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Abstract. Due to increasing demand for commercial usage of the electromagnetic spectrum, it is becoming difficult to
carry out interference free astronomical observations, especially at low frequencies. It is important to investigate the
nature of interference at an observatory site and develop appropriate techniques for its mitigation. The 20,000 hours of
astronomical observations for the low frequency survey (00h≤RA≤24h, -70◦≤ δ ≤-10◦) at 151.5 MHz using the Mauritius
Radio Telescope (MRT) has been used for such analysis. We present the salient features of a hierarchical Radio Frequency
Interference (RFI) mitigation system developed and applied to the MRT data. We highlight the interesting aspects related
to interference statistics arising from our studies.

1 Introduction
The measurement of signals from celestial sources in the radio spectrum is affected by undesirable RFI due to a variety
of sources. RFI has a complex nature : - rapidly changing, very strong while it may also be weak and long lasting. Radio
astronomers make use of several signal processing methods to handle RFI but in practice there is no universal fool-
proof technique for RFI mitigation. In such a scenario successful RFI mitigation is achieved by using a combination of
several engineering practices and techniques which include thresholding, temporal filtering, spatial filtering, canceling
algorithms, notching and hole poking etc.. In addition knowledge of RFI environment and the use of an RFI database at
a particular site are valuable ingredients in combating the RFI signals [1, 2, 3]. RFI mitigation is generally carried out
at three principal stages of astronomical data processing namely : - real-time pre-detection and pre-correlation baseband
processing, real-time post correlation processing, and offline processing [1]. In this paper we discuss the RFI mitigation
system developed and implemented at MRT, for offline processing of the recorded visibilities. In Sect. 2 we discuss the
methods used for RFI mitigation. Sect. 3 presents interesting statistics of RFI in the database of the survey and Sect. 4
summarizes the results.

2 RFI mitigation system at MRT
MRT is a Fourier synthesis, non-coplanar>- shaped array with a East-West (EW) arm of length 2048 m having 1024 fixed
helices which are arranged in 32 EW groups having 32 helices each. The North-South (NS) arm has a length of 880 m
and consists of a rail line on which 16 movable trolleys (NS groups) each with four helical antennas are placed [4]. A 512
channel, 2-bit 3-level complex correlation receiver is used to process the signals in the EW×NS mode. MRT measures
different Fourier components of the brightness distribution of the sky in 63 different configurations of the trolleys in the
NS arm over a period of time in order to sample the NS baselines every 1 m. The visibilities are measured with four
different delay settings to minimize the effect of bandwidth decorrelation. For each delay setting a small part of the sky
in declination can be observed without appreciable decorrelation which is referred as a delay zone [5]. During the period
from May, 1994 to March, 1999 more than 20,000 hours of astronomical observations have been carried out for the survey.
The images are synthesized on a sidereal hour basis to facilitate automation of data processing. At MRT we carry out
meridian transit imaging due to the grating response of the array and the 2-D image is formed by stacking the 1-D images
on the meridian along the declination at different sidereal times [5].

RFI poses a serious problem at MRT due to its low frequency of operation and wide primary beam (EW×NS≈2◦×60◦).
In addition the large amount of data for the survey necessitated the need for an effective automatic RFI mitigation system.
An hierarchical scheme has been developed with a view to achieve an effective, reliable and non-toxic automatic RFI
mitigation at MRT with minimum possible human intervention. It uses a conjunction of variety of techniques involving
linear and non-linear methods. These include Thresholding, Fourier filtering, Hampel filtering, Visual inspection, and the
fact that the sky signal is correlated in each day images but the interference is not. In order to avoid the effect of solar
interference, the affect of Sun is estimated based on its strength and position in the sky at the time of observations and data
significantly affected by Sun is not used for imaging. The RFI mitigation at MRT is carried out at various stages of data
processing as shown in Fig. 1 in sum of magnitude of visibilities on all the baselines, self correlation measurements, each
days image before post integration, and finally by using all the one day images collectively for interference detection.
The original data is not modified by any of the interference detection procedures and the complete information about
interference is kept in an updated flag table from which information is retrieved as and when required.

2.1 Sum of magnitudes of visibilities

The sum of magnitude of visibilities on all the baselines at each integration time (≈1.1 s) is calculated which has a Half
Power Beam Width (HPBW)≈2◦. Thresholding is applied by introducing an upper and a lower cutoff based on apriori
information of the highest and lowest signal from the region of the sky being processed. This is followed by a Fourier
filtering technique based on the assumption that the interference is generally spiky in nature and has Fourier components
beyond the maximum frequency which can arise from the radio sky, and can therefore be identified [5].

Keeping in mind the effectiveness of non-linear filters for data cleaning, we use Hampel filter which is a decision based
filter based on Median Absolute Deviation (MAD) scale. It satisfies two most desired properties namely, scale invariance
which ensures that its behavior is dependent only upon the shape of the signal and not on the units in which the inputs
are expressed and existence of a rich class of root signals which are sequences that the filter does not modify [6]. The
two tunable parameters which characterize the filter are the size of the moving data window and the aggressiveness. For
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Figure 1: Block diagram of hierarchical RFI mitigation system during various stages of offline processing at MRT. The abbreviations
used are: Th - thresholding (both upper and lower), FF - Fourier Filtering, HF - Hampel Filtering. The interference information is stored
in a centralized flag table which is referred and updated as and when required.

non-toxic behavior the number of data samples affected by interference in the window should be less than half the total
number of samples in the moving data window.

Hampel filtering is applied on this relatively interference free data after Fourier filtering (which ensures non-toxic
behavior) to detect the remaining RFI. The width of the moving data window is decided depending on HPBW of the
functional form of the data, and the frequency and duration of interference present. A smaller width can give more
efficient performance in case there are very few isolated interference data samples but can be toxic if interference is
continuous and very frequent while a larger width may decrease the efficiency. After experimentation we found a non-
causal moving data window of width 121 s (one minute of data on both sides) to be suitable. The aggressiveness parameter
used is 5 (equivalent to 5σ). In order to evaluate the performance of the automatic RFI excision schemes already applied
and to handle discrepant subtle data, a Graphical User Interface (GUI) based visual inspection is carried out. Since the
number of such discrepant data samples are extremely few, this is achieved quiet fast.

2.2 Total Power measurements

At MRT to estimate the normalized correlation coefficient from digital correlation counts we use the self correlation
measurements of the two interferometer pairs involved in the baseline [7]. A first level of thresholding in both upper
and lower cut-offs is introduced. Hampel filtering is applied only on good data selected for imaging (which ensures non-
toxic performance). The moving data window used is 301 s wide for both the EW and the NS groups (HPBWEW=2◦,
HPBWNS=15◦). The aggressiveness of the filter used is 5.

2.3 Each Days Image before post integration

In general the visibilities and the brightness distribution are related by a Fourier Transform. A sinusoid in one domain
manifests itself as a delta function in the other. So it is desirable to carry out interference detection in both the domains.
In view of this we decided to detect interference at a finer level in each days image in addition to the detection of inter-
ference in the visibilities. First in each days image at each declination, the scan along Right Ascension (RA) undergoes
Hampel filtering with two aggressiveness parameters (Ilow=5, Ihigh=10) with a moving data window≈21 s wide (RA beam
HPBW≈16 s). The number of times interference has been detected with the two aggressiveness parameters [N(>I low),
N(>Ihigh)] and the maximum strength of interference (Imax) are noted down for each pixel on the RA axis. The decision
to classify a pixel in RA as affected by interference or not, is carried out via a multi-parameter decision based algorithm
based on these cumulative statistics including the interference information of the neighboring pixels. As an example if at
a given RA pixel, the Hampel filter detects an interference of strength more than 10σ even once in the RA scans, the pixel
will be classified as affected by interference, but if it detects an interference of strength 5.5σ only once in the RA scans,
it will be classified as interference only if the neighboring RA pixels on both the sides are affected by interference.

2.4 Data set of all one day images

Each days images is post-integrated for about 4 seconds in time, and precessed to a common grid in the epoch J2000.
Since generally the interference is short lived (refer Sect. 3), the RFI mitigation is carried out while post integrating each
one day image by giving zero weighting to the points corrupted by interference. In order to collectively detect any
remaining interference in the one day images, first a database of the emission regions above a particular strength (>5σ)
is produced having information about their strength and position. An emission region is a region covering an angular
extent corresponding to the first side lobe level of the full resolution beam (4′ sec(δ)×4.′6 sec(δ+20.◦14)) around the located
maximum in RA and declination. When the image is searched for the peak of the next emission region all the emission
regions detected earlier are avoided during the search. A plot of positions of all emission region peaks in the entire
database of one day images is plotted with RA and declination as shown in Fig. 2(a). While a very strong source appears
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Figure 2: The figure shows the location of emission region peaks with RA and Declination before (left plot) and after (right plot)
interference excision for all the one day images for the sidereal hour range 19-20. The vertical strips at constant RA along Declination
(left plot) are due to interference. Very strong sources appear as a cluster of points with a spread in both directions. Multiple images
of very strong sources in declination is seen due to grating response along declination due to discrete sampling of visibilities in NS
direction on one day. After interference excision is carried out the resulting images are free from any significant interference as evident
in the plot on the right.
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Figure 3: The plot on the left shows the histogram of number of interference points as a function of the strength of interference.
The number of interference points peak in the strength bin≈10σ and fall monotonically with the strength of interference. The plot
on the right shows the number of interference points above a strength as a function of the strength of interference (dots) and can be
approximated as a sum of two exponentials (solid line). There is an increase in the number of interference points around 260σ (as seen
in both the plots) which indicates presence of some strong nearby interference source.
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as cluster of points as it is detected in most of the one day images, strong interference appears as a vertical strip along
declination at the affected RA pixel on this plot (as we carry out meridian transit imaging). This gives a first hand overall
idea about the extent of interference present in the one day images. In the next step we identify only those individual
images affected by interference by comparing them with each other for rms (σ) noise, number of emission regions, and
distribution of emission regions along declination in each image. The images affected by interference generally show
some unusual behavior, in at-least one or more of the above parameters. Only these suspected subset of images likely
to be affected by interference, are individually inspected by plotting the location of emission region peaks with RA and
declination and based on consistency with the other images a decision is made. This entire exercise is carried out in
Matlab which facilitates the desired operations on the database using built in optimized commands.

To remove interference which is not sufficiently strong enough to appear as stripe along declination, the following
method has been developed. A two dimensional region in RA and declination is masked around emission regions based
on visual inspection (e.g. Fig. 2(a)) and using well known strong sources from the Molonglo Reference Catalog (MRC) [8]
which are called as high emission regions or protected windows. Each days image is searched for emission regions with
strengths more than Ihigh excluding the protected windows. A one dimensional fit is carried out in declination using the
expected declination beam in the one day image around the peak of such emission regions. In case of a bad fit i.e. when
the obtainedχ2 is high, the pixel in RA is classified as affected by interference. The fitting is carried along declination
because the interference at any RA pixel will affect the scan in declination. Images heavily affected by interference are
summarily rejected. The entire procedure is carried out iteratively till there is no perceivable interference left in the images
as evident from Fig. 2(b). Generally one or two iterations have been found to be sufficient.

To obtain the full resolution raw image covering one sidereal hour range and declination range corresponding to a
delay zone, images made for all the 63 configurations are co-added with appropriate weights. During co-addition the 1-D
scans along declinations at the sidereal times affected by interference (detected in the last stage) in the individual one day
images are estimated by interpolating the nearby 1-D scans unaffected by interference.

3 RFI Statistics
We present the interesting results of the statistical analysis of interference in the database of the survey. The statis-
tics revealed that≈10% of the entire data is affected by interference. The total data affected (≈15%) during the day
time (6 a.m.-6 p.m.) is three times compared with (≈5%) in the night (6 p.m.-6 a.m.). This confirms the general belief that
the night time observations are relatively interference free compared to the day time observations. The loss of data due to
rejection of the interference would not affect the achieved sensitivity obtained in the images.

The number of interference points seem to fall monotonically with strength of interference as shown in Fig. 3(a) except
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Figure 4: The left plot shows the histogram of number of times interference of a given duration occurs with its duration. About 88%
of the interference bursts last for less than 4 integration periods (≈4.4 s). The plot on the right shows the no of interference points in
different MST hour ranges. The increase in the interference during the day is due to the local working hours of the industry.
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an increase around strength≈ 260σ which indicates the presence of some strong nearby interference source. The number
of interference points is highest in the strength bin around 10σ, in both day and night. About 50% interference points
have strengths less than 28σ in the total data, less than 31σ during the day and less than 23σ during the night. There
are 90% interference points having strengths less than 580σ in the total data, less than 700σ during the day and less than
380σ during the night. This reveals that the interference is generally having higher strength in the day time compared to
the nights and the rate of decrease in the number of interference points above a particular strength is higher in the night
time data. The number of interference points above a strength N(>S) can be approximated as a sum of two exponentials,
N(>S)=A+B exp(-S/C)+D exp(-S/E), where S is strength of interference in units ofσ. The values of the parameters
and their uncertainities (indicated in brackets) obtained after fitting are A=415192 (0.55%), B=1.73639e+06 (0.67%),
C=198.764 (0.93%), D=3.75137e+06 (1.11%), and E=18.6835 (1.47%). Fig. 3(b) shows both the number of interference
points above a strength and the fitted sum of two exponentials as a function of strength of interference.

A histogram of the frequency of interference bursts as a function of their duration is shown in Fig. 4(a). In the total
data about 45% of the interference bursts last for less than one integration period (≈1.1 s) while it is 41% and 56% during
the day and the night. About 88% of the interference bursts last for less than 4 integration periods in the total data where
as it is 87% and 92% during the day and the nights respectively. It reveals that the interference is generally short lived and
most of the interference excision can be carried out while post integration. It also reveals that the duration of interference
is lesser during nights as compared to day time.

We have complete uninterrupted observations available for 222 Julian Days (JD). Fig. 4(b) shows the total number of
interference points in each MST hour range. There is a marked increase in interference during working hours of the local
industry (MST 8-16) which accounts for≈ 62% of the total interference in the entire sidereal day. This indicates that the
increased interference during the day is linked to the local industry. We also analyzed the interference detected in each
days image. The number of interference points in the images is about 0.3 %. These are generally isolated in time and
there are hardly any interference points which are continuous for more than 2-3 sidereal seconds. It shows that there are
very few interference points which escaped the interference excision in the visibilities.

4 Conclusions
RFI mitigation in a survey comprising of≈20,000 hours of astronomical observations carried out at low frequency is a
daunting task. An hierarchical RFI mitigation system using a variety of signal processing techniques has been developed
and successfully applied to the survey data. Nearly most of the interference has been detected automatically due to
which the time required for manual editing has been reduced significantly. A small fraction of interference which passes
through the automatic methods is detected by manual inspection. Statistical analysis of interference on the survey database
indicates that about≈10% of the entire data is affected by interference. During day time the amount of data affected by
interference is thrice as compared with the night time. The number of interference points above a given strength can be
well approximated by a sum of two exponentials. The interference is generally shortlived with 88% of the interference
bursts lasting for less than 4 integration periods, which justifies our interference excision during post integrating the
images. The increase in interference in the day is due to local industrial activity. The images obtained after applying the
RFI mitigation system are free from any perceivable interference and demonstrate its effectiveness.
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