
spectral line (channels 30-100) with superposed spectra from
a) and b) and a spectrum without any RFI.

where the FFFT and the averaged statistical parameters
are calculated.

Figure 18 shows the results of these test observations
of the 21 cm HI line in the direction of the Crab Nebula.
Since no transmissions are allowed in the 1400-1427 MHz
band, an artificial CW RFI signal was transmitted in
the direction of the RT6 antenna from the WSRT con-
trol building. The power spectra of Fig. 18 show the non-
processed data and the processed data generated simulta-
neously. The clear RFI signal in the non-processed data
is suppressed by about 17 dB in the processed spectrum.

This method can be used both for spectral line and
continuum observations. In the continuum case, parts of
the spectrum with a “non-Gaussian signature” may be
blanked or filtered out. However, it should be mentioned
that reliable estimates of the higher moments of the data
(or cumulants) will require more averaging than for the
first moment (the mean). This is important for miti-
gation of the weak RFI. Large averaging intervals will
smooth the variability of the RFI and will yield estimates
with a considerable bias. Therefore, a trade-off should be
adopted, which implies some limitations on the detection
and limited excision of weak RF'I signals. This principle
applies equally to other RF'I mitigation methods: stronger
RF1 signals can be easier detected and suppressed.
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4. An evaluation of the methods

In this section we consider the effectiveness and applica-
bility of the various RFI mitigation methods for differ-
ent types of telescopes and telescope operations. There
are three principal stages in the astronomical data-taking
process at which mitigation methods can be used:

1. Real-time pre-detection and pre-correlation baseband
processing is based on time-frequency analysis and adap-
tive noise cancellation using reference channels. This ap-
proach requires the implementation of fast digital pro-
cessing techniques (>100 GIPs), which can already be
achieved with modern digital signal processing hardware
based on DSP and FPGA devices. However, the imple-
mentation of these RF'I mitigation techniques may not
be easy and may sometimes be technically impossible in
the existing backends.

2. Real-time post-correlation processing techniques
may introduce time-frequency analysis as part of the cor-
relation process and before data averaging. The implemen-
tation of these methods will also require special hardware
as part of the existing backends.

3. Off-line post-detection and post-correlation process-

ing techniques, such as adaptive-nulling and those using
closure relations and reference signals, may capitalize on
the differences in the spatial signatures of the signal-of-
interest and the RF'I signal. This approach is attractive
from a practical point, because it requires no change in the
radio telescope backend hardware. However, these meth-
ods may be less effective than real-time processing.
It should be mentioned here that applications of these
methods do not exclude other technical measures, such as
the development of front-ends with high linearity and of
analogue filters with low insertion (<0.05 dB) losses and
high stop-band attenuation (>70 dB).

4.1. Single dish telescopes

Single dish telescopes are most susceptible to RF'I signals.
Depending on the type of observations and on the avail-
able electronics, the following methods may be considered
for application:

1. Continuum observations are best served with post-
detector blanking and filtering with high temporal (at
least microseconds) and frequency (less than 1 kHz) reso-
lution.

2. Spectral observations are best served with methods
using a reference antenna (or reference feed). In this case
an estimate of the RFI signal may be subtracted from
the input signal with real-time adaptive filter process-
ing, or with off-line processing using the complex closure-
amplitudes of the correlated data.

Analysis of the higher-order statistics of the received sig-
nals is an effective method of RFI detection and miti-
gation, but it requires some considerable modifications in
the existing spectrometers, which measure only the mean
of the spectra. New generations of radio astronomy spec-
trometers should also determine the higher moments of
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the spectrum. Using the polyspectra analysis may also be
useful for radio interferometers experiencing strong (at-
mospheric) phase errors.

4.2. Large connected radio interferometers

Interferometers such as the WSRT, VLA, GMRT, and
MERLIN, are less vulnerable with respect to man-made
RFI. Modulation of the RF'I by routine fringe-stopping
and decorrelation by delay compensation procedures con-
stitute a natural suppression of weak RFI signals in inter-
ferometers. Strong RF'I signals cause a significant change
of the noise-variance before correlation and hence they dis-
tort the complex visibilities of the correlator output. Thus
pre-correlation real-time blanking and filtering with and
without a reference antenna can result in a considerable
gain in RF'I suppression.

RFI suppression using post-correlation complex
weighting (adaptive nulling) may be also effective for in-
terferometers as in the case of ordinary half-wavelength
phased-arrays, but it will change the amplitude-phase
structure of image visibilities. Therefore continuous
“book-keeping” of these weights is necessary, in order to
take them into account at a later time during the image
synthesis stages of CLEAN + self-calibration procedures.

Spatial filtering is effective only if the RFI is signifi-
cantly correlated at the radio interferometer antenna sites.
This is likely not to be the case generally, because of multi-
path propagation effects and other limitations due to the
base — radio source — RF'I source geometry. The use of
a special reference antenna pointing at the RF'I source is
particularly attractive when subsequent post-correlation
processing is used based on complex amplitude-closure re-
lations. This procedure does not interfere with the existing
radio telescope infrastructure and gives a high signal-to-
noise ratio with respect to the RFI.

4.3. Very long baseline interferometry

VLBI observations are most robust to RF'I due to the very
large baselines, because the RFI signals are practically
uncorrelated at the different stations. The calibration data
at each site is also susceptible to RF'I, such as is the case
for single dish observations. Therefore, RF'I blanking at
each of the VLBI sites may be considered as desirable for
the new generation of VLBI video converters (Mark-V).

4.4. An evaluation

A quantitative evaluation of the effectiveness of the dif-
ferent methods is not always possible. In the first place,
the RF'I mitigation algorithms are often non-linear proce-
dures. Secondly, the suppression of an RF'[ signal achieved
with a certain method depends on the fractional intensity
of the RFI signal (i.e. the INR) and its spatial, tempo-
ral and spectral characteristics. The extreme example is
the simplest method of thresholding in the temporal or
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frequency domains. If we assume that the RFT signal is
100 dB(!) higher than the system noise and we ignore the
non-linearities in the receiver, this “100 dB” RF'I can eas-
ily be detected and excised. As a result we have a suppres-
sion gain of >100 dB, because there is no RFI left over
at all. However, there will be a certain growth of the noise
standard deviation at the correlator or detector output
due to a deletion of a number of data samples. The effect
will thus be visible as a loss in the SNR.

Therefore, a simplified approach in the evaluation of
the effectiveness of the RF'I mitigation method is affected
by its dependence on the particulars of the RF'I situation.
The estimates in the Appendix provide the approximate
bounds for the gain and loss. A practical limit for each
method depends on the INR. Sometimes it is not possible
to remove the RF'I below the noise level of the data. This
is also useful for understanding the cumulative effect of
RFI mitigation at various stages of the data acquisition
process, where different methods may be applied simul-
taneously, such as filters in the frontend, real-time pro-
cessing, post-correlation processing, etc. The RF'I char-
acteristics change after each stage of RFI suppression.
The total RFI is thus not the linear sum of what is max-
imally possible at each stage but rather a sum of what
is practically possible considering the parameters of the
RFT signal encountered.

4.5. An RFI database

An RF1I database should be created at each radio tele-
scope in order to provide guidance for observational
procedures and for choosing appropriate RFI mitiga-
tion methods. The combination of a database and hard-
ware/software facilities forms the basis for an RFT mit-
igation system and should be used at terrestrial radio
telescopes operating in hostile electro-magnetic environ-
ments.

5. Conclusions

1. While there are different types of radio telescopes, dif-
ferent observational procedures and different types of RF'T
signals,there is no universal method of RFI mitigation.
2. A choice of the proper RFI mitigation method should
be made taking into account the particulars of the RFT
environment of each site.

3. The application of digital RF'I mitigation techniques
in radio astronomy is still at the beginning of its devel-
opment. However, there are encouraging results with the-
oretical and computer simulations, and with on-line and
off-line data processing.

4. Existing single-dish telescopes and multi-element radio
interferometers should be equipped with RF'I mitigation
facilities in order to fully realize their observational po-
tential.

5. The next generation radio telescopes should be designed
from the outset with RFI mitigation facilities in place.
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6. There are a number of points in the astronomical data-
taking process where RF'I mitigation methods may be
applied. Pre-processing occurs between the detectors and
the correlator. Real-time processing may utilize the pro-
cessing capability of the correlator in order to reduce the
effects of the RF'I. Post-processing techniques may use
excising techniques or the data from reference antennas.

6. Appendix

Estimates of the gain, which is the degree of RF'I suppres-
sion, and the loss, which is the degradation of the signal-
of-interest after processing, are presented in this section
for different methods of RF'I mitigation.

6.1. Excision in the time-frequency domain

Let us consider the time-frequency ¢€p f-plane of
Figure 2, where grey areas correspond to a system noise
(no RFI) and black areas indicate the presence of RFI.
The total number of data points in the ¢ @@ f-planeis M. A
fraction 8 = Sgrr/Stot is occupied by RFI, where Sgpy
is the total area occupied by RFI, and S is the total
area of the t @ f-plane. The t @ f-plane is used for data
averaging to get a gain ~+/M in the signal-to-system noise
ratio after correlation (or total power detector, TPD). 8
is naturally less than one, 0 < < 1, because otherwise
the excision process will also excise the signal-of-interest.

Let us first consider the idealized situation: all RF'T
are 100% detected and excised. What are the benefits in
terms of gain and loss as defined by formulas 3 and 47
Let Psig, Psys, and Prpr be the antenna signal, the sys-
tem noise, and the RF'I spectral power densities, respec-
tively, with @ = Prpr/Psys. The rms of the fluctua-
tions at the output of the correlator (or the TPD) in
the absence of RFI is Psig < Psys rmsy = Pﬁy“ The
signal-to-noise ratio (SNR) in the absence of RFI is
SNRo = Fe = 285 /M.

The rms and the SNR in the presence of RFI is ex-
pressed as

rmSppr = \/(7\);2) + B(Prrr)? = Peys\/ 37 + B2

and SNRRF] = ( Slg/PsyS)\/W.
At this point we assume that the RF'I is not reduced af-
ter M averaging , such that the REF'I is 100% correlated,

IMSEXC = m;

and SN Rgxc = (Psig/Psys) M(l — ﬂ)

The evaluation parameters are as follows: the gain due to
RFI suppression and the SN R loss are

Goxe = $fmse =\ [ 4 a2 <1 =B,
and Rgxc = Sgﬁgxc v/(1 = 3). This approach pre-

sumes that the RF Tis 100% correlated at the different
locations of the radio interferometer and that the rmsgppy
reflects the harmful effect of the RFI signal (a dc com-
ponent). This is also applicable for single dish observa-
tions. In real life there is a loss in correlation for large
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interferometers (Thompson 1982). For totally uncorre-
lated RFI, as for MERLIN, VLBA, and EVN, we find
that

TIMSRF] =

P+ B(Prr1)* 77

and

Gexc = 1+ Ba?y/(1 - p).

The above formulae presume that the parts of the data
containing RFI (M) are completely excised. But some-
times this operation is not possible because of techni-
cal constraints in the existing hardware. The alternative
then is to substitute these SM samples by noise-like num-
bers with a variance approximately the same as for the
pure Psys. Substitution by zeros is bad because of the
undesirable shift in the output. In that case the rms
and SNR after RFI excision are rmsgxc = —22, and

\/7;?7
SN Rgxc = %‘yi(l — ﬁ)m, which means that the astro-
nomical signal is reduced by a factor (1 — 3). Now let us
consider the more realistic situation of non-ideal RF'I de-
tection and excision. There is always a delay before the
RFT is detected (recognized), which could be consider-
able for a weak RFI. It is assumed that the probability
distribution of the system noise in the ¢ € f-plane in the
absence of RFI is Gaussian with a mean pg = 0 and a
standard deviation (rms) of o = 1. Let h be the one-sided
normalized detection threshold, such that the probability
of a false alarm is ppa =1 — ®(h,0,1), where ®(z, u, o) is
the cumulative Gaussian distribution with a mean p and
a variance o2. The averaged run length (ARL or detection
delay) in the absence of RFI is ARL = 1/ppa. In the pres-
ence of RF'I a biasugyr is introduced resulting in an ARL
of ARL = 1/(1 — ®(h,pgrrr,1)), trrr = Prri/o. The
ARL in the presence of RFI corresponds to the number
of RFI samples that go unnoticed by the detection pro-
cedure. All samples above the threshold are deleted, but
those in the ARL regions remain. Thus the rms after RF'T
excision is

IMSExXC = \/ <

and pget = 1 — ®(h, prrr,1). Until now only 100% cor-
related RFI has been considered (single dish or short-
baseline radio interferometer). For uncorrelated RFI at
the radio interferometer site, the impact of RF'I is only in
the growth of the total variance, that is

Psys
M (1—PBpact)

2
) + ﬁ(l - pdet)(apsys)Qa

2
rmspxc = \/ (725=) + B0 — pac) (@Puys)? -

6.2. Excision using filtering techniques

The optimally expected gain for single-dish observations
can be expressed as the SNR ratio of the total power detec-
tor (radiometer) output with a cleaning procedure (sub-
traction of RFT estimates) compared to the SN R without
this subtraction:

(@1 + @2 201 - Q2] (@2 + @212
Q1(Q1+ Q2) ’

Gen =

P. A. Fridman and W. A. Baan: RFI mitigation methods in radio astronomy

S0 T T T T

BAI, &

10

o0& - —

05— —

Loss

04— —

—40 —=0 —ao —10 o 10

01, dn
— Qz=Z

- QE=5 bl

- 22=10

Fig.19. The effectiveness of RFI suppression with filtering
but without using a reference channel. The gain and loss are
plotted using Q1 = 02,/0kp; and Q2 = Af/AFgrp; as free
parameters.

and the loss is expressed as the SNR after the application
of CLEAN compared to the ideal SNR in the absence of
RFI:

) 1/2
[(Q1 +Q2)" —20Q1 — Q2
(Q1+ Q2) ’

where Q1 = Ugys/U%FI,QQ = Af/AFgp;. These val-
ues of GoLn and Rcrn give preliminary indication of
the expected benefits in the optimal steady-state case.
Figures 19a,b show how G and R depend on @7, while

treating Q2 as a free parameter. It is clear that for
1/2

Q1 < 1,GeLy — %1 ,Rorxy — 1.
When Q3 =~ 1, then Rcr,ny — 0 because both the wanted
signal and the RF'I have the same bandwidth and dur-
ing an autoclean procedure the signal is subtracted from
itself. Therefore, this RE'I excision method is only use-
ful when @2 > 1 for continuum observations. In the case
of spectral-line observations, where the xgr; occupies the
same spectral region as the signal x4, and Q2 ~ 1, the
RF1 rejection should be done using a reference channel.
The more complicated case of a correlation interfer-
ometer will now be considered, where the RF'I signals at
both sites are not 100% correlated. prpy is the correlation
coefficient between the RF'I waveforms at the two sites.
This prpr is a time-varying parameter (0 < prpr < 1),
which depends on parameters as the distance between
the antennas, the propagation effects, the pointing of the

Rein =

(8)
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antennas, the fringe stopping procedure, etc. The impact
of the RFI is double-sided: it affects both the cross-
correlation (cross-spectrum) bias and the growth of the
variance. For a long-baseline interferometers such as the
VLBI arrays and MERLIN, prp; is practically equal to
zero and the main impact of the RF'[ is the growth of the
variance. For the short-baseline correlation pairs of the
WSRT or VLA, the bias of the mean becomes the most
important distortion. The three formulas for estimating
the processing benefits after RFI suppression using a fil-
tering technique are expressed as:

GcrLeAn is the ratio of the SN R at the correlator out-
put with the presence of RFI with cleaning and of the
SN R with the presence of the RFI but without cleaning:

(Q14+Q2)*/Q3+2Q1+Q2+p2Q2

Q1/(Q14+Q2)4—2Q3-5Q3Q2—4Q1 Q3 — Q3 +p2Q2Q?

9)

GcLEAN =

Rerpean is the ratio of the SN R at the correlator output
with the presence of the RF'I but with CLEAN and of the
SNR without RFI (the ideal SNR):

(Q242Q1Q2+Q2-2Q1—Q2)
V(Q14+Q2)1—2Q3-5Q3Q2—4Q1 Q3 —Q3+p2Q2Q?

(10)

Rcrean =

Berean is the ratio of the bias at the correlator output
with the presence of the RF I and with cleaning and of the
bias with the presence of the RF'I but without cleaning:

Q1+Q2>2
Q1 '

Figures 20a—c represent these characteristic parameters as
a function of @1, while )5 is a free parameter. These fil-
tering techniques, based on estimating the RF'I and sub-
sequently subtracting it from an input waveform (or its
complex spectrum), represent a more generalized form of
excision (blanking), In the case of a strong narrow-band
this reduces to a bandstop (notch) filter or to a hard
thresholding method in the temporal domain.

Bcrean = < (11)

6.3. Adaptive cancellation using reference channels

For spectral line observations, where xrp; occupies the
same spectral region as the signal z, and Q2 ~ 1, the
RFI rejection should be made with the aid of an auxil-
iary reference channel. Otherwise the useful coherent sig-
nal will be subtracted together with the RFI. The output
of this auxiliary channel is described as:

Yaux (t) = Tsys aux (t) + TrP1(E) % A(t), (12)

where Zgys () is the auxiliary channel system noise, h(t)
is the time transfer function of the auxiliary channel and
* denotes convolution. We also have a description of the
main channel:

Ymain () = Tsig(t) + Tsys(t) + Trr1(t).
The RFI estimate x R;(t) is now obtained from yaux(t).
Formulas for gain and loss for single dish observations with

(13)
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Fig.20. The effectiveness of RFI suppression with filtering
without a reference channel for a correlation interferometer.
The gain, loss, and bias parameters are presented as functions
of Q1 = 02y/0hpr, while Q2 = Af/AFgpy is a free parameter.

Ganx = (QF +Q2)'(Qu + Q2) (14)
TET(QIQ2 +2Q2Q4Q2 + QQ3 + Q2Q2)1/?

and

R _ Ql(Qa + QQ) (15)
T(QIQ2 +2Q3Q4Q2 + QIQ3 + Q2Q2)1/2

where Q, = agysﬁa /0% The situation is now rather dif-

ferent from the autoclean case without reference channel.
Figure 21 shows the gain and loss parameters as a func-
tions of Q1 and Qa: (1) Q. = —20 dB, (2) Q. = —30 dB,
(3) Qa = —40 dB. Besides Q2 = 1 for Figs. 21a,b, Q2 =5
for Figs. 21c,d, and @2 = 20 for Figs. 21e,f. When @1 < 1
1/2
and Q. < 1, again Gaux — %i . When Q2 ~ 1, Q1 = Qa,
and Raux — \/m, the RF'I is deleted but the system
noise of the auxiliary channel adds incoherently to the
system noise of the main channel at the radiometer out-
put. Figure 21 demonstrates the fact that it is necessary
to provide @, < @ for high precision RFI estimates in
order to get the loss R..x close to 1. For the two-antenna
correlation interferometer with RF'I suppression done at
each site with the help of auxiliary channels, the formulas
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Fig. 21. The effectiveness of RF'I suppression with a reference
channel for single dish systems. The gain and loss are presented
as functions of Q1 = Ufys /okpr for three values for Quer =
02eret/0hrr: 1) —20 dB, 2) —30 dB, and 3) —40 dB, and for
the following values for Q2 = Af/AFrp;r = 1 for a) and b),
Q2 =5 for ¢) and d), and Q2 = 20 for €) and f).

for gain and loss are as follows:
Gcor =

(QatQ2)1/ Q1 4+2Q14+Q2+p%Q2

VQ3Qa+2Q2QaQ21+Q3Q3+2Q2Q1+2QaQ1Q2+Q2Q2+p2Q2Q.
(16)

and Reor =

Ql (Qa""Ql)
VQ3Qa+2Q2QaQ21+Q3Q3+2Q2Q1+2QaQ1Q2+Q2Q2+p2Q2 Q.

(17)

where p is the correlation coefficient between the RFT
at both sites. It is assumed here for simplicity that the
SNRs of the RFI in the auxiliary channels are equal
Qia = @2, = Qa, and that for the main channels
Q11 = Q12 = Q. If the RFI is correlated at both sites,
the false correlation will result in a bias and the gain after
RF1I suppression becomes:

o Qa+Q2

BCOT -
0. (18)

Figure 22 shows Geor, Reor, and Beor as a functions of Qg
for the RFI input in the main channels, for Q2 = 1,
with @, having three values: (1) —20 dB, (2) —30 dB,
and (3) —40 dB, and with p = 1. This Fig. 22 may
be used to estimate how RF'I suppression depends on
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Fig. 22. The effectiveness of RF I suppression with a reference
channel for the case of a correlation interferometer. The gain,
loss, and bias are presented as a functions of Q1 = nys /ohEr,
of Qa = afys’ref/a?wl for three values, for Q2 = Af/Afrrr =
1, and for p = 1.

Q.. However, in real-life (), increases and decreases to-
gether with @1, because the power of the RF'I behaves
more or less the same in the main and auxiliary channels.
Therefore, Fig. 23 presents the same dependences as for
Figs. 22, except that the value of ), is now proportional
to Q. = kQ1, with values for k = 5, 1.0, and 0.2. The lower
the value of k, the better the auxiliary channel behaves,
and the more effective the RF'I suppression is.

6.4. Spatial filtering with multi-element systems

Adaptive nulling is an attractive possibility for multi-
element radio interferometric radio telescopes. In order
to get a rough estimate of the gains and losses for this
type of RFI suppression, we use a simplified approach
based on the block diagram of Fig. 24. All processing in
the block diagram is made in the frequency domain after
the Fourier transform, which is not shown in the diagram
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Fig. 23. The effectiveness of RF'I suppression with reference
channel for a correlation interferometer. The gain, loss, and
bias are presented as a function of ()1 = O'Sst /o%kpr, for three
values of Qa = afys’ref/a?wl proportional to @1, and for Q2 =
Af/Afrrr =1, and p=1.

itself. In the following we consider a narrow-band situa-
tion. Signals from M antennas are supplied to the signal
cancelling block, which serves to combine the antenna’s
signals in order to minimize the signal at the output of
this block. This is done to prevent further degradation
of the useful signals during the RF'I suppression process.
This is possible because the direction of arrival (DOA)
of a wanted signal is known (prescribed). The outputs
of the signal-cancelling block are processed in the RFI-
estimation block in order to obtain estimates of the RF'T
signals, which will later be subtracted from the main an-
tenna’s signals and must provide minimal error signals
after subtraction.

The algorithm inside the RF'I-estimation block is not
specific at this point. An adaptive algorithm is needed
here, which can be a method of running estimates of
the co-variation matrix, the LMS algorithm, or something
else. The advantage of the procedure in this block dia-

341

2R R B

SIGNAL
CANCELLING
BLOCK

Signal+
syster noise+
RFI

+

En

- RFl estimate RFI
ESTIMATION
BLOCK

Error feedbac)

CORRELATOR

Fig.24. A block diagram of the spatial filtering process for
RFI suppression.

gram lies in keeping the amplitude and phase structure of
the signal-of-interest intact. The subtraction of an RF'I-
estimate should not affect the wanted radio signal, and
there is no need to do special bookkeeping of the com-
plex adaptation coefficients used in the RF'I-estimation
block. The outputs of subtractor blocks are supplied to
the correlator. Delay compensation is expected to happen
inside the correlator block and fringe stopping is done be-
fore the subtractors. Let us consider a linear array with
a distance between M elements equal to d working at a
wavelength A. A coherent plain-wave signal with the same
amplitude S arrives at the array at an angle g, result-
ing in the same system noise variance o2 for all receivers.
In addition, there is a plain-wave RF'I signal coming in
from the direction Orr; with a uniform amplitude R for
all antennas. So the array signal vector is described as

S = S[1 eda e7d2a  e=iMa|T, (19)
where a = 2ndsin(ds)/A. The RFI vector is written as
(20)

RFI = R[l e7% 7920 | o7 dMUT

where b = 2rwd sin(0rpr)/A. Optimizing with weights may
provide a maximum signal-to-noise ratio at the additive
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output of the array y(f) at frequency f = ¢/\. This output
is a linear combination of the input signals

zi(f) = Sk(f,0s) + REL(f, Orrr) + ni(f)
such that

M
y(f) = D> a(HWoptr(f), (21)
k=1
or in vector form
y=X"W,y. (22)
The formalism of Minimum Variance Distortionless

Response (MDVR, Haykin 1996, Ch. 5) for the beam-

former protocol is then given by
Wop = R7'S(05)[S™ (05)R7'S(05)] ", (23)

where the input (M x M) correlation matrix R for a weak
signal (5% < 0?) is expressed as:

R =R, + Rrri(0rrr), (24)
o2 0 0
2
R_| 000 and (25)
0 0 002
Rpp; = RFI - RFI (26)

The superscript H denotes here an Hermitian transposi-
tion (actually transposition combined with complex con-
jugation). The variable f will be omitted from now on
because all results will be valid for a certain frequency f.

Before the formation of W' a signal cancelling compo-
nent (M —1) x M matrix C is introduced, which is written
as:

-1 -1-1 -1
Sy 0 0 O
cC=1] 0 S5 0 0 [, (27)
0 0 0 Su
The optimal weights then become:
Woptca= (C" RC)'C"R[S(S"S)™]. (28)
The array output is then written as
y=X"Wi-x"wl, ., (29)

where W = S(S" 8)~! is the steering vector correspond-
ing to the direction-of-arrival of the signal-of-interest fg,
which is also called the fringe stopping for radio astron-
omy arrays. At this point the array output values can be
calculated as follows:

a) the power for the signal-of-interest is

Ps =W{RsWy, (30)

where Rg = SSH, (31)
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b) the power of the REFI at the array output is

Prrr =W o RRFIW opt ca, (32)
and ¢) the total power of noise-plus-RFI with the optimal
processing is

_ H
Pn+RFI - Wopt,ca

BW ot ca, (33)
while the total power of noise-plus-RFI without the opti-
mization processing is
Poirrro=W{ RW, (34)
Using these values, the signal-to-interference-plus-noise
ratio (SINR), and hence the gain and loss after optimi-
sation processing are as follows:

G = SINRoutput _ PS/P7L+RFI _ Pn+RFI,0 (35>
SINR, Ps/PnirFio Poirrr’
a) the loss is
SIN Routpu P,
L= e = : (36)
Ps /Py Pt rrr
b) and the interference-to-noise ratio (INR) is
Prri
IN Routput = . 37
tout WgétycaRnWopt,ca ( )

These results may now be applied to an array example
with d = 10(A/2) and X\ = 21 cm for 0% = 1. Figures 25—
28 show the power pattern for the array, the output /N R,
the gain, and the loss, respectively. These parameters are
presented as a function of the angle between the DOA’s
of the signal-of-interest and of the RFI. It is clear that
there are some periodic angular domains, where substan-
tial losses occur in the vicinity of the grating lobes: the
useful signal and the RFI are “in-phase” at these angles
and it is impossible to decouple them. Figure 29 repre-
sents the output INR versus the input INR for different
numbers of antennas M = 16, 6, and 2. The INR value
does not provide the complete answer on the question of
benefits of the RF'I suppression, but it is sometimes used
for this purpose. Figure 29 also illustrates the fact that the
algorithm does not recognize weak RF'I at values below
~—10 dB for M = 16.

All these figures have been given here for illustrative
purposes, in order to describe the effects for a sparse pe-
riodic array. Real arrays have much larger inter-element
distances and are not so regular (except for the WSRT).
Therefore, the expected values for the gain and the loss
should be calculated for the particular array-source-RF'I
geometry and for a particular RF'[ intensity. The RF'T sig-
nals also enter the frontend through the antenna sidelobes
and the sources are often situated in the near-field zone
of the antenna. Therefore, the scenario described above
might indeed be too idealized.
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Fig. 25. The power pattern of a 16-element array with interval
between elements of 10A/2 and for A = 21 cm.
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Fig. 26. The output interference-to-noise ratio for a 16-element
array at regular intervals of 10\/2 for A = 21 cm, versus the
angle between the DOA of the signal-of-interest and RF'I. The
free parameter is the relative input RFI intensity Prrr/Pays.

6.5. Excision using the probability distribution analysis
of the power spectrum

Practically obtainable statistical errors with this method
depend on the fitting procedure used to determine the es-
timate of the power spectrum P(f). There are several ap-
proaches to do this: a) to calculate a histogram W [P(f)] or
a sample probability distribution of P(f), or b) to sample
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Fig. 27. The output gain after RFI suppression for a 16-
element array at regular intervals of 10\/2 for A = 21 cm,
versus the angle between the DOA of the signal-of-interest and
RFI. The free parameter is the relative input RFI intensity
Prrr / P, sys-+
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Fig.28. The output loss after RFI suppression for a
16-element array at regular intervals of 10A/2 for A = 21 cm,
versus the angle between the signal of interest and RF'I direc-
tions of arrival. The relative input RFI intensity Prrr/Psys =
34 dB.

the statistical moments fi;[P(f)]. For the case of histogram
fitting, the values at each frequency bin f can be used to
make estimates of the system-plus-signal noise rms o, and
the interference amplitude A, in order to minimize the
residuals, such that:

-~ —~ -~

o, A : max(WI[P(f)] — W[P(f,5,A)]) — min. (38)
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After the moment fitting procedure, we find
G, A ([P(f)] — paP(£75, A)])* — min, (39)

where W[P(f,o,A)] and u;[P(f,0,A)] are the theoreti-
cal non-central x2 probability distribution and its central
moments, respectively. This fitting is a non-linear proce-
dure and the post-processing gain depends on the input
interference-to-noise ratio /N Rinpu¢ in a complex way. For
large IN Rinput, the gain can be estimated approximately
as 10log(IN Rinput) + 5log(M), where M is the number
of averaged spectra.

The effectiveness of this method depends also on the
temporal stability of INR. Equations (38) and (39) must
be solved under the assumption of a constant RFI signal
during averaging, so that the total averaging procedure
can be divided in the following stages: preliminary aver-
aging — RF'I subtraction — final averaging.
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