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Radio Frequency Interference

= Man-made electromagnetic radiation
electronic/electrical equipments

from

= RFI is typically 30 to 40 dB (i.e. 1000 to 10000 times)

stronger than astronomical signal

= RFI has a non-random distribution

= RFI mitigation — very important problem (challenge) for

contemporary radio telescopes
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Narrowband RFI

Typical Sources of RF]

.Sparking

Image Courtesy: Wikipedia
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(Narrowband RFI
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Referred to as frequency-domain RFI
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Broadband RFI

Digitized Time Series with Impulsive RFI

RFI

Agilent Spectrum Analyzer - Swept SA
g | RF S0 oac || SENSEINT ALIGH ALTO! 11:23:30 AM Mark
Marker 1 A 20.0000 ms Avg Type: Log-Pur arker

—— Trig:Free Run
IFGain:Low #Atten: 20 dB

— SelectMarker
AMKr1 20.00 ms
Ref 0.00 dBm -5,23 dB

Referred to as time-domain RFI

Image Courtesy: Pravin Raybole
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Broadband RFI

Primarily caused due to two major
reasons - Sparking and Corona on
high power transmission lines

e Sparking occurs due to
dielectric breakdown between
two conductors leading to a gap
discharge: can occur on LT and
HT lines

e Corona occurs by creation of
voltage gradient across the
lines: rarely observed, occurs
on HT lines with voltage greater
than 66 kV

Other sources of broadband RFI
Include sparking due to
automobiles and switching of
inductive load
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Image Courtesy: Pravin Raybole

Broadband RFI mitigation is challenging

as it cannot be carried out using linear

frequency selective filters
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Power-line Sparking : Simulation
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Additive Effect of RFI

= Generalized time-domain signal model (with RFI)

for a radio telescope

X(t) = X(t) + X,(1) + Xi(t)

* X, IS the contribution due to astronomical source
(desired signal), x,, Is the system noise (undesired
signal) and x; Is the radio frequency interference

signal (undesired signal)

\e Kaushal Buch

9/10/2016

/




Effects of RFI

e Presence of RFI

Signal fluctuations do not integrate down as t°° upon
temporal averaging

Leads to reduced signal to noise ratio (SNR) and sensitivity

e Strong narrowband RFI lines
Produces harmonics
Pronounced effects due to spectral leakage
Increased side-lobe levels
Reduced dynamic range
e Limits detection and analyses of weak radio

sources, temporal events and transients
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Methods of RFI Mitigation

e Regulatory (Pro-active) Methods (Keep the receiver in
linear operating region)
Creating radio quiet zones (RQZ)
Controlling sources of RFI around the observatory

e Technical (Reactive) Methods
RF & Analog domain (Keep the receiver in linear
operating region)
Digital Subsystem (Mitigate whatever RFI flows
through the system)
0 Excision
0 Cancellation
Offline data processing
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RFI Excision

e RFI in astronomical data — outliers make Gaussian
distribution heavy-tailed

e EXcision assumes that RFI is much stronger than the
astronomical signal

e Detection and excision by blanking or clipping the
RFI affected samples

 Can be implemented in temporal and spectral domains (either
pre or post correlation)

- RFI Excision requires - a. RFI Detection and b.
RFI filtering
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" MAD based R

«Computation of real-time
Median using the histogram
method

*Non-linear filtering
med(x+y) # med(x) + med(y)

*Values outside the range of
[median = n* o, ] are
treated as RFI

*RFI Detection is followed by
filtering

-| Detection and Filtering

Y
Absolute Devition for Available filtering options:
‘N’ data samples 1 Cl|pp|ng
‘ Replacement with
Compute robust threshold 2 ConStant Value
medianno 3. Digital noise
l 4. Median
Compare input data with
robust threshold
Is input data NO
sample within the
threshold? *

Next data sample

Clip at threshold or replace
the sample with a fixed

value or median or noise
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Antenna 81
400 MHz Dal
Folarizatior).

Arntenna 2
400 MHz Dal
Polarizatior -

Antenna #30

G-bit ADC

—l-""::- (Dual Channel)

B-bit ADC

——— 7 (Dual Channel)

400 MHz Duwal

FPolarization : .

8-bit ADC
(Dual Channel)

ROAGCH-1 I CPU + GPU P S
(FPacketizer] 1~ (Cormelator) ~
ROACH-1 I CPU + GPL g I
(Packetizer) — 1 (Comelator) Y P
ROAGCH-1 | I~ CPU + GPU I~
(Packetizer) L (Correlator) ~ 1~

Real-time broadband RFI Mitigation is implemented o
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n ROACH-1 FPGA board

GMRT Wideband Digital Backend

Infinibamd
Switch

I .,
—_—

Data Acqguisition
and Control
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" RFI Mitigation for GWB

RFI Filtering

Ch#1 (from ADC) Coarse Polyphase Fine Delay
———| RFI Filtering Delay — Filter Bank [——» & Fringe rS
& FFT Stop
Time-domain RFI filtering
{for broadband RFI removal)
M
A
C
Ch#2 (from ADC) Crgise Polyphase Fine Delay
———=| RFI Filtering —» Filter Bank » & Fringe A
Blelay & FFT Stop
vy
Beam-
: De- e former
- e . , -t -
Folding dispersion RFI Filtering A/
To Data Acquisition PA)
Node Time and Frequency domain RFI

filtering

URequires implementation at multiple locations in the proce
remove diverse types of RFI
URFI Mitigation is proposed to be carried out in pre-correlat
correlation domains in the digital subsystem of the GWB
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Spectral-domain RFI filtering post
integration (for weak narrowband

RFI removal)

To Data Acquisition Node
e

ssing chain to

jon and post-
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4 ™
Test Strategy

Radiation Constant
tests Value
IEHHHHHHHII
Baseband .. .
RFI Fﬂter1ng tests - . Dlgltal Noise
Tests RFI Fllterlng <
options Clipoi
pping at
Threshold threshold

Different RF
bands

Regular tests with GWB-3 Long-term tests with GWB-3
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Radiation Test using
RFI Emulator unit

......

Test using input to -
ADC .
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oftware

Calculations Settings

Welcome to Broad Band RFI Emulator
RF1 Emulator

Calculations Settings

RFI Emulator Attenuation Selection

# Radio Frequency interference (RFI) is a growin

# RFI reduces the sensitivity of radio telescope a

Enter the bandwidth of operation for broadband RFl emulator 400 MHz v
Enter the required power level of noise floor in dBm =L

# Over the years, RFI mitigation techniques have

# Broad Band RF| emulator is a hardware to gene
Noise Floor

# The power level and duty cycle can be varied ¢

R.M.5. in mV: > 31.59
Required Attenuation ® 10.00

RFI Emulator Attenuation and Time Settings

35 Pulse Noise RFI Emul. ion Settil RF| Emulator Timing Settings

RMUS: T ARG Current Attenuation Mode:  Direct ADC Current Time Mode: Fixed

Required Attenuation  » 11.00 Mode Salection: Select MDde Selection: Select | Subm |

Mote: 1. If any required attenuation value is coming negative thi
Note: 2. Selection of Bandwidth depends Pulse Noise Chain ON Time
Note: 3. Pulse Noise P

Current RFI Attenuation: 10.0 dB Current ON Time:

Select

Designed @ Enter New Attenuation: Enter New ON Time: Submit |

Noise Floor Chain Total Time

Current NF Attenuation: 10.0 dB Current Total Time:

Enter New Attenuation: S Submit Enter New Total Time:

Designed @ Telemetry Lab - GMRT



4 ™
Test Results

* Single spectral channel plot over
time (IA mOde) from the GWB at \\ o I8 beam timeseries of anterna C03 { channel 63)
1.3 ms time resolution for filtered 2 | | | =
and unfiltered outputs i -
* Improvement (dB) *
AR 15:0406.240 15:04:10.560 15:04:14.060 150049200 HRN
I j— IOlog(MR F / MR u) \ Improvementin mean by rms of IA heam data of antenna CO03 ( Channel 630)
N - . ! | | | | |
where MR _F and MR_U are the |
. QA § -
mean/rms ratio for filtered and s
unfiltered signal respectively. i | | B e S
. R 150406240 130410500 15:04:14.060 150449200 AN
Runnlng mean / rms Calculated Interferometry Mode Cross Correlafion Power of antenna COY with respect fo antenna (03 { channel 630)
o | | | | ‘
over 1024 Samples Of IA beam '@ = unfitered CO9 eross with unfitered CO5
£ == 3 ittered C09 {rpl0} cross with unfittered C05
Output Ez. - = S ottt s itered C (rgm; wtoss with nftered CO5
/ n: ‘ M —— 21 iy, = Ysfittered CO9 (0} eross with 3s fitered CO5 (rpld)
[ ) Cross_correlation magnitude d o 0 | ; —t _..,-l:-———‘—‘n--,- 3sfitered CO9 (rpb) cross with 3s itered COS (rabt)
. LR RA] 150406240 130410580 15:04:14.860 150449200 [HCHERN]
(unnormallzed) and p hase Sy Interferometry Mode Crass Correlation Phase of antenna CI9 with respect o antenna CI5 ( channel 630)
Options — filtered vs filtered, ——————— Y
== fittered CO3 (rpl0} cross with unfittered C05
ﬁltered VS unﬁltered and A Js filtered CO9 (rpbt) cross with unfitered CO5
—— Ssfiltered CO8 {rpl) eross with 3s fitered COA (rpid) ||
unﬁltered VS unﬁltered 10 | ‘]sﬂlteredClls(rEM)cmsswith]sﬁlteredtl]ﬁ(rl;m
TR 15:0406.240 15:04:10.580 15:04:14.060 150049200 RN
Time(HH:MM:SS.FFF)
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Test on Emulator Output

1A Beam timeseries of RFI (Pulse Noise + Noise Floor)

2
=
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Intensity
{Arb. Units)
=
=

T
urfilterad

3= filterad [rpl0)

0
11:04:42.240

11:04:46.560

11:04:50.880

11:04:55.200

11:04:59.520

11:05:03.840

Improvement in mean by rms of 1A heam data of RFI

11:05:08.160

11:05:12.480

11:05:16.800
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11:04:42.240 11:04:46.560 11:04:50.880 11:04:55.200 11:04:59.520 11:05:03.840 11:05:08.160 11:05:12.480 11:05:16.800
Interferometry Mode Cross Correlation with respect to Noise Floor
80
T T T I T I
™ rfiltered
-g E 0 T —— T - T ———— g ;s ;ilteerreed [rpld)
nﬂ_ f 60 e e T ——— e ey
<
l | l | l | l
11:39:42.240 11:04:46.560 11:04:50.880 11:04:55.200 11:04:59.520 11:05:03.840 11:05:08.160 11:05:12.480 11:05:16.800
Interferometry Mode Cross Correlation phase with respect to Noise Floor
153
! l ! l ! ! unfiltered
o T 152 e e e, 3= filtered rpld]
£
E 8 151
| | | | | | |
11139:42.240 11:04:46.560 11:04:50.880 11:04:55.200 11:04:59.520 11:05:03.840 11:05:08.160 11:05:12.480 11:05:16.800
Time{HH:MM:SS5.FFF)
Time series of emulated RFI showing filtering at 3 o threshold —
replacement by zeros
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Test Results (Antenna signals

IA beam timeseries of antenna CD3 | channel 700)

March 2016

10000

5000

Intensity
(Arb. Units)

unfiltered C05
3z fittered CO5 (rpl0)

Interferometry Mode Cross Correlation Power of antenna CO6 with respect to antenna C05 ( channel 700)

0
12:45:56.160 12:46:04.800 12:46:13.440 12:46:22.060 12:46:30.720 12:46:39.360 12:46:48.000 12:46:56.640
Improvement in mean by rms of |1A beam data of antenna C05 { Channel 700)

w P | | T | | |
g
E 21 ant -
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E% ] I— = S == — = e i e it ! 8 e —— o =R
E
= 3 | | | | | |

12:45:56.160 12:46:04.800 12:46:13.440 12:46:22.0680 12:46:30.720 12:46:39.360 12:46:48.000 12:46:56.640

20

Power
(Arb. Units)
=

Sl T 3s filtered CO06 (rpbt) cross with unfiltered C05

unfiltered C06 cross with unfiltered C05
===}z fittered CO06 (rpl0) cross with unfiltered C0%

3s filtered CO6 (rpl0) cross with 3s filtered C05 (rpld)
= 3= filtered CO6 (rpbt) cross with 3s fittered C05 (rpbt)

I I
12:45“:56.160 12:46:04.800 12:46:13.440 12:46:22.080 12:46:30.720 12:46:39.360 12:46:48.000 12:46:56.640
Interferometry Mode Cross Correlation Phase of antenna CD6 with respect to antenna C05 ( channel 700)
0 T T T T ' '
— 4 o, - - . " - . unfiltered C06 cross with unfiltered C05
o § 30 N %’.W B o B e T 7| = =« 3a filtered C0G (rpl0) cross with unfiltered C05
b O . M B it 3s fittered CO06 (rpbt) cross with unfittered C05
£g 40 3s filtered CO6 (rpllj cross with 3s filtered CO5 (rplD)

— 3¢ filtered C06 (rpbt) cross with 3s filtered C05 (rpbt)

£0
12:45:36.160
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12:46:04.800

12:46:13.440

12:46:22.080 12:46:30.720
Time(HH:MM:S5.FFF)

Beam and correlator data of a spectral channel show

12:46:39.360 12:46:48.000 12:46:56.640

ing filtering at 3 ©

threshold — replacement with zero and threshold
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Test Results (June 2016

4 1A beam timeseries of antenna C05 { channel 660)

Intensity
{Arb. Units)

unfittered C0%
3= fitered CO5 {rpl0}

1]
11:00:05.760 11:00:14.400 11:00:23.040 11:00:31.680 11:00:40.320 11:00:48.960 11:00:57.600 11:01:06.240 11:01:14.880 11:01:23.520
Improvement in mean by rms of |1A beam data of antenna CD5 { Channel 660)
v O | | | | | | | |
E -
£ Z § -
@ 1 -
EE s . . ' i T S R L —— s
S 0p Sl e —e in - - L
E | | | | | | | |
2
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Interferometry Mode Cross Correlation Power of antenna C09 with respect to antenna C05 { channel 660)

—_ 2 unfiltered C09 cross with unfiltered C05
.?: 20 === =3 filtered C09 (rpll) cross with unfittered C05
(P N "5t it g e oy WO i O - ST RO TR TIP SRR (e . 113! - TR SR (PN LA 3s filtered C09 (rpbt) cross with unfittered C05
g e 15 3s filtered C09 (rpl) cross with 3s fittered CO5 (rpld}
:Ia. < | | | | | | s fittered C09 (rpbt) cross with 3s filkered C0% (rpbt)
T T
11:I]1I]u:I]5.?ﬁI] 11:00:14.400 11:00:23.040 11:00:31.680 11:00:40.320 11:00:48.960 11:00:57.600 11:01:06.240 11:01:14.880 11:01:23.520
Interferometry Mode Cross Correlation Phase of antenna C09 with respect to antenna C05 ( channel 660)
-5'] I I
— l l ! l l l unfitered C09 cross with unfittered Co5
i g = = =3s fittered C09 {rpl0} cross with unfittered C05
g 5 100 '« [ 1 3sfiltered C09 (rpbt} cross with unfiltered 0
i a ¥ X 3= filtered C09 (rpl0) cross with 3s fittered CO5 (rpld)
sl e R e i -f‘"--..,..,oT:e;‘f"“——'""w'" ~ TR T "'l""_"'““":"ﬁ‘”‘mr 3s filtered C09 (rpbt) cross with 3s filtered CO5 (rpbt)
11:00:05.760 11:00:14.400 11:00:23.040 11:00:31.680 11:00:40.320 11:00:48.960 11:00:57.600 11:01:06.240 11:01:14.880 11:01:23.520

Time{HH:MM:55.FFF)

Beam and correlator data of a spectral channel show ingfilteringat3 ©

threshold — replacement with zero and threshold
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Test Results (End of June 2016

il 1A beam timeseries of antenna C05 { channel 650)
3 | | | |

unfiltered C05
3s fitered CO5 (rpl)

Intensity
{Arb. Units)

0
14:43:00.480 14:43:09.120 14:43:17.760 14:43:26.400 14:43:35.040 14:43:43.680 14:43:52.320 14:44:00.960 14:44:09.600 14:44:18.240
Improvement in mean by rms of IA beam data of antenna C05 { Channel 650)
w: | | | | | | | |
= - A -
L i Y LY A \ _
g 2 ™\ / \ ' 5 In
a E ™ e = s - Y ..«f""'h,.o‘-a,_ f Ny il ‘i T, [ l- i e i,
EE 0+ c e e e . - M — ] e e B AR T e p—
£ | | | | | | | |
7
14:43:00.480 14:43:09.120 14:43:17.760 14:43:26.400 14:43:35.040 14:43:43.680 14:43:52.320 14:44:00.960 14:44:09.600 14:44:18.240
Interferometry Mode Cross Correlation Power of antenna C06 with respect to antenna C03 { channel 650)
100
I I I I I I : L

unfiltered C06 cross with unfittered C05
== =3z filtered C06 {rpld) cross with unfitered C05

{Arh. Units)
8

'g == e ARV R R 3= fitered CO6 (rpbt) cross with unfitered C05
=] F—— - ” 3s filtered CO6 {rpld) cross with 3s fikered CO05 (rpl0)
=5 0 ¥ | | | | | | = 3= filtered CO6 (rpbt) cross with 3s fikered C05 (rpbt)
14:43:00.480 14:43:09.120 14:43:17.760 14:43:26.400 14:43:35.040 14:43:43.680 14:43:52.320 14:44:00.960 14:44:09.600 14:44:18.240
Interferometry Mode Cross Correlation Phase of antenna CO6 with respect to antenna CD3 [ channel 650)
200 T :
_ = -‘E‘*’Z‘MW IO —— m—_—’“"”L* s unfitered C06 cross with unfitered C05
o Q ?’ ; === 33 filtered C06 (rpl0) cross with unfiltered C05
8 o 0— ;,5 """"" 3s filtered CO6 (rpbt) cross with unfittered C05
i a f; 3 fitered CO6 (rpl0) cross with 3s fikered C05 (rpl0)
200 | ¥ | | | | - 3e fittered CO6 (rpbt) cross with 3s fitered C05 (rpbt)
14:43:00.480 14:43:09.120 14:43:17.760 14:43:26.400 14:43:35.040 14:43:43.680 14:43:52.320 14:44:00.960 14:44:09.600 14:44:18.240

Time{HH:MM:SS.FFF)

Beam and correlator data of a spectral channel show ingfilteringat3 ©
threshold — replacement with zero and threshold
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Test Results (July2016

< 10° 1A heam timeseries of antenna C03 ( channel 800)
. 3 | | | unfiltered C05
£ 3sfittered C05 (rpl0)
£5 — =
g= 10 e
-
Eg
5 | | | | | | | | |
13:32:04 416 13:32:06.144 13:32:07.872 13:32:09.600 13:32:11.328 13:32:13.056 13:32:14.784 13:32:16.512 13:32:18.240 13:32:19.968 13:32:21.696
Improvement in mean by rms of 1A beam data of antenna C05 [ Channel 800)
. 1 T T T T T T T T T
g
£ i |
2 ¥ —— I 3 > R L |
EE e | { e (LN . ¥ 4 , g T - y RS L
Q-E gl Lo — T 'w.“f__J"'"J_-\,_u_“__,.’ 3 w
N | | | | | | | | | \
1] \ =
13:32:04.416 13:32:06.144 13:32:07.872 13:32:09.600 13:32:11.328 13:32:13.056 13:32:14.784 13:32:16.512 13:32:18.240 13:32:19.968 13:32:21.696
Interferometry Mode Cross Correlation Power of antenna C09 with respect to antenna C03 ( channel 800)
150
— I | | | | | unfiltered C09 cross with unfitered C05
_52 100 — === 3= filtered C0Y {rpl0) cross with unfiltered C05
o g ------- 3= filtered C03 {rpbt) cross with unfiltered C05
2 £ A0k 3s filtered C09 {rpl0) cross with 3s fittered C05 (rpl0)
< . | I - j | | — 3s filtered C09 (rpbt) cross with 3s filkered C05 (rpbt)
0 | I I I
13:32:04.416 13:32:06.144 13:32:07.872 13:32:09.600 13:32:11.328 13:32:13.056 13:32:14.784 13:32:16.512 13:32:18.240 13:32:19.968 13:32:21.696
Interferometry Mode Cross Correlation Phase of antenna C09 with respect to antenna C05 ( channel 800)
140
unfiltered C09 cross with unfiltered C05
'ﬁ' 120 == =3 filtered C0Y (rpl0) cross with unfiltered C05
z B e N e — FG e 3s filtered C09 {rpbt) cross with unfiltered C05
= E 100 3= filtered C09 (rpl0) cross with 3s filkered CO05 (rpl0)
=2 | | | | | | 3= filtered C0Y (rpbt) cross with 3s filtered CO05 (rpbt)
I I I

13:32:13.0a6 13:32:14.784

Time(HH:MM:SS.FFF)

80
13:32:04.416 13:32:06.144 13:32:07.872 13:32:09.600 13:32:11.328

Beam and correlator data of a spectral channel show

13:32:16.912

13:32:18.240 13:32:19.968 13:32:21.696

ing filtering at 3 ©

threshold — replacement with zero and threshold
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Test Results (August 2016

«10° 1A beam timeseries of antenna C05 ( channel 630)
5
0 I | | | unfhered L1
» é S teved 108 1l
= ==
I
-E ]
=
5 | | | | | | | |
15:07:55.200 15:07:59.520 15:08:03.6840 15:08:08.160 15:08:12.480 15:08:16.800 15:08:21.120 15:08:25.440 15:08:29.760 15:08:34.080
Improvement in mean by rms of A beam data of antenna C05 ( Channel 650)
. 10 I —— T T g T
5 e ~—— e
g 5 V. e ST | P i e
i of — e L™
SE gl i Lo
==
E
= 5 | | | | | | | |
15:07:55.200 15:07:59.520 15:08:03.840 15:08:08.160 15:08:12.480 15:08:16.800 15:08:21.120 15:08:25.440 15:08:29.760 15:08:34.080
Interferometry Mode Cross Correlation Power of antenna C09 with respect to antenna C03 ( channel 650)
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Interferometry Mode Cross Correlation Power of antenna CO8 with respect to antenna C06 (channel 850)
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3 sigma filtering (replaced by Zero)

Off-source tests (250-500 MHz)

Interferometry Mode Cross Correlation Power of antenna EO03 with respect to antenna C06 (channel 850)
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Off-source tests (250-500 MHz)
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On-source tests (250-500 MHz)

Interferometry Mode Cross Correlation Power of antenna CD8 with respect to antenna C06 (channel 850)
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On-source tests (250-500 MHz)

Interferometry Mode Cross Correlation Power of antenna CO8 with respect to antenna C06 {channel 850)
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2 sigma filtering (replaced by Zero)
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Results from test observations with GWB-3
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/GWB Main GUI
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GWB-3 GUI for RFI Filtering

RFI mitigation (on astro8.gmrt.ncra.tifr.res.in)

Constant Value

Bypass
{Constant Value
Threshold Clip
Digital Noise

can be used with GWB3.3

Detailed SOP available with the GMRT control room,
@ Kaushal Buch
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RFI Filtering: Features in GWB-3

® Possible to set fractional filtering threshold (in steps of 0.1)

® Various filtering options available (constant values, threshold, digital noise)
* Filtering possible in Ch-1 or Ch-2 or both

® ‘Bypass’option is also available

° Filtering for 200 or 400 MHz mode as well as narrowband modes of GWB-3

® Number of samples ﬂagged per antenna for a given scan

* % RFI can be calculated as this feature provides total number of samples and the number

of ﬂagged samples

@ Kaushal Buch 9/10/2016 /




Book-keeping of flagged samples

® The amount of samples ﬂagged / filtered should be reflected in
some form to the user — this is necessary as the data is being
altered

® Since the ﬂagging would happen earlier in the signal processing
chain, this information has to be passed on to the later stages to

take appropriate action (e.g. remove the block while performing

FFT or MAC etc.)

* The final number of data points filtered can be reflected in terms

of Weights for each visibility output.
* How to handle this when multiple types of RFI are being filtered

simultaneously ?

@ Kaushal Buch 9/10/2016
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Spectral Domain RFI Filtering

Ch#1 (from ADC)

——=| RF| Filtering

Ch#2 (from ADC)

-

To Data Acquisition

Node

RFI Filtering

Earee Polyphase Fine Delay
—  Dela —! Filter Bank [——»| & Fringe P
y & FFT Stop
Time-domain RFI filtering
{for broadband RFI removal)
M
A
C
Ciaise Polyphase Fine Delay
—————| RFI Filtering Dela — Filter Bank » & Fringe p v
y &FFT Stop
? Y
Beam-
: De- e former
Folding | dispersion [ RFI Filtering |- (A /
PA)
Time and Frequency domain RFI

filtering

RFI removal)

To Data Acquisition Node
et

Spectral-domain RFI filtering post
integration (for weak narrowband

Real-time Narrowband RFI Mitigation 1s carried out after the MAC block

@ Kaushal Buch
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Two Approaches to Spectral RFI filtering

« Two approaches to Spectral MAD filtering — 1. Estimation and filtering each

channel over time (MFAT) and 2. Estimation and filtering across the spectral
channels (MFAC)

Estimation and filtering across channel is more suitable for real time applications
— with additional correction required for across the band gain variations.

TIME-FREQUENCY DATA

t A
t, :
ts

TIME MAD ACROSS TIME

tN

1 2 3 510 511

—— CHANNEL NO.—mm8 ™ ———»
@ Kaushal Buch 9/10/2016

/




" Narrowband RFI Filtering (MFAC)

Unfiltered spectrum

2500 r .
— Unfiltered bandshape,
2000 B
% 1500 4
=]
2
&
]
2 1000/ B
; ‘l
5007
v N L N
/J 1___,_/"-7/"'-«—’"\# \ka\\/\r\"}uﬂw‘\‘,\j‘r Y .
- 1 L | L 1 | b 8
1100 1150 1200 1250 1300 1350 1400 1450
Frequency (MHz)
2500 T I
| ——Smooth banshape|
2000+
@
=
'E 1500
=]
g
2
=
3
1000~
H
o
500
0 1 ! ! ! 1 1 -
1100 1150 1200 1350 1400 1450

1250 1300
Frequency (MHz)

Smooth spectrum
Kaushal Buch

Filtered spectrum

2000
w
2
E 1500
2
o
2
<
g
1000
3
o
500~
1 I 1
1100 1150 1200 1250 1300
Frequency (MHz)
14 T
12+
10
2
£
S 8-
8
£
<
g 8-
2
o
o
a}-
2
| 1
1100 1150 1200

Normalized spectrum

1250 1300
Frequency (MHz)

— Filtered bandshape ‘
| |
1350 1400 1450

— Normalized bandshape|

9/10/2016




-

Spectrogram of Noise with NarrowBand RFI
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FFT Cycles
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Spectrogram of Noise after MAD Filtering without Windowing with sigma=3

FFT Cycles
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[=1

200 400 600 800 1000 1200 1400 1600 1800 2000
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GWB Spectrum Output — Pre & Post RFI
filtering
RF: 500 — 700 MHz, BW: 200 MHz
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Spectral RFl - across channel filtering

Two distinct interference lines
(from broadcast TV transmission
removed using across the channel
filtering

; Spectrum of Noise with Narowband RF|
\ \ \ \
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ro -~ o o =
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§ Spectrum of Noise after MAD Filering with sigma=3
\ \ \ T T

=
= =
=

s o o«
T T T
1 | 1

ro
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Narrowband filtering on GWB data

Time-Frequency Plot (Unfiltered)
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1
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Frequency (MHz)
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Narrowband RFI filtering on GWB-3 recorded data (L—band)

5000 s data single—antenna plot

4500 5000

1400 1450
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Summary

® Broadband RFI mitigation using MAD-based filtering in real-

time is available for the uGMRT user community.

® Various tests carried so far show an improvement of 10-12 dB in

the post—filtering signal—to—noise ratio.

* Long-term RFI filtering tests to understand the effect of
filtering on power spectrum and cross-correlation are being

carried out

e RFI Emulator has been designed for carrying out controlled

tests for testing and fine—tuning RFI filtering designs.
e Narrowband RFI mitigation using MFAC has been demonstrated

on recorded lta files.

@ Kaushal Buch 9/10/2016
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Future Plans

® Record of detected / filtered samples (flag) —to be implemented
in the GWB

¢ Fine-tune the parameters for optimal broadband filtering

* Study of RFI filtering on the overall improvement for continuum,

spectral—line and pulsar observations

© Implement real-time narrowband RFI filtering on CPU on self

outputs

© Development of cancellation techniques for reducing the overall

loss of astronomical data

@ Kaushal Buch 9/10/2016 /
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Short Video Clip - GWB output

RFI mitigation
T T

G0 T
Filtered

450 - Unfiltered H

400

200

200

Intenzity
-2
(7]
<

1 1 1 1 1 1
n,1 0,2 n,3 0,4 n.5 0.6
Timels)

GWB in IA mode — Intensity Plot of Channel 500 (RF ~
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Control and Manitar Chain

Power Supply Chain

Rabbit controller with Etherniet
[210%120mm]

i

(Control signal to control attenuation
of Noise generator Chassis for
Pulsed Noise Chain

Control signal to switch to change
duty eycle from GPLD

Pulsed Noise Chain

Noise Generator Chassis
GIL: 3.71 over 2GHz and -3.28 over 400MHz

Low Pass Filter Chassis

1Mt

LW

T

3 ml‘ﬂlj&fw. |

mnwnﬁl

: 0.6dB
| Iduster & Caparitors |

CW input to Noise Generator
Chassis of Pulsed Noise Chain

(need to terminate with 50chm when

nat used)

Pulsed (Switched) Noise
1 Nonitoring Port

NOTE: The 20dB Altenuation is achieved with
increasing attenuator value & by 10 t016dB in SAAD
fchassis and setting 10dB attenuation in Step
attenuator of Noise generator chassis,

CW input to SAAD Chassis of
Fulsed Noise Chain

Pulsed (Switched) Noise and
Noise Floor
{To | Channel of ROACH board)

Control signal to switch to change
duty eycle from Rabbit controller

MNoise Floor Chain

CW input to Moise Generator
Chassis of Noise Floor Chain
{need to terminate with 50ohm
nat Used)

Control signal to contral
attenuation of Noise generatar
Chassis for Noise Floor Chain

Low Pass Filter Chassis
[62x52mm]

400MHz

G/L =~-0.6dB

Inuckic & Capocios

CW input to Noise SAAD Chassls of
Noise Floor Chain

Naise Floor
| >fTDQ Channel of ROACH board)

when

NOTE: The 16 dB Attenuation is achieved with
increasing attenuator value 6 by 8 to14dB of SAAD
chassis and setting 8dB attenuation in Step
attenuator of Nolse Generator chassis,

Setting BdB attenuation in step attenuator also
temnves the need of 8dR attenuatar chassis

Fig. : Block Diagram for RFI Emulator
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Book-keeping of detected / filtered data

Data Flag 10 GbE packet format
Dat
Proposed =
scheme T
8192 byles
*One-bit flag for each sample (8 bits) Flag
A
»12.5 % overhead in transporting the 1024 bytes
data (and processing it in the later |

stages of the signal processing chain)

Limited by jumbo packet size (9000 bytes) and
available data transfer rate
Kaushal Buch
\@
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Plans for further testing

Analog Noise 100 / 200 12dB Variable Noise
Source MHz LPF ™ amplifier ™ Attenuator J
Broadband Noise A' c
B,D
Power +
Combiner | e + RFI
A
Broadband RFi
Broadband RF1 % 100 / 2080 e Variable
Emulator PIU MHz LLPF Attenuator

A,D: Goes to FPGA Input without RFI Filter

B,C: Goes to FPGA Input with RFI Filter

@ Kaushal Buch 9/10/2016

/




~
Development Cycle

Data
Analysis

Validation

RFI
Mitigation
Algorithms

Impleme-
ntation
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Functional Verification

Output of Impulisive RFI Generator

150

100

Quantized Amplitude

=100

2% RFI %0 R =

- —

Ay 1 2 3 4 = 5

Time (s) x 107

= RFI with different types of RFI was emulated using Matlab. This is
required for validation of RFI mitigation algorithms.

» Example shows impulsive RFI of varying degree used as a test-bench
for quantifying the efficacy of the RFI algorithm.
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Automated Verification Environment in Matlab-Simulink

Output from the
svstem maodel

Input data copy

Median value

K AD value

Negative

Values computed by the from the input

Median and Threshold- Flagged data

MAD value calculation
calculation calculation
Testcase-1 Testcase-2 Testcase-3

Testbench .
Load parameters Input data array
to the block to the file
DuT

System model file

Positive

Flagg for RFI
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Block Diagram - MAD Computation

Input from ADC

Kaushal Buch

&

Control Logic

’

Programming
Interface

= Median
= Calculation
A
| |
Subtraction
Block and Absolute Median STAn?! t?d Threshold
RAM Value Calculation Deiiat?on PR
Conversion
— =
‘n
A

To FPGA Software Interface

To filtering block
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Real-time RFI Filtering : Block Diagram

T7, T6, T5, T4, T3, T2, T1, TO

\@ Kaushal Buch
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1:4

DEMUX

-

Threshold
Computation
(MAD)

- THRESHOLD

THRESHOLD CTRL

;
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i b S| cupl
REPLACE [ ™ 5
|
G
THRESHOLD  CTRL N
A
15,1 CLIP/ :
*|_REPLACE =
R
0
C
THRESHOLD  CTRL =
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Test Configuration
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Outlier Detection
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Histogram approach
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Resource Utilization - Histogram Method
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RFI Filtering Block - Resource Optimization

RFI Filtering Block
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GWB Testing - Block Diagram
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FPGA Design
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Post-filtering reduction in mean noise value
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Noise input — filtering at 3 sigma , replacement with digital noise
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Post-filtering reduction in mean noise value
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Post-filtering reduction in mean noise value
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Quantitative Metric for filtering
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4 ™
Modes of Operation

e Continuous mode — compute MAD on each window and

apply the Change on the same window

e External Trigger mode” — compute MAD on one window

after getting trigger from an external source

* External Update mode — Use the value of MAD provided

by external source — implements only the filtering part

* Interval between computations depends on receiver gain fluctuations
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