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The Objectives

All mitigation of RFI in tl Data Loss

* Prevention is best form of mitigation
« Removing RFT => the earlier - the better
=> Less downstream system costs and complexity
 Mitigation only possible for significant INR
« Mitigating weak RFI requires integration (further downstream)



« RFI2004 - presenta
- RFT2010 - pr'esen'ra'rlons & articles on POS




A first Reality Check

=> called 'spectrum efficiency’
* Increased RAS bandwidth use

=> covering RAS allocated bands

=> covering non-allocated and non-protected bands

« Increasing intensity and density of spectrum use increases OOB
and spurious emissions

« Introduction of spread-spectrum broadband systems
=> low-power but unlicensed & mass-produced devices
=> creative solutions required to protect RAS



RFI signatures
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RFT (in-)coherently enters the system
=> baseline dependence => calibration
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« Impulsive bursts, narrow- or wide-band
* superposition of patterns

Fig. 1. Examples of RFI waveforms in the receiver output
versus time: a) and b) impulse-like RFI; ¢) radar impulses;
d) narrow-band RF'I.



Evaluation of methodologies

— 1. Intensi

=> ratio of system-noise variance and RFI variance
— 2. Occupied bandwidth

=> ratio of SOI bw and RFT bw

3. Processing gain of RFI suppression

=> ratio of SNR(after) and SNR(before)
4. Loss resulting from RFT processing

=> ratio of SNR(after) and SNR(no RFI)




Many Steps of Mitigation

 Pro-active & Pre-detection

* Pre-detection & post-detection

e-correlation

SD => baseband processing (before or during data stacking)

Arrays => anti-coincidence & digital excision/processing &
reference antenna

SD => flagging, reference spectrum
Arrays => flagging (excision), use fringe stopping, identify/
subtract non-celestial RFT sources




Pro-Active <& Pre-Detection

* Maintain & improve existing regulation (ITU-R RA.769 &
RA.1513? & others)

« Solve issues before implementation (Ch 54 at Arecibo)

« Know your spectrum neighbors - prevention & advance
coordination

 Clean up the act at your own observatory



Time

Excising in temporal and frequency domain

Cancellation

Anti-coincidence parated RTs

Leeheim IRD-82 (MAR 2010)
single passage (Jessner)




Pre-Detection & Post-Detection

« Re-consider sug

« Single RT => blanking or stopping correlator
— example: Arecibo - SJU airport L-band radar and others
— terrain and multi-path broadens RFI time-window
— works well for periodic & impulsive signals
— broad-band possible if linear system & no aliasing
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main channel

RFI estimation

Adaptive noise cancellation (ANC) sotrychans
Adaptive filtering w RFI copy (Haykin 1986
=> ON-source plus RFT & OFF plus RFI

Temporal adaptive filtering
=> FFT & adapting in frequency bins
=> FFT-1 in frequency domain

Use Reference channel & subtract

Directed reference antenna
(Barnbaum & Bradley 1998)

Subtract RFI power spectrum
estimate from PSE of main channel
(Briggs et al 2000)

Effective for multi-feed SD

Array - use RT of WSRT as Ref antenna
(Fridman & Baan 2001)

frequency channel number
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Fic. 8.—High dynamic range test of the adaptive-canceling system
under stationary conditions. The data are shown in col. (2) of Table 1. The
spectra in this and subsequent figures were recorded in volts. The right axis
shows the linear scale in volts, and the left axis is power. Note that the left
axis is not linear since power is proportional to the square of the voltage.
The top panel shows the RFI at the system output before the adaptive
canceler is activated (this spectrum shows a 1 s integration; with a 30 s, the
peak of the RFI integrated down to 0.071 W, which is the value we use in
col. [2] of Table 1). The bottom panel shows the spectrum after activating
the adaptive canceler and integrating for 30 s.

Barnbaum & Bradley 1998

Parkes
Briggs, Bell, Kesteven 2000
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using known mo
no additional antennas
cancellation > 20 dB

1500

1000

Auto Correlation Amplitude

(Ellingson, Bunton, Bell 2003) Yos 1608 1610 1612

Receiver

@) Interferer Rest

Frequency

Frequency (MHz)

F1c. 2—Middle curve: Autocorrelation of raw data, including (left to
right) GLON ASS, test tone, and OH maser. Bottom curve: Same signal
after processing (C/A signal removed). Top curve: The cancelled signal (i.e.,
“before "-“ after ") multiplied by 100, showing the spectrum of the signal
that was cancelled (curves offset for clarity).

GPS L3 at Arecibo

no reference antenna => in IF path
apply to L1, L2C, GLONASS, ...
adaptive filtering

using simple FPGA implementation

(Nigra et al 2010)



complex

« Sparse Arrays => WSRT spatial filtering using adaptive complex
weigh'ring (Fridman & Baan 2001)

« Adaptive filtering & Null-steering (Kesteven 2009)

 Real-time adaptive nulling in phased-arrays for new generation
telescopes (van Ardenne et al 2000; Bregman 2000)



spher. coord.

elevation

Computer simulation of post-
correlation spatial filtering,
adapted clean with RFT beam
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(Leshem & van der Veen 2000)
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an, Millenaar 2004)

Data loss => affects gain calibration => accurate bookkeeping

« ‘Sub-space’ filtering => use RFI signature in data
— cyclostationarity (Weber et al)
« Excision based on probability distribution analysis => statistics

— RFI changes power spectrum to a non-central power
distribution (Fridman 2001; Fridman & Baan 2001)



Pre-correlation & Antenna-based

=> Spectral occ ’ J‘

=> RaTan 600 (Fr‘idman & Ber“n NO -4000  -3000 -2000  -1000 0 1000 2000 3000 4000
=> SD solar observations => thresho
(4*h moment of power spectrum)(Nit R

=> WSRT RFT Mitigation System (2|l
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Data loss => affects gain calibration => accurate bookkeeping

« ‘Sub-space’ filtering => use RFI signature in data
— cyclostationarity (Weber et al)
« Excision based on probability distribution analysis => statistics

— RFI changes power spectrum to a hon-central power
distribution (Fridman 2001; Fridman & Baan 2001)
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WSRT RFIMS

however the system was not

Accepted by astronomers
Baan, Fridman & Millenaar 2010



1448+752 1621 1545MHz CH2 2004.438
COL/ROW= 15/ 16 L= 0.4897 —0.50C¢ B= —0.4%8/ 0.4890
MAX /MIN= 10B21.B6/ —163C.02 1645 MHZ MAP NOD, 2

1448+752 1621 1545MHz CH1 2004.438
COL/ROW= 15/ 16 L= 0.489/ —0.50C¢ B= —0.4%9/ 0.490
MAX MIN= 50000/ —2000.0 1645 MHz MOP NO. 1

rapl 621
9un—2004— 15:05 by efusrst

rapl 621
9—Jun—2004 1500 by efusrst

Fr'idrhan & Baan et al. 2004



Sub-space methodology
used/developed at Nangay
& Orléans

Applicable for spread spectrum
with different keying schemes
and periodic signals

Example at WSRT with GPS data

cyclic frequencies = k/T

1/T=1.023 MHZ

< >

5 2 2.5 3 .
Relative Frequency (MHz)

(Weber, Allal, Boonstra, et al)




« Mitigation integrated intfo new generation SW correlators
(Deller 2010)



Post Correlation

Array - flagging => data loss & time consuming
* Array - eliminate ‘stationary’ RFI sources
-- No data loss

-- Fringe stopping => stationary (terrestrial)
RFI sources fringe faster than astronomical

sources, i.e at fringe stopping rate

Th 1982
_ UVRFT based on RfiX code for GMRT e

(Athreya 2009) => part of AIPS

-- Removal in image-plane using distinct motion of RFI
(LOFAR - Wijnholds et al. 2004; VLA - Cornwell et al 2004)



Post-Correlation automated Flagging/Excising
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Interferometers are less vulnerable

* Fringe-stopping and de-correlation by delay-compensation give
natural suppression of weak RFT

« Strong RFI adds to system noise and affect complex visibilities
« Require accurate bookkeeping of weights for later processing

« VLBI - RFI affects calibration data at each site
« VLBI - do as required for SD telescopes



robust receivers

ANC
RFI spectral filtering
mitigation band selection

STATION
calibration

beam forming & spatial filtering

RFI blanking adaptive
RFI subtraction ‘ '
reference antennas

strategy

fringe & delay tracking CENTRAL
correlation

blanking
post-correlation nulling
reference antennas

self-calibration & off-line




— often not possible to ow noise floor

« Cumulative effect of RFI mitigation at subsequent stages

— RFT characteristics change after each mitigation step

— cumulative effect is not a linear sum of steps

— but rather sum of what is practically possible at each step

 Cost of hardware capabilities and software development ?
— rapidly changing parameters



Looking forward to next ge struments (?)

=> LOFAR & SKA & pathfinders & LWA & MWA
Observatories & astronomers must address RFT mitigation issues
— In-house and external RFI
— Flagging is not enough anymore

Increase acceptance of RFI mitigation by the users
Spectrum management and RFI mitigation heed more recognition





