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1 Motivation

The Giant Metrewave Radio Telescope operates at low radio frequencies where sev-
eral man-made problems such as narrow-band radio frequency interference (RFI),
wide-band RFT due to power line discharge etc, corrupt the data. Moreover generic
problems such as cross-talk between antennas and malfunctioning baselines also af-
fect the data. All the above are additive errors which affect the final image as
follows:

Visibilities + error «— Image + FT (error); (1)

FT(error) is the Fourier transform of the error. Basically the image has an extra
component added to it. For example, RFI which persists throughout an observing
run and is not excised will generate a wide-angle pattern in the final image with a
fringe rate equal to that of the baseline which picked it up added to the sky image.
If bad baselines persist through an observing run, they will generate a different
response in the image plane. If the bad data generates a discernible response in the
image plane then it is imperative to remove it in order to improve the S/N ratio of
the image.

If we can identify the data which cause the above problems then that data can
be edited and the final image would have a better dynamic range. In the recent
past, we have received reports regarding a weak ring-like structure centred close to
the phase centre in the final deconvolved image from several GMRT users. The
pattern is insensitive to self-calibration or deeper deconvolution. Since this problem
is likely caused by bad baselines (Dave Green, private communication, R. D. Ek-
ers, in Synthesis Imaging in Radio Astronomy II, ASP Conference Series, Vol. 180,
1999, Ed: G. B. Taylor, C. L. Carilli, R. A. Perley), we have developed a procedure,
which starts from the artifacts in the residual map, to assist the GMRT user in
identifying the bad baselines. In this note, we outline the algorithm, its implemen-
tation and show the results we have obtained. We believe this is a convenient way
to identify bad baselines from corrupted data which complements several existing
methods/programmes/tasks in AIPS such as UVFLG, TVFLG, SPFLG etc.



2 Principle of identifying antenna pairs from uv
tracks

Fourier transforming artifacts in the residual sky image generates a UV image clearly
showing tracks of the general shape expected from the source and telescope geometry
(see next section for details). Each baseline clearly sweeps out a cone (see A’B’ in
Fig. 1), and the track is the projection of this onto a plane normal to the line of
sight (LOS) from the source to the earth (Fig. 1). Only part of this is of course
visible.
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Figure 1: The baseline AB made by two antennas placed at A and B on the earth’s
surface has been moved to the earth’s centre as A'B’ & B’ sweeps out a circle as
the earth rotates. Notice that the baseline describes a cone and the UV track is the
projection on a plane normal to the LOS.

For convenience, let us use a coordinate system with (U,V) lying in the plane of
the equator and W along the polar axis (see Fig 1). The circle described by B’ has the
equation W = P and U? +V? = E?, where P stands for the polar component of the
baseline and E the equatorial component. These don’t change with time, but (in a
space fixed coordinate system) U & V do, as U = E cos(H—Hy), V = Esin(H —H,),
H being the hour angle. If we choose the V axis to point to the RA of the source,

then a vector along V appears largest in projection (on to the plane transverse to
2
from the equator, 0 = 0. The projected baseline track is therefore given by an ellipse

the earth-source line) for § = % while the W component is maximum when viewed

centred on (0, P cosd) (see Fig. 2) with major axis, along U, of length E, and minor

axis, along V, of length Esind (u & v are projected values, and equal to U & V
only for & § = /2, i.e.polar viewing). Thus, the equation to the elliptic track is

(v — Pcosd)? N u®

E?sin?0 E?

Given two points (uy,v;) and (us,v9) on this curve,

=1

(v1 — Pcosd)? 4 ulsin?§ = (vy — Pcos®)? 4+ usin® 6 = E?
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Figure 2: The figure shows the equatorial (E) and polar (P) components of the uv
track which can be estimated from the uv track and can in turn be used to uniquely
identify the antennas involved in the baseline.

which immediately gives
2Pcosd (vy — ;) = (v3 —v7) +sind (u3 — uj)

From the above,
(v2 —v?) +sin?6 (u2 — u?)

P =
2c0sd (vy — vq)
and )
2 _ (v— Pcosé) L
sin?0

Substituting the value of P gives E?.

Since the equatorial (E) and polar (P) coordinates which are properties of a
baseline and independent of time, the above exercise allows one to estimate these
coordinates from the antenna positions and compare with those estimated from
the uv track of a bad baseline. This exercise thus helps identify the bad baseline
which can then be removed and the image quality improved. We describe the im-
plementation and results from this procedure below. However since there is a finite
possibility of the baseline being wrongly identified especially in those parts of the
uv space where there is crowding and hence the E, P coordinates of more than one
baseline are likely to be similar. To check this, we also made a list of baselines
which are likely to be misidentified. We find about 57 baselines out of a total 435
baselines which are likely to be confusing because the difference in their equatorial
and polar coordinates is within 50m of another baseline. Most of these, as expected,
are central square baselines.



3 Implementation and Results

We have developed a programme in C which uses the above algorithm and identifies
the baseline given coordinates of two separate points on the UV track. FFT of
the source-subtracted residual image results in an uv image which shows the uv
tracks and the real and imaginary parts of the visibility amplitude. Since the source
response has been removed, the residual image are expected to contain only artifacts
and hence any signature in the uv image can safely be assumed to be due to bad
data.

The data obtained in the raw [ta data format were converted into FITS using
listscan and gvfits. The FITS data were then imported to NRAO AIPS !. and
the data calibrated and imaged. Self-calibration of the data was also effected. The
image showed the presence of ring-like artifacts originating near the pointing centre
and mimicking a pseudo point source. We subtracted the clean components of all
the sources from the uv data (UVSUB) and then imaged the residual uv data. The
concentric rings persisted, were the major features in the image and are indeed the
artifacts which we are trying to remove.

Fig. 3 shows the image of a field made after the sources in the field were sub-
tracted from the uv data. The concentric ring-like structure centred close to the
pointing centre is due to a bad baseline and needs to be removed before the dynamic
range of the image can improve. Both RR and LL show the ring-like structure.

We used the task FFT in AIPS on the images shown in Fig. 3. Since the task
was used on the sky map, we obtained a complex image of the uv plane. In Fig. 4,
we show the real part of the FFT in the uv plane. The axes are labelled in u and
v kA. uv tracks made by various GMRT baselines as the earth rotates can be seen
for both RR and LL. Since the sources have been removed, all the tracks should
ideally register only noise. However the tracks pointed at by the arrows in Fig. 4
are brighter as compared to rest of the tracks and stand out. These are the bad
baselines that probably persisted throughout the observations and gave rise to the
concentric ring pattern seen in Fig. 3. We used the programme we have developed
based on the above algorithm, badbase to identify this bad data.

The first task was to obtain the uv coordinates of any two points on the baseline
track using which the programme badbase would find the closest match with numbers
estimated from the measured values of the antenna positions which are generally
referred to as B,, B, and B, metres. We used a couple of different ways within
AIPS involving different verbs and tasks to find these coordinates. Since many close
baselines can have overlapping uv tracks, we stress the need for accurately finding
two points lying on the same track. If by mistake the two points are from two
different tracks, badbase will not be able to give a good match of the uv track to a
possible baseline. In Appendix A, we suggest a couple of ways in AIPS using which
the coordinates can be obtained.

!The National Radio Astronomy Observatory is a facility of the National Science Foundation
operated under cooperative agreement by Associated Universities, Inc.



Figure 3: The 1.4 GHz RR (top) and LL (bottom) images of the central part of
the primary beam. Notice the concentric ring-like structure near the centre of the
image. No source is responsible for the structure which at first glance looks like a
dirty beam. The dynamic range of the image is limited by the systematics. Moreover

note that the fringe frequency of the dominant ring-like structure in the LL is larger
than that in RR.



Figure 4: The FFT of the data shown in Fig. 3. RR (top) and LL (bottom) images
of the FFT are shown. The UV tracks which give rise to the dominant ring-like
structure in the RR and LL images are shown by an arrow. Our algorithm helps
identify such bad UV tracks. The X (VV) and Y (UU) axes are labelled in k.



Once the coordinates of two points have been obtained, these are to be given to
badbase alongwith the declination of the source in degrees, wavelength of observation
in cm and the tolerance in metres upto which you would like the programme to
probe for a match. We have been able to find matches to within 50m of a probable
baseline and in many cases the match is within 20m. On the other hand, we would
also like to warn users that in crowded regions of the uv plane there are chances of
misidentifying baselines since there are likely to be more than one baseline within a
given tolerance.

Once we identified the corrupt baselines using badbase, these were removed from
the uv data and images were made again as shown in Fig. 5. The strong ring-like
feature near the phase centre is not present in these images although the Stokes
RR seems to show a weak ring-like structure which is the result of another bad
baseline. The programme can be used iteratively. However, with each iteration,
caution should be exercised to avoid good baselines being edited. One way which
would work is to look at a small range of extremum values in the image and check
for any bad baselines which appears to show ‘signal’. If part of a baseline is bad
then only that part should be removed. We suggest that one does some extra check
on the baseline before editing it.

4 Summary

We have described an algorithm which works from artifacts in the image plane to
identify bad baselines which result in ring-like artifacts in the image plane and limit
the dynamic range at rms noise levels less than half a mJy. The implementation
involves identifying two distinct points on the uv track and finding their uv coor-
dinates. These coordinates have to be given to badbase, the programme that we
have developed which compares the equatorial and polar coordinates obtained from
the uv track with those estimated from the antenna positions and gives the closest
match. Removing this baseline generally results in the ring-like artifacts disappear-
ing from the image. We also note that this is one more way of identifying bad data
in addition to several like UVFLG, TVFLG, SPFLG etc which exist in the AIPS
environment.
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Figure 5: The images made after the bad baselines shown in Fig. 4 have been
removed from the UV data. The top panel is Stokes RR and the bottom panel is
Stokes LL. Notice that the intense concentric ring-like artifacts are not present in
the image although a lower level ring-like structure does seem to be present in the
Stokes RR image which is another bad baseline in the data.
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Figure 6: The histogram showing the noise statistics of the image before the bad

baselines are removed (top panel) and after the bad baselines are removed (bottom

The lower rms (~ 200uJy) of the bottom panel compared to that of the

upper panel rms (~ 270uJy) indicates that bad data has been removed.

panel).



6 Appendix A - Recommended recipe:
In this appendix, we suggest how to use the programme badbase:

1. Remove (UVSUB) all clean components from the uv data and make a resid-
ual image which will clearly show the ring-like structure. Image RR and LL
separately. Make a large image say 2048 x 2048.

2. Take an FF'T of the above image which will result in the complex UV data
being shown in an image format. The real and imaginary uv images will be
created. Examine the real part of the result.

3. . If there are bad baselines they will generally appear as bright/faint tracks
compared to the rest. Moreover they will not show a noise-like behavioiur.
You need to identify these to be able to flag them.

4. To find the U and V coordinates of any two points on the bad track in AIPS,
use either:
a. curval to find the x, y coordinates.
b. load x,y into the adverb PIXXY and run the verb IMVAL c. Note down
the UU and VV coordinates that you get (note that IMVAL shows VV first
and then UU).
or:
a. define a small box using TVWIN around the track enclosing the point you
want to obtain the coordinates for.
b. run IMEAN and note down the UU and VV coordinates of the maximum
or minimum point whichever is the relevant number on the track.
c. repeat a, b for another point on the track.

5. Run the programme ’badbase’ that we have developed using the algorithm.
If (4) has been done carefully, the programme will identify the track and print
the bad baseline and how close it is to the baseline identified from the bad
data. Better the identification in (5), better will be the match. The programme
can be run as follows and takes the coordinates of the two points, declination
of the source in degrees, wavelength in cms and the desired tolerance in metres.

syntax:badbase Ul V1 U2 V2 dec_deg lamdba_cm tolerance_m

For example, for identifying the bad short baseline in Fig.4 the inputs we gave
to the programme were:

badbase 22.057 14.402 13.697 25.481 53.44 21.26 50

10



The results we obtained were as follows:

OFFSET= 7.5m = 0.04 klambda

EQUA=4759.010m POL=4017.030m BadBaseline=13-27
EQUA _DATA=4763.500m POL_DATA=4011.055m

This meant that the bad baseline was 13-27 ie. C13-WO03 and the difference
between the baseline estimated from the coordinates that we obtained from
the UV tracks (EQUA, POL) and those estimated from the antenna positions
(EQUA_DATA, POL_DATA) was only 7.5m.

7 Appendix B: the programme in C

The badbase programme is listed below on the first two pages. This programme uses
the file UVBASELINE.TXT which contains the equatorial and polar coordinates for
all the 435 baselines as detailed in the section on the algorithm. The next seven
pages give these coordinates. We estimate these values from the antenna positions
as detailed in the algorithm. The antenna positions used to arrive at these values are
given on the last page after UVBASELINE.TXT. The first column lists the antenna
name whereas the second, third and fourth column give the values of B,, B, and
B, in metres.

11



S* A sheort programme to identify bad baselines based on RN's alg
o - NGK 10/7/2008

To complile:
gcc —o badbase badbase.c —-Im

*/

#include <=tdlib.h>
#include <=tdic.h>
#include <math.h>

#include <=tring.h>

maini(int argc, char *argv/([])

{

FILE *fp;

fleoat ¥1_klambda, Y1_klambda, lambkda_cm, X¥m, ¥Ym, X1lm,XZm,¥1lm,¥YZm;
float XZ_klambda, Y2_klambda, t, tl;

float *EQUA, *POL, EQ, PO, DIFF, FINAL, delta;

int *n, *m, &l, A2, 1, 7J;

char tmpl40], tmpl(40], tmp2[40], tmp3[40], tmpd[40] ;

if (argec 1= 8)
{

print£ ("\n Input the coordinates of any two points lying on the bad baseline (uv) t
rack.\n") ;

print £ (" FFT of the corrupted image will generate the uv image from which the a
bove can be identified.\n™) ;

print £ ("\n Syntax: badbase <UUI klambda> <VV 1 klambda> <UU2 klambda>
<VV2 klambda> <declination deg> <lambda cm> <tolerance m>‘\n\n") ;

exit (1) ;
|
¥l klambda = atof(argv[l]);
Y1 _klambda = atofl{argv[2]);
X2 _klambda = atofl{argv[3]);
¥2 klambda = atofl{argv[4]);
delta = atof(argv[5]);
lambda_cm = atof{argv[6]);

FINAL = atoflargv[7]);

delta = delta* 3.1415927/180.0;

EQURA = (float *)calloc(500,sizecf (float));
FOL = (float *)calloc(500,sizecE (float));
n = (int *)calloc(500,sizecf (int));
m = (int *)calloc(500,sizecf (int));

if {((fp=fopen ("UVBASELINETXT", "r"))==NULL} |
printf ("mUVBASELINE.TXT : Unable toopen") ; exit (1); |

12




¥im = ¥1_klambda* (lambda_cm*10) ; A* in metres */
¥1lm ¥1 klambda®* (lambda_cm*10) ;
HZ2m ¥Z_klambda®* (lambda_cm*10) ;

)i

¥Z2m = Y2_klambda®* (lambda_cm*10

fscanf (fp, "%s %s %58 %8 %s\n", tmp, tmpl, tmp2, tmp3, tmp4);

t = (Y2m*¥2m - Y1lm*¥1lm) ;

tl = (X1m*X1lm — X2m*¥2m) *sin(delta) *sinl(delta);
¥m (t — t1)/(2*(¥2m — ¥1lm));

t = Xlm*X1m; tl = (¥lm—¥Ym)* (¥lm-¥Ym) ;

¥m = sqgrt(t + tl/pow(sin(delta),2));

¥m = Ym/co=s(delta);

for (i=0;4i<4325;1i++)
{ fzcanf (fp, "God %ed Fof %f", &nlil], km[i], &EQUA[i], &POLI[i]);

}

DIFF = 0.
for (i=0;
{

0;
i<435; i++)

DIFF = =sgrtipow( (EQUA[L] - abs{(¥m)),2) + pow({(PCL[1] — a
bsi{Ym)),2));
if (DIFF<FINAL)

{ EQ = EQUA[1]; PO = POL[1]; &1 = n[i], &2 = m[1];
printf ("\n\n OFFSET=%5.1fm = %4.2f klambda\t \n", DIFF,DIFF/ (lambda_cm?*
v ;iint £ ("in EQUA=%5.3fm\t POL=%5.3fm\t BadBaseline=%d—%d\n", EQ,FP0,Zl,
Az);rintf{"ulEQUA;DATAz%SJﬁnuF{ﬂ_DATAz%ﬁjﬁnm“, ¥m, ¥m);
} ]

13
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8 Appendix C: Some hints for getting the most
out of this programme:

Here are some useful hints if it gets difficult to use this programme to identify bad
baselines. Although there are no gurantees, with experience we find that using
different approaches as the data demands helps get rid of bad baselines.

e Examine the source-subtracted image for the presence of ring-like artifacts
centred about the pointing centre. Only if you can notice them then you
proceed with the procedure outlined above.

e Sometimes the bad baseline is lost in the maze of baselines in the uv image.
Load only a small range close the maximum value in the uv image and check
for any baseline which shows a constant offset instead of noise-like behvaiour.
If none are visible then load only a small range of values close to the minimum
in the uv image and check for any baselines which show a constant offset. This
helps in the regions of the uv plane which are crowded. If you do identify the
bad baseline then note down the U and V coordinates and use badbase.

e Inspite of doing the above at times it does not help identify the bad baseline.
In this case, note down the rough U and V of the bad baseline from the uv
image and then examine the data using other tasks such as VPLOT etc. This
can also be done by noting down the fringe frequency of the ring-like artifact
and finding out the uv baseline.

e Sometimes severe RFI can give rise to stripes in the image which confuse
the ring-like structure - use the UVSUBed data to CLIP the bad data or
remove bad data by identifying the culprits and then continue with the above
procedure till the ring-like structure disappears.

e Lastly if all your attempts to flag that bad baseline fails...you can use the data
if the bad baseline is at a very low level else request the Centre Director for
makeup time on the telescope :>.
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