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We investigate multichannel spatial ®lteringtechniques for removing continually

present interference such as TV signals, radio broadcasts, or the GPS satellite

system.

The techniques are based on subspace projections on short-term spatial covari-

ance matrices.
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Setup

WSRT is the primary array

THEA tile used as reference antenna (2 beamformed outputs)
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Setup

The output of the reference array is processed as additional telescopes

Correlation and short-time integration (e.g. 10 ms), followed by of¯ine ®ltering
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Data model

Interference free case: the received data vector on primary array (p0 elements) is

Äx0(t ) = v0(t ) + n0(t )

where v0 is the astronomical signal, n0 the noise.

With interference s(t ), we receive

x0(t ) = v0(t ) + a0(t )s(t ) + n0(t )

With a reference antenna (p1 elements):

x1(t ) = a1(t )s(t ) + n1(t )

Stacking all antenna signals in a single vector x(t ) =

2

4
x0(t )

x1(t )

3

5, we obtain

x(t ) = v(t ) + a(t )s(t ) + n(t )
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Covariance model

From the observed data, construct short-term covariance estimates

ÃRk =
1
M

(k+ 1)M

å
n= kM

xnxH
n

with expected value

Rk :=

2

4
R00;k R01;k

R10;k R11;k

3

5 =

2

4
Rv;0 + a0;kaH

0;k + s2
0I a0;kaH

1;k

a1;kaH
0;k a1;kaH

1;k + s2
1I

3

5

where Rv;0 are the visibilities on the primary array, s2
0I is the white noise at the pri-

mary array, s2
1I is the white noise at the reference array.

Objective: estimate interference-free visibilities, Y 00 := Rv;0 + s2
0I.

We assume s2
0 and s2

0 are known from calibration, and Rv;0 � s2
0I. Assume ak is

stationary over short processing times (say 10 ms).
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First technique: subtraction (cf. Briggs e.a., Jeffs e.a.)

With a single reference antenna without noise, the expected value is

Rk =

2

4
Rv;0 + a0;kaH

0;k + s2
0I a0;k Åa

aH
0;ka a2

3

5

Thus, form the `clean' instantaneous estimates

ÃY 00;k = ÃR00;k - ÃR01;k ÃR- 1
11;k

ÃR10;k ~ Rv;0 + s2
0I

and average them to obtain an estimate of Y 00.

Disadvantage:

Not general: assumes no noise; can cancel at most p1 interferers. With noise,

subtraction introduces a bias

Bias can be avoided, but for poor INR of the reference antenna, subtraction can

become unstable

6



Second technique: spatial ®ltering with projections

Estimate ak from eigenvalue computations and form a projection matrix:

Pk := I - ak (aH
kak )- 1aH

k Note: Pkak = 0

Apply the projection: ÃQk := Pk ÃRkPk .

Ideally, the interferer is gone and ÃQk is equal to Pk ÃY kPk where ÃY k is the interference-

free data covariance.

Average the results:

ÃQ :=
1
N

N

å
k= 1

Pk ÃRkPk =
1
N

N

å
k= 1

Pk ÃY k Pk

The astronomical data is modi®ed by the projections as well.
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Second technique: spatial ®ltering with projections

Let Ck = PT
k Ä Pk , then

vec( ÃQ) ~

 
1
N

N

å
k= 1

Ck

!

| {z }
C

vec(Y)

Apply correction: ÃY := unvec( C- 1vec( ÃQ) ) .

ÃY 00 is the p0 ´ p0 submatrix corresponding to the primary array.

Disadvantage:

C can be ill-conditioned, e.g., for a stationary interferer (ak constant), or interfer-

ence entering only on a single telescope.
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Third algorithm: spatial ®lter with reduced-size correcti on

Previously, we solved

ÃY = argmin
Y

k vec( ÃQ) - Cvec(Y) k2

and then reduced ÃY to size p0 ´ p0 to obtain the estimate ÃY 00.

Instead, we can use the known structure of Y and solve

ÃY 00 = argmin
Y 00

kvec( ÃQ) - Cvec
�
2

4
Y 00 0

0 s2
1I

3

5
�
k2

This is a standard Least Squares problem after separating the knowns from the

unknowns:

vec( ÃY 00) = argmin
Y 00

k vec( ÃQ) - [C1 C2]

2

4
vec(Y 00)

s2
11

3

5 k2

= C²
1(vec( ÃQ) - s 2

1C21)
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Third algorithm: spatial ®lter with reduced-size correcti on

Advantages:

Can still work for stationary interferers (ak constant): C1 is tall and expected to

have full column rank

Same advantage in case only one of the primary antennas is contaminated (ak;0

has only one nonzero entry).

Without reference antenna, the projection is always the same and cannot be cor-

rected.

Unlike the subtraction technique, can project more interferers than number of ref-

erence antennas (subject to a non-stationary ak ).
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Simulations

Scenario

p0 = 5 primary antennas (telescopes) and p1 = 1 reference antenna

Source: SNR0 = - 20 dB with respect to each primary array element, and SNR1 =

- 40 dB towards the reference antenna.

Interferer: various INRs towards the primary and reference array (INR0 and INRdiff =

INR1 - INR0), varying ak for each data block.
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Simulations

Algorithms

First method: Subtraction; no rank detection

Second method: spatial ®ltering (ºeig ®ltº) with and without reference array; rank

detection

Third method: improved spatial ®ltering (ºeig ®lt (red corr)º); rank detection

Second method, but with projection subspace determined by the cross-correlation

of reference array with primary array (ºCorr ®ltº); no rank detection

Shown is the Mean Squared Error of the estimated ®ltered covariance compared to

the theoretical value Rv;0 + s2
0I.
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Simulations

Very short long-term integration (=2)
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(a) MSE as function of interferer power at the reference antenna,

(b) MSE as function of the interferer power difference between the reference an-

tenna and the primary array elements.

Flat MSE for varying INRs (desirable)

Subtraction technique suboptimal for large INR0
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Simulations

Longer integration times (=50)
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Shorter short-term integration time (M = 100) and longer long-term averaging time

N = 50.

The full size spatial ®ltering algorithm (`eig ®lt') is practically coinciding with the

reduced size spatial ®ltering, because theak is suf®ciently varying.

14



Simulations

Interference entering on only one telescope
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Spatial ®ltering algorithm without reference antena failsin case the ak -vector is not

suf®ciently varying.
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Experiment: Afristar

Measurement of 3C48 contaminated with Afristar satellite signal, 14 January 2003.

The THEA reference tile has 2 beamforming outputs, one pointing to the satellite,

the other used for scanning.

Data from 6 telescopes and the two THEA beams were recorded with the NOEMI

recorder (65 kSamples, 20 MS/s), and processed of¯ine: spli t in 64 frequency bins,

short-term averaging over 32 samples (0.1ms), long-term averaging over 16 blocks.
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Experiment: Afristar
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Dashed: 6 ´ 6 primary array covariance matrices; Solid: 8 ´ 8 full size covariance
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Experiment: Afristar
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18



Experiment: Afristar
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Conclusions

Reference antennas give powerful additional information

Simulations indicate that the subspace ®ltering techniqueis robust over a range

of INRs and INR differences (unlike the subtraction technique)

Working on an experiment using WSRT Focal Plane Array (Apertif) as reference

array

Recent PhD theses at TU Delft/ASTRON on LOFAR calibration:

S.J. Wijnholds, ªFish-eye observing with phased array radio telescopesº, March 2010

S. van der Tol, ªBayesian estimation for ionospheric calibration in radio astronomyº, Novem-

ber 2009.
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