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Abstract—This memo explores the proprieties of the interfer-
ence in 74 MHz data from the VLA and techniques for removing
its effects. An RFI excision technique to estimate and subtract
the contributions of quasi—continuous interfering signals based
on the difference in phase rotation of terrestrial and celestial
signals is explored. A specific implementation is developed and
applied to a number of instances of VLA 74 MHz data sets
and shows a significant potential for reducing the effects of
interference when combined with traditional flagging of impulsive
interference. While the technique has only been applied to VLA
74 MHz data it should be applicable to other cases of quasi-
continuous interference.

Index Terms—interferometry, interference

I. INTRODUCTION

HE weak signals from the celestial sources observed by

radio interferometers are easily swamped by signals of
a closer origin; even inside of the protected radio astronomy
bands. Mitigating the effects of these interfering signals is a
major concern in the construction and operation of radio tele-
scopes. This interference is referred to as “Radio Frequency
Interference” or RFI but the actual interfering signal need not
have been emitted at the sky frequency of the telescope.

Most of the off-line data processing techniques for dealing
with RFI in the past have consisted of identifying such signals
and “flagging” the data — effectively deleting the data affected.
These techniques only really work for interference that is
impulsive in time and/or frequency and can be detected by
contrast with unaffected data. Quasi—continuous and especially
broadband signals are not readily susceptible to this treatment
as all data may be affected.

Recent work [1] has explored alternate approaches, sepa-
rating the celestial and terrestrial signals and subtracting the
interfering signals from the data. In the following, estimation
and subtraction of interfering signals will be referred to as
“excision”.

This memo investigates the nature of the interfering signals
seen in VLA 74 MHz data and explores techniques, both
flagging and excision, for reducing their effects on derived
images. The techniques described here have been implemented
in the imaging software in the Obit package [2] '.

II. PROPERTIES OF VLA 74 MHZ INTERFERENCE

The interfering signals in VLA 74 MHz data come in
a variety of forms, narrow band, wide-band, impulsive and
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continuously varying; all are believed to be generated by the
instrument itself. The effects of these signals are best seen in a
graphical tool such as AIPS ? task SPFLG; dynamic spectra of
interfering signals are shown in the left hand plots in Figures
1 and 2.

A visual examination of 74 MHz data sets show that
many baselines exhibit a comb of narrow band signals, of
which Figure 2 shows an extreme example. On a number
of baselines, broadband signals are also seen as in Figure 1.
The relative rarity of these broadband signals and the lack of
correlation with baseline length or proximity to the control
building suggest that these signals are not entering the system
through the telescope feeds but may be entirely internal to the
instrument. Irrespective of the origin of these signals, most are
at least quasi—continuous in nature and thus subject to excision
techniques.

ITI. RFI EXCISION
A. Athreya’s Technique

The RFI excision technique of Athreya[l] developed for
GMRT observations is to use the fact that terrestrial signals
will have a constant phase with respect to the interferometer
whereas the rotation of the earth causes celestial sources to
have a time variable phase. Interferometers track the phase
and group delay of celestial sources to remove the effects of
earth rotation; this causes any stationary interfering signal to
rotate in phase and delay and a source at the phase tracking
center to have constant phase. Athreya’s technique is to fit for
a constant celestial complex signal and an RFI signal whose
phase rotates at the opposite rate of the interferometer fringe
tracking. The estimate of the RFI can then be subtracted from
the data leaving, in principle, only the response to the celestial
sources. This process is performed on each baseline, frequency
channel and polarization independently. For this technique to
work, the data must be well sampled in each turn of the fringe
tracking phase.

One of the difficulties with this approach is that the
amplitude of the interfering signal may be time varying,
due to motion of the signal through the side-lobes or other
changing circumstances. Thus, there is an upper limit to the
amount of time that can be used to separate the celestial
and interfering signals. When the interferometer fringe rates
become sufficiently low, it is no longer possible to use this
approach to separate the signals. A further complication is
that sources far from the phase tracking center will have a
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Fig. 1. Dynamic spectra of baseline 8—22 RR data from Example 1 in various stages of processing, all with the same stretch. Time flows from the bottom
upwards and the 127 frequency channels are shown on the horizontal axis. Left is the residual data with no interference removed; Center is after initial
clipping and RFI excision; Right is after RFI excision and clipping excessive amplitude data. Data consists of 5 X 15 minute scans spread over several hours.
The amplitudes saturate at 10,000 Jy.
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Like Figure 1 but for baseline 2-11, LL.

Fig. 2.
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non—zero fringe rate and may have variable phase during the
fitting interval.

B. Residual Based Technique

In many cases, it is possible to image a data set in spite
of interference. The derived image may be degraded by the
interference but at least provides an initial estimate of the sky
brightness distribution. The interferometer response to the sky
model can be calculated and subtracted from a dataset and
these residuals used to estimate the interfering signal.

Instead of using least squares fitting to separate the remain-
ing celestial signal from the interfering signal, it is possible
to counter rotate the residual data by the (reverse of) the
fringe tracking used in the observation. This will cause a
constant terrestrial signal to be constant in time but any
residual celestial response to rotate in phase. Subsequent time
averaging will tend to wash out the rotating celestial signal
but not affect the, now constant, interfering signal. The time
averaged, counter rotated residual data can then be used as
an estimate of the interfering signal, this is referred to in the
following as the “RFI model”.

Interfering signals are not expected at all times and fre-
quencies/polarizations (although these conditions may exist)
so it is important to select which portions of the averaged,
counter—rotated residual data represent RFI and which don’t.
The simplest criterion is the amplitude of the RFI estimates;
true RFI should be well above the level of fluctuations due to
the thermal noise in the data; RFI model data with amplitudes
below some threshold can be set to zero.

Further criteria are based on the fringe rate. If there are
sufficient turns of phase in the fundamental data integration
time, then any RFI will largely have canceled out leaving
only the signals being tracked by the interferometer. In this
case, the averaged, counter—rotated residual data is unlikely to
represent interference and the RFI model can be set to zero.
The low fringe rate case is still a problem as there will be little
reduction of any residual celestial signal by the averaging. If
there is possibly significant residual celestial signal, this data
should be flagged as its use will subtract sky structure as well
as RFI. However, if the sky model subtracted is sufficiently
accurate, the RFI model data may be used.

IV. OBIT IMPLEMENTATION

The fundamental implementation of the residual based tech-
nique is in the c library with interfaces from python and a
compiled task.

A. Counter—rotation

Counter—rotation of the interferometer model is performed
by calculating the inverse of the interferometer fringe track-
ing model and creating a Solution (AIPS SN) table with
the required values. Application of this calibration ta-
ble will do the required counter—rotation. The calculation
is performed in ObitTableSNUtil.c utility routine ObitTa-
bleSNGetZeroFR. A python user interface to this routine is
UV.PTableSNGetZeroFR in ObitTalk.

This model calculation uses the baseline UVW vector cal-
culated from the baseline vector b (VLA coordinate system),
hour angle ha and source declination §

uvw[0] = b[0] * sin(ha) + b[1] * cos(ha)
wvw[l] = —vw * sin(d) + b[2] * cos(9)
uvw|[2] = vw * cos(8) + b[2] * sin(d)

where vw = b[0] * cos(ha) — b[1] * sin(ha).
The fringe rate is then [3]:

rate =

uvw|0] * cos(0) * Qg /v

where Qg is the Earth’s rotation rate and v is the interferom-
eter sky frequency. The group and phase delays are:

T = —uwwl2]/v

B. Residual Based RFI Subtraction

The RFI estimation and subtraction based on residual vis-
ibility data is implemented in the Obit class ObitUVRFIXize
with a python interface in class UVRFIXize. This operation is
also implemented as task LowFRFI. The following parameters
control the operation of task LowFRFI.

o timeAvg
Time interval over which to average residual data to
estimate RFI (min). This should be as long as the RFI
can reasonably be considered constant. NB: if this is too
short (less than a half dozen integrations) LowFRFI will
artificially reduce the noise as well as remove source
emission left in the residual data.

o minRFI
Minimum RFI amplitude (Jy) to remove. This should be
set relatively conservatively, at least several sigma in the
averaged residual data to keep from merely subtracting
noise and any unmodeled flux density.

o timelnt
The averaging time of the input and residual data.

« sollnt
The time interval for calculating the counter—rotation SN
table

o dolnvert
If True, then invert the phase solutions for the counter-
rotation SN table. This MAY be needed for GMRT data;
do not use for VLA data.

« minRot
The minimum fraction of a turn of phase of the fringe
tracking below which to flag output data for which the
RFI model exceeds minRFI. This may result in a substan-
tial amount of data being flagged. A low (0) value may
be used if a very good model has been subtracted from
the data; otherwise extended emission may be removed
with the RFI.

« maxRot
The maximum fraction of a turn of phase of the fringe
tracking above which the RFI is assumed to have been
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washed out. Data for which the phase turns by more than
this amount will have no RFI correction made.

The basic RFI excision operation consists of three steps:

1) Counter-rotation
The residual data is counter—rotated by the inverse of
the interferometer model and then time averaged to
a specified interval (timeAvg). This produces the RFI
model. This operation is done in routine ObitUVRFIX-
izeCounterRot.

2) Filtering
The RFI model is filtered by one of three operations;
Nothing - allowing them to be subtracted from the
observed visibilities, zeroed - resulting in no modifica-
tion of the observed visibilities, or flagged - causing
corresponding visibilities to be flagged.
The RFI model is flagged for values whose amplitudes
are above minRFI when the total phase rotation during
timeAvg is less than minRot. The RFI model is zeroed
where the amplitudes are below minRFI or when the
total phase rotation during timelnt exceeds maxRot. This
operation is done in routine ObitUVRFIXizeFilter.

3) Correction
The filtered RFI model is interpolated to the time of
each observed visibility and either is subtracted from
the observed visibility or causes it to be flagged. This
operation is done in routine ObitUVRFIXizeCorrect.

V. EXAMPLES FROM VLSS DATA

In the following the technique described above will be
applied to VLA data from the VLSS survey [4]. This data
was obtained at 74 MHz using a bandwidth of 1.5 MHz and
used 127 channels in RR and LL correlations from the VLA
in B configuration. Each pointing was observed for 75 minutes
in multiple scans spread over several hours. These data were
all obtained under relatively benign ionospheric condition.

A. Example 1: Single baseline tests

1) Single channel: Figure 3 shows data from one
scan/baseline/channel/polarization after subtraction of a sky
model derived in an initial imaging using Obit task IonImage
[5]. Figure 4 shows the RFI model derived from this data with
one minute averaging and Figure 5 shows the residuals after
subtracting the RFI model. The residuals after subtracting the
RFI model are mostly below 100 Jy but in periods of rapid
variation of the interference, exceed 200 Jy. The interfering
signal is reduced by an order of magnitude.

2) Multiple channels: The middle plots of Figures 1 and 2
show the residuals after subtracting the RFI model from the
initial residual data for all channels from one baseline and po-
larization. Prior to determining the RFI model, residuals values
in excess of 10,000 Jy were flagged. The RFI model subtracted
data shown in the middle plots still contain occasional large
values, a subsequent clipping of values above 500 Jy results
in the right-most plots in Figures 1 and 2 which are relatively
clean.

Conter = 16 29 60,0000, 34 35 60,060 J2000.0

Fig. 6. Image of section of the Example 2 field without removing
interference. The interferences is visible in the horizontal banding. The scale
in degrees is shown on the side of the image. The RMS in the center portion
of the image is 78.4 mJy. Image is the square root of a selected range of pixel
values.

Center = 16 29 60,0000, 34 35 60,000 J200G.0

0 i

= -3 -4
Fig. 7. Like Figure 6 but only removing interference from the high frequency
resolution data; some residual interference is still visible. The RMS in the
center portion of the image is 76.4 mJy. Image is the square root of a selected

range of pixel values.



OBIT DEVELOPMENT MEMO SERIES NO. 16

Baseline [11, 20], chan 4 RR Init. residual

100 150

Integrations of 10.0 sec

1100+398 : 0/06:46:45.0 - 0/07:11:30.0

S T
o L
3
of
S
Y
= of
2 ol
o 2
£ [
< o
SL
@
o
SL
)
I . . . . I
0 50
T
o L
=)
@
k)
2 oL
[}
123
@
T
oL
8'7\ . . . . |

0 50

100 150

Integrations of 10.0 sec

Fig. 3.

Residual data for one scan/baseline/channel/polarization. Amplitude is shown on the top, phase on the bottom.
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Fig. 4. RFI model for data shown in Figure 3

B. Example 2: High Resolution RFI Excision/Flagging

Once the RFI model is derived from an initial imaging
and subtracted from the observed visibilities there will still
be occasional large values where the RFI model fails to
completely represent the more rapidly changing portion of
the interference. As was demonstrated in Section V-A2, a
subsequent clipping based on excessive residuals can suppress
these outliers.

The data set from which the data in Figures 1 and 2 were
extracted were imaged using two RFI suppression schemes.
The first was to simply flag the channels in which strong RFI
was observed and image the resulting data. The result of this
is shown in Figure 6; the effects of the broadband interference
are clearly seen. The second image, shown in Figure 7, was

made from data from which an RFI model was subtracted, and
subsequent outliers clipped (shown in the left plots of Figures
1 and 2). The image in Figure 7 has a much lower level of
visible artifacts due to interference although some are still
visible. These remaining artifacts are likely due to broadband
interference which was inadequately modeled in the narrow
band channels.

C. Example 3: Low Resolution RFI Excision/Flagging

The frequency resolution in the raw data was much higher
than needed to avoid bandwidth smearing in the imaging and
was designed to allow flagging of the narrow band signals
with minimal loss of data. Imaging is generally done with a
frequency resolution reduced by a factor of 10. An alternate
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Fig. 5. Data in Figure 3 with the RFI model in Figure 4 subtracted.

Conter = 16 29 £0.0000, 34 35 60000 J2006.0

0 —1 = -3 —4

Fig. 8. Like Figure 6 but only removing interference from the low frequency
resolution data. The RMS in the center portion of the image is 69.3 mJy. Image
is the square root of a selected range of pixel values.

approach to RFI excision was applied to reduce the effects
of broadband interference. The comb of strong narrow-band
interfering signals prominent in Figure 2 were flagged and
the data averaged from 127 to 12 channels, excluding the
end channels. This data were then subjected to the following
procedure:

)

2)

3)

4)

5)

Initial imaging

The initial 12 channel data were imaged using Ionlmage
without peeling of strong sources. At this stage, the
residual interference in the data can degrade the self—cal
solutions in the peeling to the point that serious artifacts
are introduced around the bright source which then get
incorporated in the RFI model and propagate through
subsequent processing.

RFI model calculation and subtraction

Obit task LowFRFI is used with timeAvg=1.0 (min) and
minRFI=50 (Jy) to calculate the RFI model from the
residual data from the previous imaging. This RFI model
is subtracted from the initial data.

Reimage with Peeling

The RFI subtracted data is then re-imaged using IonIm-
age allowing Peeling if the field contains strong sources.
Clipping residuals

A set of flags is derived from the residuals visibilities de-
rived in the previous step. This uses Obit task AutoFlag
with VClip=[100.,0.1], IClip=[100.,0.1] and RMSClip =
[150.,0.1] These flags are written to an AIPS FG table
on the RFI model subtracted data.

Final imaging

Tonlmage is rerun as before but applying the flags
derived in the previous step.

When this procedure was applied to the data described in
Section V-B, the resulting final image is that represented in
Figure 8. A comparison with the image shown in Figure 7
show that the visible RFI artifacts have largely been removed.
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Center = 11 00 (0000, 39 47 $0.000 J2000,0
=l

Fig. 9. Image of section of the 1100+398 field without removing interference.
The interferences is visible in the horizontal banding. The scale in degrees is
shown on the side of the image. The RMS in the center portion of the image
is 96.4 mJy. Image is the square root of a selected range of pixel values.

TABLE I
COMPARISONS OF RFI SUPPRESSION OF SEVERAL VLSS FIELDS

Field VLSS RMS | Raw RMS | RFI Sub | RFI Sub + Clip

mly mly mly mly

0900+398 102.9 103.0 87.5 74.6

1100+398 101.5 96.5 81.3 79.9

1630+346 69.2 78.7 78.4 69.3
D. Examples  4:  Further  Low  Resolution  RFI

Excision/Flagging

Image statistics are a useful metric for the effectiveness of
RFI excision. In the following a number of VLSS pointings are
analyzed following the scheme defined in Section V-C and the
off-source RMS of the inner portions of the images at various
stages compared in Table I. In this table, the column “VLSS
RMS” gives the central pixel RMS from the VLSS survey
processing images, “Raw RMS” is from the imaging with no
RFI subtraction or peeling, “RFI Sub” is the RMS after RFI
subtraction and “RFI Sub + Clip” is after a final clipping of
residuals. The various fields are discussed below.

1) 0900+398: This field contains three sources brighter
than 15 Jy which benefited from peeling. The phases for
Antenna 25 were bad for the first 2 of 3 scans and data
involving this antenna in those scans were flagged for the final
image. Processing started with the final 12 channel averaged
data from the VLSS pipeline.

2) 1100+398: Processing started with the final 12 channel
averaged data from the VLSS pipeline. This field contained
a single bright source that benefited from peeling. This data
set was self calibrated in the VLSS processing which compro-
mises the results far from the bright source. A section of the

Celnterl= 1199 0,0000, 39 47 60000 J2000,0

3 2 1

Fig. 10. Like Figure 9 but after RFI subtraction and clipping. The RMS in
the center portion of the image is 79.9 mlJy. Image is the square root of a
selected range of pixel values.

image without RFI subtraction or peeling is shown in Figure
9 and with RFI subtraction and peeling in Figure 10.

3) 1630+346: Processing of this data started from the 127
channel raw data and the VLSS calibration tables. This field
contained a single bright source that benefited from peeling.
This is data used in Examples 1 and 2, the final image is shown
in Figure 8. While the image statistics for the final image and
that from the VLSS survey are similar, the latter has a higher
level of visible artifacts.

VI. DISCUSSION

The previous sections have demonstrated the efficacy of
a technique for estimating and subtracting the contribution
of earth based interfering signals from radio interferometer
data. This technique is based loosely on that of Athreyall].
The general technique is to first image the data, applying
traditional flagging based RFI removal as needed to derive
an initial sky model. This sky model is then subtracted from
the observed data to derive a set of residual data which,
in the limit of perfect imaging, will consist of noise plus
the interfering signal. This residual data set is then counter
rotated by the interferometer model which has the benefit of
making terrestrial signals have constant phase and any residual
celestial signals will have a phase that rotates with time.
Averaging of this counter—rotated data will tend to wash out
the residual celestial signal, beat down the noise while leaving
a constant terrestrial signal unchanged. A final RFI model is
then derived from this averaged, counter—rotated residual data
using several criteria intended to determine when this data is
dominated by interference. The RFI model is then interpolated
and subtracted from the observed data.

In practice, the interfering signal is not constant over the
averaging interval. In cases of strong impulsive interference
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this may badly distort the RFI model in which case an
initial flagging of these data may be beneficial. Less serious
variation in the interference may leave significant residuals in
the corrected data. These cases can be identified and flagged
based on the residuals from the imaging of the RFI corrected
data.

The residual based RFI subtraction scheme described above
is useful for removing strong, quasi—constant narrow-band
signals from high resolution data, it works less well on broad-
band interfering signals when applied to high resolution data.
Since the imaging requirements on the frequency resolution
needed to avoid bandwidth smearing are less than that for RFI
removal, the data are usually averaged by a factor of 10 before
imaging. The RFI subtraction technique can be applied twice,
once to the high resolution data to remove the very strong
(up to 10s of thousands of Jy) and then a second time after
averaging in frequency to remove the broadband interference
(up to ~1000 Jy in the data studied here).

Several potential problems have been identified in this study.
The first of these is that use of peeling in generating the RFI
model may lead to artifacts around the peeled sources that are
not removed at later stages of processing. This is due to the
degraded performance of self—calibration in the presence of
interference; this leads to poor solutions and artifacts in the
sky model used to form the residual data. These artifacts can
then be incorporated in the RFI model and will not be removed
later.

The second potential problem is that the process allows, in
the limit of timeAvg=timeInt and minRFI=0, the residual data
being subtracted unmodified from the observed data giving
essentially the sky model visibilities without noise. This can
be used to reduce the “noise” in the images produced to an
arbitrary level. Care must be exercised not to simply throw
enough parameters at the problem to obtain a desired “noise”.

VII. CONCLUSIONS

A combination of traditional RFI flagging and a technique
to estimate and subtract interfering signals is shown to be
beneficial. An implementation is available in the Obit package.
While the technique described above has only been applied to
VLA 74 MHz data, it should be applicable to other cases of
quasi-continuous interference.
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