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o E &, CHAPTER 1

TECHNICAL SPECIFICATIONS OF THE WSRT

1.1 GEOMETRY OF THE ARRAY

The WSRT consists of an East-West array of fourteen equatorially mounted parabolic 25-m dishes. Ten
(labeled 0 -9) are on fixed mountings, 144 meters apart; thefour (2 x 2) remaining dishes (labeled A, B, C and
D) are movable aong two rail tracks, one, 300 m long, adjacent to the fixed array and another, 180 m long,
9 x 144m towards the East (see figure). The movable dishes can be used at any position on the rail tracks.
The pointing accuracy of the dishesis 15 to 20 arcseconds, the surface accuracy is of the order of 1-2 mm.

In the focal plane (f/ D = 0.35) of the dishes, exactly on the ‘optica axis', the frontend feeds are mounted.
These feeds consist of two perpendicular probes for the detection of linearly polarized radiation (dipole
cross) designated X and Y. The dipole crosses can be rotated. In the most common case the X and Y
dipoles on al telescopes have the same orientation (indicated by ++-) but it is possible to rotate dipoles
such that interferometers are formed for which the dipole crosses differ in orientation by 45° (indicated by
+x). Inthebackend correlation system for Westerbork all 4 possible combinations can be produced for each
interferometer—i.e. XX, XY, YX and YY.

The geographical coordinatesare: atitude 16 m, longitude-6.60417, and latitude 52.91692.

1.2 OBSERVING MODES
Inits‘norma ’, local mode of operation the WSRT is used as an aperture synthesisarray with atota length of

2.8 km. It then consists of abasic set of 40 interferometers, each interferometer comprising one fixed and one
movable dish, and a variable number of ‘redundant’ interferometers (fixed-fixed and/or movable-movable).

EAST

WEST
SRS I SR SR I I S S EE
A B g
s Iy Iy Iy s Iy Iy sa_ 47om Jeom ——
ox144m=12%6m
1363+ T 1224m

2664+a

Figure 1.1: Geometry of the Westerbork East West
array of 10 fixed 25 meter dishes, spaced by 144m and
4 movable dishes on rail tracks. Standard available
baselines are 36 to 2772min 18mincrements (4 x 12")
but spacing incrementsof 12m (6x 12*) or 9m (8x 127)
are dso possible
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standard mode of operation for line and continuum observations eg. PART Il Chapter 2
and Chapter 3

standard mode for polarization measurements Part 111 Chapter 4

standard mode using redundant baselines Part 111 Chapter 5

mosai cing mode Part 111 Chapter 6

autocorrelation mode Part 111 section 3.4.1

pulsar mode Part 111 section 3.4.2

Table 1.1: The various observing modes of the WSRT.
For more information read the indicated chapters else-
where in the user documentation

The redundant interferometers are generally used when high dynamic rangeisimportant, to calibrate the short
term phase and amplitude variations caused by instabilitiesin the atmosphere and driftsin the receivers. This
method, in combination with self-calibration techniques alow very high dynamic ranges to be obtained in
continuum observationsin particular. The redundant interferometers can, of course, also be used to contribute
to aperture synthesis maps at the expense of aless clean sidelobe pattern.

A new method of using the WSRT in mosaic mode was developed in 1990. This mosaic method allows
mapping of large areas of the sky in a relatively short time. During one twelve hour period the tel escopes,
along with the fringe-stopping and delay centers, cycle through a grid of positions a number of times. The
grid may contain as many as 120 positions specified by the user; it can be arranged in aflexible way. If done
sensibly no more than 10 seconds are required to change positions within the grid. The method allows large
surveys of continuum or line radiation in those cases where sky coverage is more important than sensitivity.
Part of the timethe WSRT isused for Very Long Baseline Interferometry (VLBI) along with other telescopesin
Europe and elsewhere (mainly the USA). The fourteen WSRT dishes are then used as a‘tied array’, together
yielding the equivaent of one 93-meter single dish in the VLBI network. The tied array mode will aso be
used sometimes for pulsar observations.

The WSRT can aso been used as 14 independent 25 m dishes. This mode has been used for a Deuterium
search a A = 92 cm.

1.3 RECEIVERS AND BACKENDS

Table 1.2 summarizes the characteristics of the WSRT at each of the five wavelengths for which receivers are
currently available. At 18 cm there are only five (cryogenically cooled) receivers which can be mounted in
telescopes O, A, B, C, D. In the near future also telescope 9 will be equipped for a cryogenic frontend. At
this wavelength the WSRT is generally used in the VLBI tied-array mode. For the other four wavelengths a
complete set of 14 receivers can be used. All receivers have two linear polarization channels.

Two digital correlators and two VLBI recording systems can be used to combine the signalsfrom the array for
different types of observations. A summary of their characteristicsis given in thetable 1.3

1.3.1 THE SPECTRAL LINE BACKEND (DXB)

The basic number of independent 1-bit complex correlation products which the DXB * can produce simulta-
neoudly is2560. In 2-bit mode the correlator produces half the number of products (1280) with a sensitivity
improved by approximately 1.25. When the observed spectrum can be covered adequately with an overall
bandwidth (B) narrower than its maximum value (10 MHz), the clockrate of the correlator (20 MHz) alows
the number of correlation productsto beincreased by afactor 10/ B to amaximum of 40960 (10/ B is apower
of 2). The number of complex channels, obtained after Fourier transformation of the correlation functions,

1The correlator actually consists of a DLB and a DXB unit. For 10 MHz bandwidth the DLB is used. For B<10 MHz the DXB is
used to obtain more channels by recirculation of the interferometer channelsover the DLB input channels. For clarity we do not makea
distinction between the DLB and DXB in this documentation. And we will refer to the DLB/DXB spectral line backend as DXB.
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WSRT User Documentation, Part 111 section 1.3.1 page (111)-1-3
wavelength(cm) 6 18 21 49 92
frequency range at RF (MHz) 4770-5020 | 1590-1730 | 1365-1425 | 607-610 | 305-385
field size HPBW(degr) 0.17 0.5 0.6 14 2.6
max. bandwidth a IF (MHz) 80 80 80 25 80
Tys of frontend (K)
cooled 55 60 35 - -
uncooled 150 - 90 110 140t
synthesized beam in RA for 2.8 km 3.7 11 13 30 55
maximum baseline (arcsec)
for a standard 12 h measurement
with 40 baselines and a standard
taper:
distance to grating ring in RA 29 85 10 24 44
(arcmin)
theoretical continuum  sensitivity 0.07 - 0.05 0.6" 0.5
(rm.s. in 12" obs) (mJy/beam)

Tablel.2: Characteristicsof theWSRT anditsreceivers

. In the coldest regions of the sky

. At these wavelengths a 12 # observation is confusion limited and will not reach the theoretica sensitivity.
: Thisvaueisbased on 5 MHz bandwidth while a wider bandwidth may be unuseablein practice.

DXB spectral line backend

bandwidth options(MHz): 10 5 25 1.25 625 313 .156 .078
# of complex channels(2-bit): 1280 | 2560 5120 | 10240 | 20480 | 40960 | 40960 | 40960
# of complex channels (1-bit): 2560 | 5120 | 10240 | 20480 | 40960 | 40960 | 40960 | 40960
channel separation (kHz):

91 interferom. 4 polariz.2-bit t - - - - 195 9.77 4.88 244
10 interferom. 1 polariz.1-bit 39.06 | 19.53 9.77 4.88 244 1.22 0.61 031
40 interferom. 2 polariz.1-bit 3125 781 | 19.53 4.88 244 1.22 0.61 031
DCB continuum backend

total bandwidth (MHz): 8x 10= 80 40

bandwidth options (MHz): 10 5

# of complex channels: 2048 | 2048

MK2 VLBI backend

max. total bandwidth (MHz) 2

bandwidth options (MHz) 2 1 5 .25 125 | .0625

MK3 VLBI backend

max. total bandwidth (MHz) 14 x 4 = 56

bandwidth options (MHz) 4 2 1 .25 125 | .0625

T: Seepart 111, table 5.2 for the DXB settings used for this configuration.

Table 1.3: Characteristics of the WSRT backends

Version: 1.0.0
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may be distributed over interferometers and polarization channels of the array. How one chooses to do this
depends not only on the spectral resolution required but also on the sensitivity needed per frequency point (=
complex channel) on each interferometer. Sensitivity may be increased by observing in 2-bit mode and with
two independent polarization channels.

The number of independent frequency channels Ny in each observed spectrum depends on the overall
bandwidth B (MHz), the correlator bit-mode Nz (1 or 2), the number of interferometers Ny and the number
of polarization channels Np by thereation:

NF~NB~N[~NP22560><% (11)
The maximum number of frequency channels, set by the capacity of the on-line computer and software, is 256.
As an example the channel separation is given in table 1.3 for each of the eight possible overall bandwidths
available and for two rather extreme choices: (i) use of 91 interferometers in 4 polarization channels and
2-bit correlation mode for maximum sensitivity (e.g. for HI absorption and polarization studies), and (ii) use
of dl possible correlation products on, for instance, 10 interferometers in one polarization channel in 1-bit
correlation mode for high spectral resolution. We also show a more common case of 40 interferometersin a
1-bit mode observing at 2 polarizations.

1.3.2 THE CONTINUUM BACKEND (DCB)

The digita continuum backend, DCB, is a broadband backend with a maximum total bandwidth of 80 MHz.
This 80 MHz isdivided in 8 bands of 10 MHz maximum width to avoid bandwidth smearing at the edges of
the maps.

The 8 frequency bands are independent in the sense that each of them can be set to either 5 or 10 MHz
width and that they can be tuned independently over the whole frequency range available (table 1.2) with the
restriction that the IF bandwidth is l[imited to a maximum of about 110 MHz at dl frequencies. For 49 cm
only 2.5 and for 92 cm only 5 MHz total bandwidth are available. In most practical cases thereis no need to
use the DCB at 49 and 92 cm and so the DXB is used for continuum observations at these wavelengths. 2
The DCB has a total of 4096 interferometer channels, or 512 channels per band. For each band these 512
channels are divided over the tel escopes in the same, fixed, way. Thisisdifferent from the DXB for which the
division of channels over the telescopes can be chosen by the user.

The 512 channels are 256 complex channels (256 pairs of cos and sin correlations). These are divided in
160 standard and 96 non-standard complex channels. The standard channels comprise all the fixed-movable
telescope (i.e. the standard baselines) and all polarization combinations.

The non-standard channels are used to determine telescope errors using the baseline redundancy in the non-
standard baselines. Therefore enough correlated power must be availablein the non-standard baselines; for this
reason the cross-channels (XY and Y X) are not used. The 96 available non-standard channels are divided over
47 XX and 47 YY combinations. For the WSRT there are 51 independent non-standard baseline combinations
possiblefor each polarization. Interferometers 0-5, 0-6, 1-6 and 1-7 are not measured in this case.

1.3.3 VERY LONG BASELINE INTERFEROMETRY (VLBI)

Any combination of the WSRT dishescan beused asa‘tied array’ to serve asonestationinthe VLBI network.
Two typesof VLBI backends are available: The narrow-band Mark2 system and thewide band Mark3 system.
Input to the recording terminals is from one of the normal WSRT backends: the DXB in combination with
the MK 2 and the DCB in combination with the MK3. It is possible to observe with two polarization channels
simultaneously with the MK 3 system. With the MK2 system one can switch between polarizations but one
cannot observe them simultaneously.

2|n the near future a DCB configuration for 92 cm will become available. It is then possible to cover 40 MHz total bandwidth in 8
bands each with awidth of 5 MHz

Version: 1.0.0 August 17, 1993
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1.4 FUTURE DEVELOPMENTS

141 PULSAR FILTERBANK

In the autumn of 1993 a new backend will become available. Thisbackend isespecially designed for work on
pulsars. In the near future specifications will be published in this documentation.

1.4.2 THE DZB BACKEND
In the futurethe DZB correlator will replace the DCB and DLB/DXB backend. The most important improve-
ment over the previous backends isthat:

— itwill provide adequate < 1% spectral resolution for spectral line observationswith bandwidthsranging
from 160 MHz down to 156 kHz.

it will measure all redundant baselines to enhance dynamic range and sensitivity.
it will extend the continuum bandwidth by afactor 2 to 160 MHz.
it supportsatied array mode for VLBI and pulsar observations.

it will support gating facilities for pulsar observations and interference suppression.
More details of the DZB can be found in the NFRA internal technical report by Bos (1993).

1.4.3 THE MULTIFREQUENCY FRONT ENDS

In 1996 the multi frequency front ends (MFFES),(ready in 1996/97), will replace the current 6, 21, 49, and
92 cm frontend boxesin all 14 telescopes. The frequencies at which these frontend will be able to operate are
shown below. More information about the MFFES can be found in the note by Tan (1990)

wavelength  freqguency  System Temp. Bandwidth

(cm) (MH2z) (K) (MH2z)

92 305-386 <120 >10

49 60842 <100 >10
21 1200 - 1450 27 160

18 1590 - 1750 26 160

13 2215- 2375 52 160

6 4770 - 5020 53 160

3.6 8150 - 8650 84 160
UHF low 250 - 460 <150 >10
UHF high 700 - 1200 <100 >10

Version: 1.0.0 August 17, 1993
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THE CALCULATION OF THE SENSITIVITY

2.1 SENSITIVITY CALCULATIONS

In this section we will give all parameters necessary to calculate the thermal (i.e receiver) noise expressed in
flux density.

2.1.1 CALCULATING THE SENSITIVITY FOR A STANDARD SETUP

To facilitate noise estimates we reduced equation 7.20 of part 1l by including the properties of the WSRT
and giving only a wavelength dependent constant which relates the noise per channel for a 12 h observation,
AS,.,, 5, to the number of polarizations, Np, and noise equival ent bandwidth, Avyp,. We assume a standard 12
hour synthesis observation using the 38 different movable-fixed tel escope combinations:

Ky

7m‘]y
\/ AVkHZ]Vp

ASys = (2.1)

Thefactor K'(A) istabulated bel ow.

A 6 21 49 90
Ky |28 17 42 50

K(X) isvalidfor 49 and 92 cm if the correlation is done in 1-bit mode, and, for 6 and 21 cm if correlation
isdonein 2-bit mode. For 21 cm we calculated the sensitivity per channel in table 2.4. Note that the noise
equivaent bandwith for auniformtaper equalsthechannel separation (b = B/Ny, where B isbandwidth and
Np isthe number of frequency channels.), for a Hanning taper the noise equivalent bandwidth equals 86/ 3.
For 92 observations the actua noisein asingle 12 h continuum observation is not determined by the thermal
noise, but by confusion from sources in thefield and sidelobes.

A standard way to increase the sensitivity for low surface brightness structures is to convolve the images to

lower frequency or spatia resolution. In the former case the noise decreases as , / Sxcnve

AVorigina
The case of spatia smoothing is somewhat more complicated. We must now consider the r.m.s. error in the
brightness temperature, 67, and the noisein the observed flux, AS.
Lowering the resolution implies increasing the beam area, but at the same time effectively decreasing the
number of interferometers which contribute to the image.

Hence the noise in the measured flux will increase with a factor proportional fvvn—ldw Increasing the beam
areawill decrease the noise in the temperature brightness, determined from a given flux per beam, by afactor
proportional to | / g4=, where Q 4 is the beam area

-2-1
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Hence the error in the brightness temperature does not simply decrease as |/ G2, but as y / 4 . | /Hdd.
If N the number of (non-redundant) baselines going into the map then

AS(mly) o< A (2.2)
§T(K) o N3/2 (2.3)

2.1.2 CALCULATING THE SENSITIVITY FOR A NON-STANDARD SETUP

Ther.m.s. noisein the measured flux, AS, can be written according to equation 7.21 (part 1) as:

M D ko Ts\/?2 -2, -1 26
AS = MPo = Wattsm™ “Hz™* = 10=°Jansk 2.4
7= INe /N 2 i ( y(dy)) (2.4)

where;
k =Boltzmann’s constant (1.38 x 10~22Joule K 1)

T, =Interferometer system temperature (), equal to Ts = +/(Tr + Ta)(Ta + Ta) where
Ty and T}y are the noise of the fixed and the movable receiver respectively and 74 isthe
antenna temperature due to the noisesin the field. 74 is closaly similar for al fixed and
movable receivers.

n, =aperture efficiency

Ap =geometrical surface area of an individual antenna(m?)

Np=Number of polarization channels

P, =Polarizations summation factor (:ﬁ ).

M =dipole position angle factor

D =degradation factor with respect to analogue correlation, due to analogue to digital
conversion.

N1 =Number of interferometers.

Av =the noise eguiva ent bandwidth of the observation (Hz)

ny =grading efficiency factor

t =tota observing time (seconds)

REMARKS ON EQUATION 2.4
— SystemtemperatureT; andn4 aregiveninthetable2.1. The system temperature of theinterferometer
is the effective temperature for an interferometer consisting of one cooled and one uncooled receiver.
At 6 and 21 cm thisisthe way how theinterferometersare formed (fixed/uncool ed with movabl e/cool ed
receiver). At 49 and 92 cm the system temperature of the fixed receiver equals that of the movable
recever Tor = Tr.
— Degradation factor The degradation factor isgivenin table 2.2

— Noise equivalent bandwidth, Av
The noise equival ent bandwidth, Av for continuum observationsis equal to 0.93 times the bandwidth of
the observation (at 20 dB points). Thisis a good estimate of the bandwidth between the 3db points of
thefilter.
For line observations we have the possibility of using different frequency tapers. (more properties of
frequency tapers can befound in chapter 8 of part I1).

1. Theuniform taper
In this case the noise equivalent bandwidth, Av = B/Nr and the grading factor, n, = 0.9 The
effective frequency resolution for auniformtaper is1.2B/Np.

2. TheHanningtaper Inthiscase the noiseequiva ent bandwidth, Av = 2.67B/Np and 5, = 1.47.
The effective frequency resolution for a Hanning taper is2B/Ng.

Version: 1.0.0 August 17, 1993
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Wavelength (cm) 6 18 21 49 92
Frequency range (M Hz) 4770-5020 1590-1730 1365-1425 607-610 305-385
System Temperature (K)

cooled frontend 55 60 35 - -
uncooled frontend 150 - 90 110t 140t
interferometer 91 60 56 - -
Na 0.48 0.53 0.53 0.59 0.59
: only on the coolest regions of the sky.

Table 2.1: System temperature and antenna efficiency,

for the different WSRT observing wavel engths.

Number of bits Degradation factor Number of corrda Remarks
correlated with respect toana  tor

log system channels per corre-

lator output (Ng)

1x1 157 1 -
1x15 1.44 1 for B=10 MHz
1x2 1.32 1 for B<5 MHz
2x15 121 2 for B=10 MHz
2x2 112 2 for B<5 MHz

Table 2.2: The correlator modes. The degradation fac-
tor correspondsto the increase in effective temperature
as compared to an analog correlator

3. The Hamming taper

In this case the noise equivaent bandwidth, Av = 2.52B/Np and n, =???. The effective
frequency resolution for aHanning taper is1.82B/Ng.

where Npg is the number of frequency channels. Note that while the noise per frequency channel
decreases, the number of independent frequency pointsrises. Also notethat thefirst channel and thelast
7% of thefrequency channels lie on the edge of the bandpass and the S/N there isworse than calculated
with theformuleeabove. B/ Ny istabulated intable 2.3.

The properties of the tapers are described in section 8 of part 1.

Ther.m.s. error in the observed flux AS inasingle 12 hour continuum observations at 92 cm is higher
than calculated from equation 7.21. At this wavelength sidel obe confusion noise becomes the limiting
factor for sensitivity in total intensity (Stokes 1). The theoretical sensitivity can be reached in Stokes
@, U and V inasingle 12 hour observation and also Stokes I if sidelobe confusion is suppressed by
observing for 4x 12 hours with different 9A spacing.

By using redundant spacingsin an image (often availablefor 49 and 92 cm observationsbut &l so possible
for 6 and 21 cm observations) it is possible to obtain better sensitivity than calculated with the formula
above at the expense of anon-uniform «, v coverage, i.e. adirty beam.

Exact sensitivity calculations can be performed but one has to take in to account that for 6 and 21 cm
the system temperatures differ for different sets of interferometers. Thereis one set (standard tel escope
combinations) with cool ed-uncool ed interferometers and one set (non standard combinations) with only
uncool ed-uncool ed interferometers.

Version: 1.0.0
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noi se equival ent bandwidth, A (KHz), for uniform frequency taper

Np
8
16
32
64
128
256

Bandwidth, B, (kHZ)

10 5 25 125 0625 0313 0.156 0.078
1250 625 313 156 78 39 20 10
625 313 156 78 39 20 10 5
313 156 78 39 20 10 5 24
156 78 39 20 10 5 24 12

78 39 20 10 5 24 12 0.6

39 20 10 5 24 12 0.6 0.3

moi se equiva ent bandwidth, Av(KHz), for Hanning frequency taper

Np
8
16
32
64
128
256

Bandwidth, B, (kHZ)

10 5 25 125 0625 0313 0156 0.078
3338 1669 834 417 209 104 52 26
1669 834 417 209 104 52 26 13

834 417 209 104 52 26 13 6.5
417 209 104 52 26 13 6.5 3.3
209 104 52 26 13 6.5 3.3 16
104 52 26 13 6.5 3.3 16 0.8

Table 2.3: Noise equivaent, Av bandwidth with uni-

form taper (top) and with Hanning taper (bottom).

Version: 1.0.0
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channel separation b = - (kH2)
Bandwidth, B, (MHz)
Npg | 10 5 25 125 0625 0313 0156 0.078
8| 1250 625 313 156 78 39 20 10
16| 625 313 156 78 39 20 10 5
32| 313 156 78 39 20 10 5 24
64| 156 78 39 20 10 5 24 12
128 | 78 39 20 10 5 24 12 0.6
256 | 39 20 10 5 24 12 0.6 0.3
channel | velocity velocity r.m.s. noise
separation per resolution per channel
b= & | channe FWHM (knmv/s) 12 h obs. (mJy)
(kH2) (km/s) | Uniform Hanning | Uniform  Hanning
1250 264 317 528 0.48 0.29
625 132 158 264 0.68 0.42
313 66 79 132 0.96 0.59
156 33 40 66 1.36 0.83
78 17 20 33 19 12
39 8 10 17 2.7 17
20 4 5 8 3.8 24
10 21 2 4 5.4 3.3
5 1.0 12 21 7.7 4.7
24 0.5 0.6 1.0 11 6.7
12 0.26 0.31 0.5 15 94
0.6 0.13 0.15 0.26 22 13
0.3 0.06 0.08 0.13 31 19

Table 2.4: Noise per channel for 21 cm observations
with Uniform or Hanning taper. & isthe channel width
and can befoundintheupper pand asafunction of total
bandwidth B and number of used frequency channels,
Np. Cdculationswere done for 2 bit mode (Ng = 2)
and one polarization (Np = 1) and assuming a 12"
synthesis observation with 38 interferometers.
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e oS e e nay CHAPTER 3

SPECIFYING THE BACKEND SETUP

3.1 CHOOSING THE INSTRUMENTAL SETUP

The instrument can be used in so many different waysthat it isimportant to consider which setup best serves
the scientific needs of the observing program. For continuum observations one would usually observe in
the standard setup, providing 4 polarizations, standard and non-standard baselines and the widest possible
bandwidth. For line observations one has to tailor the frequency resolution, total bandwidth, number of
polarizations and number of interferometers to the particul ar needs of the observing program.

The following sections are meant to provide an overview of the different possibilitiesand serve as aguidefor
choosing the setup of your observation.

3.2 THE SETUP FOR LINE OBSERVATIONS

For line observationsthe DXB spectra line backend isused. The basic number of independent complex 1-bit
correlations the DXB can produce simultaneoudly is 2560. In 2—bit mode the correlator produces half the
number of products(1280) with asensitivity improved by approximately 1.4. (Thisnumber comesfromdigital
correlator theory, in practice increasing the bitmode will not improve the sensitivity by 1.4 but by a factor
of about 1.3) When the observed spectrum can be covered adequately in an overall bandwidth, B, narrower
than its maximum value (10 MHz), the clockrate of the correlator (20MHz) allows the number of correlation
productsobtainedin oneintegrationtimeto beincreased by afactor 10/ B to amaximum of 40960 (B decreased
from 10MHz in steps of 2). The number of complex channels, obtained after Fourier transformation of the
correlation function, may be distributed over interferometers and polarization and frequency channels. How
one chooses to do thisdepends not only on the spectral resolution required but &l so on the sensitivity required
per frequency point (= complex channel). Sensitivity may beincreased by changing the correlator’ sbit—mode,
but also by observing the same spectrum simultaneously in two independent polarization channels.
The number of independent frequency channels, Ng, in each observed spectrum depends on the overall
bandwidth B (MHz), the correlator bit-mode, Nz (1 or 2), the number of interferometers, Ny, and the number
of polarization channdls, Np, arerelated as:
Ny - Np = 2560 10

Np-Np-N;y-Np= . m
Below we give a genera procedure for selecting the appropriate setup for aline observations. Remember that
the product of Ny, N, Ng and N; should be equa or less than 25600/ B.

Step |
Choose the a total bandwidth, B, which covers the entire velocity range of interest. When doing this
one should remember that a certain number of the Ny frequency channels distributed over B are not

-3-1



WSRT User Documentation, Part 111 section 3.2.0 page (111)-3-2

usable because of thetapering by the I F unit bandpassfilter and because of thetime to frequency Fourier
transform (see section 8).
First notethat frequency channel 0, thefirst frequency point, samplesthefrequency at avideo frequency
of OHz and thus never containsany phaseinformation. Because thisdatais usel ess, the on-inecomputer
at Westerbork deletesthe dataand replaces it by an average of thevaluesfound intheremaining Np — 1
channels. Thusthe datain frequency channel O iscalled the continuum emission over the bandwidth B
(with tapered edge). Some of theremaining Ny — 1 frequency points are also not usable.
Due to the shape of the IF bandpass filter the first
%‘ ‘% o078 frequency channel cannot be used if a Hanning taper
isused. Thelast frequency points (= 7% of the N
channels) drop below the 3dB point of the band and
S thus have a greatly increased noise.
05 «— Note: radiofrequency scalesdifferent with frequency
channd for different wavelengths. At 6 and 21 cm
increasing frequency channel number correspondsto
0 decreasing radio frequency. At49and 92 cmincreas-
0 Video Bandpass B . . .
ing frequency channels correspond to increasing ra-
dio frequencies.
Also notethat the central velocity (or corresponding frequency) specified by the astronomer is assigned
by the Westerbork on-line computer to the central frequency channel of the Ny — 1 frequency channels
with phase information. (e.g. for an observation with Nz = 32, channel 16 would be at the specified
frequency). However, because the limitations above, this channel does not correspond to the center of
the usable part of the frequency band. The astronomer should take this fact into consideration when
specifying the vel ocity of the observation.
Remember that the maximum number of frequency channds, N, is 256.

Step 11
Choose the number of frequency channels, Nr such that the effective resolution in frequency, Av, is
enough to see the line in a few noise independent channels (< 3-5 o). The effective resolution in
frequency is related to the type of taper chosen for the time-frequency transform. At present three
different types of taper may be specified by the astronomer.

100

Normalized Bandpass response

1. Uniform taper (or no taper) yields a synthesized bandpass per freguency channel Which has
a frequency resolution, (Av)rgs, full width half maximum (FWHM) of 1.2-Z, where 2 7o s
the increment in frequency channel. The synthesized bandpass has a negative sde lobe of 23%
of the main beam response, so the noise power bandwidth per frequency channel, Av, which
is the parameter needed for calculations of the rm.s. senditivity in a line channel (section 2 of
part I11),isequa to B/ Np. Each frequency channel of auniformly tapered observationhasanoise
distribution which is essentially uncorrelated with the noise distribution in any other frequency
channel. However, use of uniform taper can lead to a substantial amplitude and phase ripple
(up to ~ 18% between adjacent channels) in the frequency spectrum. This rippleis a sidelobe
effect caused by the existence, in the data, of phases different from zero which make the sampling
of the time correlation function asymmetrical. The non—zero phases can be due to both the use
of improper onine phase zero correction values and emission from sources away from the field
center. Thus the observations made with uniform taper should be approached with caution.

2. Hanning taper yields a synthesized bandpass per frequency channel which has a frequency
resolution (Av) rgs (FWHM) of 21% but thefirst negative sidelobeis now reduced to 2.5% of the
main beam response. Because of the smaller negative sidel obes, the noise power bandwidth, Av,
per frequency channel isincreased to 2~67N%- However adjacent frequency channels of Hanning

tapered observation have correlated noise distributions and one does not obtain a+/N reduction
in the noise by averaging N adjacent channels together. In fact, if one wished to reduce the
noise by averaging every second channel together, one obtains a noise reduction of 1.2 instead of
the /2 reduction that should occur if the channels would be completely independent; however
for purposes of detecting a line we can consider every second frequency point to be an (al most)
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independent point. Hanning taper does have the advantage that the amplitude and phase rippleis
reduced to < 0.5%.

3. Hamming taper yields a synthesized bandpass per frequency channel which has a freguency
resolution (Av)rrs (FWHM) of 1. 81£ and the first negative sidelobe is now reduced to 0.7%
of the main beam response. For th|staper the noisein adjacent channelsis also correlated.

Tapers are also discussed in chapter 8 “Effects in Fourier Transformed spectra’ in part 11 and by Harris
(1978)

Step 111
You should aways start choosing the number of standard interferometersaslargeas possible(N; = 40).
If the sourceis strong then detection of small spatia structureswill be possiblewith alow bit-mode and
only one polarization. If complex channels are still available you may choose to increase the number of
polarizations or to increase the bit-mode. For increasing the sensitivity, adding the cross polarizations,
XY and/or Y X, isin most cases not useful unless polarization isto be measured in theline,
Only if the sourceisweak and extended you should i nvest the complex channel stoincreasethe sensitivity
rather than to use the maximum spatial resolution. In this case you should first use athinned array (say
N = 10) and then try to increase the number of polarizations to be measured to 2 (XX and YY) and
try to increase the bitmode.
If complex channels are till available you can increase the number of interferometers to increase both
sengitivity and spatia resolution.

Other considerations
When choosing the basdline, bitmode or polarization you should consider the following:

— For most line observations the 1x2 correlator-mode (bit-mode, degradation factor=1.338) can
usually be used. Changing the bit mode to 2 (2 x 2) only gives an increase in sensitivity of 1.2
as the degradation factor dropsto 1.116. The maximum increase in sensitivity is 1.4 (when going
from1 x 1to 2 x 2 correlation mode the corresponding degradation factors change from 1.57 to
1.12). However, the values above are theoretical ones and in practice the increase in sensitivity is
lower.

— Theincrease in the number of polarization channelsfrom 1 to 2 gives an increase in sensitivity of
V2. (If Np = 1 XX or YY areused, if Np = 2 XX and YY isused.) Increasing the number of
polarizations to 4 does not increase the sensitivity any further. Np = 4 should only be chosen for
polarization measurements.

— If 2 polarizations are used, one does not loose an entire baseline if one channd in a particular
receiver failsfor some reason.

— Adding a movabl e tel escope increases the number of interferometers by afactor 2. (e.g. table 3.1
— Try to choose basdline combinations which minimize the possibility that one telescope will ook

into the back of another. The amplitude and phase of particular interferometer pairswill then be
affected. Shadowing is discussed further in chapter 9.

— Choose an appropriate 9A spacing. The advantage of the 36 m spacing is that very extended
structure is somewhat better visible. The advantage of a 72 m spacing is that one can have more
redundant spacings (continuum). The advantage of the 54 m spacing isthat | Ax(Q)dQ is well

Q

defined within thefirst grating ring.

Also see the discussion in chapter 8, “WSRT Beams’, of part 1l1.

The following two observing sequences would result in the same «, v coverage.
dayl 0-9 with A
day2 09 with B

day1l 1,357.9 withAB
day2 02468 withAp Scduence2

Sequence 1
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Approximate Fixed telescopes | Movable Nt
longest baseline used telescopes used
5x144 59 A 5

10x 144 0-9 A 10
19x 144 0-9 AC 20
10x 72 59 AB 10
20x 72 0-9 AB 20
38x72 0-9 AB,CD 40

Table 3.1: Some possible basdline and tel escope com-
binations

If residua errors do appear in the resulting maps, the causes of the errors are much easier to find
if the first sequence isused. We can generally expect the cause of the error to be associated with
A onday 1 or B onday 2. Use of the second sequence, however, could mean that aresidua error
might be associated with A or B on day 1 or A or B on day 2 so four different possibilities have
to be investigated. However, one should note that if something is dightly wrong with one of the
movable telescopes on only one of the two observing days then only 1/4 of the data is affected if
sequence B isused. Since bad data only has 1/4 weight, aresidual effect in the maps might lie
below the noise and thus might not be visible. In thefirst sequence, each day gets 1/2 weight and.
consequently, any error will always be more visible.

Thus the first configuration implies a more visible error that should be relatively easy to track
down. The second configurationimpliesasource of error which, if oneislucky, may not bevisible
in the map. For the astronomer, the choice is not clear cut. If strong sources are expected in the
field, sequence 1 isto be preferred as errors may bevisiblein any event. If only weak sources are
expected then sequence 2 may be avalid choice.

The above discussion is applicableto situationswhere we may have to find the causes of particular
errors visiblein maps. We should point out however, that most important varying gain and phase
errors are constant over the frequency spectrum. Often we want to produce channel maps of just
lineradiation. Usually thisisdoneby subtracting off acontinuum map made by averaging together
frequency channels from the outer parts of the frequency range which are devoid of line radiation.
Subtraction of a continuum map which has gain or phase errors usualy resultsin alinemap with
the same relative errors, which are much less visible since the line radiation is often much weaker
than the continuum radiation.

Such line maps may be acceptabl e for further analysi swithout the necessity of making an additional
calibration correction.

3.2.1 EXAMPLES

— We want to observe agaaxy in HI. First we have to choose a bandwidth. If the velocity differencesin
the galaxy are about 300km/s (an average inclination of 45°) we need a bandwidth of SMHz.
The number of available complex correlation channelswill now be 5120.
To make areasonabl erotation curvewe will need approximately 128 channdls. (The effectiveresolution
using a uniform taper will then be ~ 10 km/s)
Now 40 complex channels may be divided over Ny, Np and Ng If have astrong source we can choose
to observe with high spatia resolution (we might discover something specia) in that case we would
choose Ny x Np x Ng =40 x 1 x 1.
If we do not expect the signal to be strong we choose for a thinned array (0..9 AB, 1500m) and two
polarization channels. Ny x Np x Np = 20 x 2 x 1. Although the sensitivity does not decrease or
increase one can determine the brightness temperature with higher accuracy then in the former case.
Thisis dueto the spatial smoothing which occurs when the array isthinned. (Also see page 2-5)
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— We want to observe polarization in a Galactic object with internal velocity differences of 60 kmy/s.
Remember that to determine velocity profiles additiona continuum channels are needed. We choose a
bandwidth of 0.625 MHz so we cover 132 km/s.

With a bandwidth of 0.625 MHz the number of available complex correlator channels is 40960. But
because we want to measure pol arization we have to take N p=4. Thisleaves 10240 complex channels
Because generally structuresin Gal actic clouds do not succeed sizes of order 1 arcminute we can observe
the source using the thinned array (without telescopes CD) so Ny becomes 20. Thisleaves uswith 512
complex channels.

We can now take Ny = 256 and Np = 2 and so obtain the highest possible sensitivity with enough
spectra resolution.

3.3 THE SETUP FOR CONTINUUM OBSERVATIONS

For continuum observations the DCB can be used. As we know from section 1.3.2 the DCB is mostly used
for 6 and 21 cm continuum observations.

For 49 and 92 cm the DXB is used for continuum observations. That is because there is not enough IF
bandwidth available (2.5 and 5 MHz or 49 and 92 cm respectively)®.

Below we summarize how to choose the instrumental setup for 6 and 21 cm continuum observations.

Step |
Choosethe width and central position of the 8 frequency bands. There are default settingsfor these but
other values can be specified. It isfor instance possibleto tune bands over the tota available frequency
range and set the width of the band individually to 5 or 10 MHz. However, due to limitations of the IF
the total bandwidth of the observation may not exceed 130 MHz.

The default setting for 6 cm continuum observationsis: 8 bands of 10 MHz with a central frequency of
v = 4939 + k10 MHz withk = 0, .., 7.

For 21 cm continuum observation the default setting isto organize the 8 bands in the following way:

band no. 1 2 3 4 5 6 7 8
bandwidth 5 10 10 5 10 10 10 5
centra freg. | 14235 14150 14050 13975 13950 13850 13750 13675
Step 11
Choose the baseline separation 9A. If shadowing is unimportant (6 > 40°) then 9A will generally be a
good choice.

When specifying 49 and 92 cm continuum observations one should follow the outline sketched for the
specification of line observationsin the previous section (section 3.2). Keep in mind however that when you
are using the redundant configuration, the default for continuum observations, the limitation on the number of
used complex correlator channels becomes.

NpNp - ((NINP)standard + (NINP)non—standard) = ZSGOO/B(MHZ)

It is possible to change the telescope setting (the redundant baselines used). But the default settings are the
same for the continuum observations. i.e.: The standard (ST) channels are divided over all the fixed-movable
telescope and al polarization combinations. The non standard (NS) channels are divided over 47 XX and 47
Y'Y telescope combinations, all fixed-fixed combinations except 0-5, 0-6, 1-6 and 1-7 are measured.

Possibilities for the placement of 8 DCB bands of 5 MHz width in the 92 cm band will be investigated in the fall of 1993
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bandwidth bitmode nrof freq nr of pola correlator
points rizations
<10 1 32 1 DLB
<5 1 32 2 DXB
<5 1 128 1 DXB
<5 2 64 1 DXB
<25 1 32 4 DXB
<25 1 128 2 DXB
<25 1 256 1 DXB
<25 2 64 2 DXB
<25 2 128 1 DXB
<125 1 128 4 DXB (20 sec)
<125 1 256 2 DXB (20 sec)
<125 2 64 4 DXB
<125 2 128 2 DXB
<125 2 256 1 DXB
< 0.625 2 128 4 DXB (20 sec)
< 0.625 2 256 2 DXB (20 sec)

(20 sec) means that the minimum integration time is 20 seconds, €lse the minimum
integration timeis 10 seconds.

Table 3.2: Possible settings of DXB/DLB for autocor-
relation mode

3.4 THE SETUP FOR OTHER MODES OF OPERATION

341 AUTOCORRELATION

Measuring with the WSRT in Autocorrelation mode is only possiblein alimited sense with the DLB/DXB,
and not at all withthe DCB. For the DLB/DXB it is possibleto operate with correl ator configurationsin which
apart of the correlator channelsis alocated to correlations of areceiver with itsalf.

PossiBILITIES Table 3.2 lists al possibilities for autocorrelation. In these configurations all of the 14
telescopes are auto correlated.

If not all tel escopes are needed, the constraintsin the table can be relaxed, however the maximum number of
frequency pointsremains 256.

In al cases therest of the backend channelsisfilled with cross correlation channels.

DIFFERENCES WITH RESPECT TO CROSS CORRELATION.  Transformation from correlation val uesinto spectrais
not differently from cross correlation, however because the auto correl ation spectrum is symmetric, the phase
will be zero after thetransform, so al sine values of autocorrel ation spectrawill be zero, and the cosine values
will contain the spectral lineintensity and the receiver bandshape.

The on-line system normalizes the autocorrel ation channel s different from cross correlation channel s because
of the larger corréelation coefficients involved.

For autocorrelation 1 Westerbork unit is equa to 100 mJy. Especialy for auto correlation observations the
frequency switch option can be used.

For this option both frequency synthesizersare used. Frequency switching occurs per integration time, during
the even integration periods the system observes at the specified frequency, but during the odd integration
times, the system observes at a frequency that differs by a specified frequency step size. The switching itself
istriggered by the UT clock at the very begin of thefirst 10 sec period of theintegration, and does not damage
the data for that period.
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REDUCTION OF AUTO CORRELATION OBSERVATIONS.  Thereisno special software for reduction of autocorre-
lation datain Westerbork or Dwingel oo.

In principle the frequency switched observations can be used for correction of the bandshape. Observations
in this mode have been reduced in Leiden.

3.4.2 PULSAR OBSERVATIONSWITH THE DCB.

PossIBILITIES. The DCB can be used to map fields of known Pulsars.

This correlator distributesits channels over 8 bands, which are normally used to cover different frequency
bands, but these bands can a so be used to cover different phases of the period of a Pulsar, whilethe frequency
of the bands are set to exactly the same value.

The basic condition is that we know the period of the Pulsar, and that this period is more than about 60
milliseconds, so this system is not suitable for millisecond Pul sars.

In the DCB processor we have control over the data per 10/64 second, or 156.25 millisecond, so it is possible
to integratein band i only those periods of 156.25 milliseconds that are spaced by the apparent period of the
Pulsar, and delete the others. The only difference between the bands is a difference in phase of the Pulsar
period.

Without knowing the exact arrival time of the pulses, we can be sure that there are some empty bands, and
some bands containing the pulsed signals, at least if the Period is not larger than 1.25 second. Because the
fixed period of 156.25 milliseconds will never be matched to the Pulsar period, the peak will generaly be
distributed over at least 2 bands, but for identifying which source isthe Pulsar, thisis no problem.

The basic configuration as explained above is ideal for Pulsar periods between 0.6 and 1.25 seconds, but by
choosing different configurations, using blanking within the 156.25 milliseconds, or combining bands, it is
possible to extend the range of observable Pulsars period to a minimum of about 60 milliseconds, and no
maximum.

OBSERVATIONS.  Usualy Pulsar observations are done at 49 and 92 cm, with all DCB bands at the same
frequency, and a bandwidth of 5 MHz. For each 10 sec period, the apparent period of the Pulsar is calculated,
taking into account the Earth’s Doppler motion and the present epoch Pulsar period, and atableisconstructed,
telling the DCB processor for each band and each of the 64 periodsin the 10 sec when to integrate, and when
to skip thedata. Thisinformation (for the next 10 sec) is then sent to the DCB processor.

After reading the data (once per 10 sec), the data must be normalized, using the table information, and can
then be treated as a normal DCB observation.

REDUCTION. The data can be caibrated as a normal observation. Maps must be made of each band
separately, and the difference between maps must beinspected for any sign of the Pulsar. The difference maps
are extremely sensitive for the Pulsar because all global errors, present in all maps are subtracted.

3.5 REFERENCES

Harris, F. (1978): ‘ On the use of windows for Harmonic analysis with the discrete Fourier Transform’ Proc
|EEE, 66 no.1, pp. 51-83.
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POLARIZATION MEASUREMENTS WITH THE
WSRT

4.1 DESCRIPTION

A four channel correlation interferometer with linearly polarized feed horns such as Westerbork measures the
Fourier transformations of 4 Stokes parameters, /7, @, U and V' which completely specify the properties of
the incident electromagnetic wave. [ isthetotal intensity of radiation, () and U specify intensity and position
angle of thelinearly polarized component of thewave and V' givesthe amount of circular polarization. For all
radiation I isalways positivedefiniteand 1% > Q%4 U? 4 V2 must hold. (12 = Q2+ U2+ V2 only appliesin
the case of 100% polarized signal.) Because of the vector nature of linear polarization, it can be represented
in either a Cartesian coordinate system (¢) and ), or apolar coordinate system (P (or m) and P4).

@ and U can be either positive or negative and although the orientation of the coordinate system in which
they are defined is in principle arbitrary, by convention @ is defined to be positive at position angle 0°
on the sky (North). Because a linearly polarized vector has an ambiguity of 180° instead of the normal
360°, measurements of ¢ and U taken with a single perfectly linearly polarized dipole feed would show the
following:

DipolePosition  Stokes Parameter

Angle on the sky mesasured
0° +Q
45° +U
90° —-Q
135° -U
180° +Q
225° +U
270° —-Q
315° -U

P(orm) and P, arethe quantitiesusually found specified in theliterature. P (: Q2%+ UZ) istheintensity
of the linearly polarized component of the radiation. P is always positive and does not have a normal noise
distribution because it is determined from squared quantities, m is usually used to represent the fractiona
polarizationsothat P = mI. (Thus, Percentage Polarization= 100m.) P4 (= % arctan(U//Q)) istheposition
angle of the linear polarization angle. As had been mentioned above, it has a 180° ambiguity. The direction
defined as P4 = 0° is, of course arbitrary, but it isinvariably taken to be position angle 0° on the sky i.e. the
North. The P4 ismeasured positive through East (90°) and is usually specified between 0°-180°.
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V, the Stokes parameter specifying the circular polarization of the incident wave, can also be either negative
or positive. The magnitude specifies theintensity of the circular polarization and the sign givesthe handedness.
Again, thesign conventionisin principlearbitrary and, in fact, considerable confusion often exist as to what
should be used. The convention usually adopted is to represent right hand circularly polarized radiation as
defined in radio engineering as +V — i.e. aright circularly polarized wave approaching the viewer has
its electric vector continually increasing in position angle (rotating counter-clockwise). Except for intense
coherent sources of radiation such as pulsars, maser line sources, flare stars, and solar system objects (Jupiter
and the Sun), V' has been found in dl cases to be very small (< 0.0027). Thus, in most types of observation
with the WSRT it ispossibleto assume V' = 0.

4.2 DEFINITIONS

The telescope feed system on dl of the Westerbork telescopes at al frequencies consists of perpendicular
linearly polarized probes designated X and Y. In the backend correlation system for Westerbork &l 4 possible
combinations of these channels can be produced for each interferometer —i.e. XX, XY, YX, YY. All feeds
can be rotated through at least 45° of position angle on the sky. However, due to historical accidents, design
congtraints, and, occasionally, maintenance errors, thedirection of rotation of thefeeds, thedefinition of which
isdipole channel X and which dipolechannel Y and what the position angles of the dipoles on the sky are for
a given observation can vary with receiver, frequency, version of retrofit (a reduction program), etc. For this
reason, a method for determining the pol arization response of an interferometer for any dipole configuration
is given here. Although examples are given for the most common observing configurations, in case of doubt
the observer should determine the position angles of the sky actually used for his observation and perform his
own solutions. It isimportant to keep in mind that due to the equatorial mounting of the tel escope the position
angle on the sky isfixed during an observation.

Important: 1t should be kept in mind that almost all quantities(/, Q, U, V, ¢, n, &) discussed in thissection are
complex (vectors) and are usually described by an amplitude and phase. Only two quantities mentioned here
(A, ©) are scalars and they are only needed to explain the meaning of the vectorse, n. Also al descriptionsin
this section are for quantities measured in the telescope (u, v; Fourier) plane. Thereal plane of the sky islater
obtained by Fourier transforming the corrected quantities.

+1 =(complex; Fourier transform) Total Intensity
+) =(complex; Fourier transform) Linear Polarization component = P cos(2P4)
+U=(complex; Fourier transform) Linear Polarization component = P sin(2P4)
+V =(complex; Fourier transform) Right Circular Polarization (IRE 1942 definition)
P =\/Q?+ U2 Linearly Polarized Intensity

Pa =1 arctan(U/Q) Linearly Polarized Position Angle

G =(complex) gain factor

j =v—1(= phase shift over 5 or 90°)

¢ =(complex) small instrumental term (= A~ — iOT)

n =(complex) small instrumental term (= At — i@™)

A~ :(Scal ar) dipolesetting error difference (I ArTrwEST — ARTEAST)
At :(Scalar) dipolesetting error sum (I ArrwEST + ARTEAST)
C :(Scalar) dlpoleelllptIC|tyd|fference(: OrrwESsT — ORTEAST)
Ot =(scalar) dipoledlipticity sum(= @rrwesr + OrrEAST)

x =nominal position angle of the dipole
xt=xw +xe
X~ =XwW — XE

R =Righthand circular = I + V'

L =Lefthand circular = 1 — V

After neglecting the second order terms the complex response of a polarization interferometer is given by:

Rwp =G (I(C™ —eST)+Q(Ct —nST) + U(ST +nCt) — jV(S™ +¢C7)) G'G” (4.2)
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Position Angle Gain Stokes Parameters Position Angle Gain Stokes Parameters
RTw RTg G I+ | Q9 U+np Ve RTw | RIg G IT+e | QEn U+np Ve
0° 0° I +1 +1 +n —je 180° 0° T -1 -1 -7 +je
0° 45° | V2 | 41+ | +1- +1+ +j- 180° 45° | /2 | -1- | -1+ -1- —j+
0° 90° 1 +e +n +1 +j 180° 90° 3 | —e -7 -1 —j
0° 135° | V2 | -1+ | -1- +1- +j+ 180° | 135° | 3v/2 | +1- +1+ | -1+ —j-
0° 180° i -1 -1 -7 +je 180° | 180° 3 |+ +1 +n —je
0° 225° | 12 | -1 | -1+ —1- —j+ 180° | 225° | iV2 | 41+ | +1- +1+ +j-
0° 270° i —¢ -7 -1 -j 180° | 270° 3 | e +n +1 +j
0° 315° | 32 | +1- | +1+ —1+ —j- 180° 315° | /2 | -1+ | -1- +1— 45+
45° 0° V2 | +1- | +1- +14+ —j- 225° 0° V2| -1+ | -1+ —1- 45+
45° 45° i +1 +n +1 —je 225° | 45° ! -7 -1 +je
45° 90° | V2 | +1+ | -1- +1- +j- 225° | 90° | $V2 | —-1- | +1+ —1+ —j+
45° 135° i +e -1 -7 +j 225° | 135° 3 | -« +1 +n -j
45° 180° | 3v2 | -1+ | -1+ -1- +i+ 225° | 180° | V2 | +1- | +1- +1+ —j-
45° 225° 1 -1 -7 -1 +je 225° 225° 3 | +1 +n +1 —je
45° 270° | 3vV2 | —1- | +1+ —1+ —j+ 225° | 270° | V2 | 414+ | -1- +1- +5-
45° | 315° i —¢ +1 +n -j 225° | 315° i +e -1 -7 +j
90° 0° i —¢ +n +1 -j 270° 0° 3 | e -7 -1 +j
90° 45° | 12 | 41— | -1~ +1- —j- 270° 45° | /2 | -1+ | +1+4 -1+ +i+
90° 90° i +1 -1 -7 —je 270° | 90° 3 |1 +1 +n +je
90° 135° | V2 | 41+ | -1+ —1- +5- 270° | 135° | V2 | —1- | +1- +1+ —j+
90° 180° i +e -7 -1 +j 270° | 180° 3 | -« +n +1 -j
90° 225° | 32 | —14 | 41+ —1+ | 4j+ 270° | 225° | V2 | +1- | -1- +1- —j-
90° | 270° i -1 +1 +n +je 270° | 270° i +1 -1 -7 —je
90° 315° | 32 | —-1- | +1- +1+ —j+ 270° | 315° | V2 | +1+ | -1+ -1- +j-
135° 0° V2 | -1- | -1- +1- —j+ 315° 0° V2 | 41+ | +1+ -1+ | +j-
135° | 45° i —¢ -1 -7 -j 315° | 45° 3 | +e +1 +n +j
135° | 90° | 32 | +1- | -1+ —1- —j- 315° | 90° | V2 | -1+ | +1- +1+ +j+
135° | 135° i +1 -7 -1 —je 315° | 135° ! +n +1 +je
135° 180° | iv/2 | +1+ | 41+ —1+ +j- 315° 180° | iV/2 | —1- | —1+ +1— —j+
4 4
135° | 225° i +e +1 +n +j 315° | 225° 3 | -« -1 -7 -j
135° | 270° | V2 | -1+ | +1- +1+ +j+ 315° | 270° | V2 | +1- | -1+ —1- —j-
135° | 315° i -1 +1 +1 +je 315° | 315° i +1 -7 -1 —je

Table 4.1: Relation between Position Angle of the
dipoles, the gain and the Stokes Parameters

where C~ = cos(x~) and ST = sin(x*) and dipole gain factor G’ equals 1/2. In practice the nominal
position angle of the dipoleis an integral multiple of 45° and table 4.1 liststhe Stokes coefficients and dipole
gain factorsfor all combinations.

In the on-line observing system an additional gain factor G’ is applied which equals 2 for parallel dipole
configurations and equals 21/2 for crossed modes to give output units of 5mJy independent of dipole setting.
Also since september 1979 an additional complex gain factor of -1 isused for the Y X channels.

DipPoOLE CODES AND POLARIZATION CODES

The position of the X-dipole of an Westerbork antennais defined by a code number. The reference system is
givenin figure 4.1. Only signals of interferometers with positive baselines will be considered. The adopted
phase convention for an interferometer signal R4z of an element A in the west and an element B in the east
isapositive phase increase for a positive hour angle increase of a source South of the baseline.

The polarization code (POLC) of an interferometer is represented by a two digits decima number, the tens
giving the dipole code of the western (fixed), antenna and the units representing the code of the eastern
western antenna dipole code: 2

eastern antenna dipole code: 1

Only since fall 1980 does the polarization code on the data tapes completely match the actual settings of the
dipoles. Before that time systematic and incidental discrepancies did occur.

(movable) antenna. For example: POLC = 21 implies:
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EAST : WEST 3 o
Receiver Frame :
with telescope
in South position SOUTH X-Dipole Code

Figure4.1: Reference system and dipole codes
Definition of 0° setting of dipole and sense of rota-
tion: Oneissupposed to look in the Southern direction
through the mesh of the telescope into the feed and to
the sky

4.3 EXAMPLES

EXAMPLE 1

The most common "crossed dipol€" observing configuration for Westerbork until 1982 was to correlate all
fixed (West) telescopes with their dipoles at position angles (on the sky) of X= 90°, Y= 180° against all
movabl e (East) tel escopes with their dipolesat positionangles X= 45°, Y= 135°. The uncalibrated responses
of the4 output channel sfor each interferometer then become (fromtable4.1) (In practice an additional complex
gain factor of -1 is used for the XY channels in the on-line observing system and factors G’ which remove
effects of dipoleorientation.):

POLC | Position Angle  Channel Response
RTw RITp | Response
21 | 90 45° XXunca = (Gxx)(F—Q—U —jV)
90° 135° XYunca = (Gyx)(+I—-Q—-U+jV)
180°  45° YXuea = (Gxy)(=I—Q—U—3V)
180°  135° YYuneca = (Gyy)(+HI+Q—-U—jV)

Since the (complex) gain factors are unknown, they are determined for each interferometer channel by
observing an unpolarized calibrator. (/ = 1, Q, U,V = 0)

XX = Gxx
XY = Gxy
YX' = —Gyx (42)
YY' = Gy

and the observations of al unknown sources are scaled (calibrated) by these factors. (Note: In principle, a
calibrator with known polarization can also be used.)
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The calibrated response of the interferometer then becomes:

XX = X;((;(n,cal = I-Q+U—jVv
XY = X>Y(¢”,Cé" = I-Q+U—jVv
vy = Yua = j_gi0-jv

which are the channel values normally available from the calibrated output of Westerbork. The solutionsfor
the 4 Stokes parameters then become

XX+ XY +YX+YY

XX =XY +YX+YY
XX = XY +YX-YY
XX = XY =YX+ YY

Tw:X =90°Y = 180°

T X =45°)Y = 135° (44)

< T O ~
1
A DN R

T )
(= ) R
( ) R
( )

In practice the factor ‘—11 isusualy automatically introduced in the mapping stage of the analysis by the beam
pattern normalization.

Another common observing configuration has the dipoles of all fixed (West) telescopes at position angles (on
the sky) of X= 0°, Y= 90° and of al movable (East) telescopes at position angles of X= 45°, Y= 135°.
Similar to the above, the polarization solutionsfor the calibrated output are

7 o= l(+XX+XY+YX+YY)

0 = %(+xx+XY—YX—YY) RTy:X =0° Y = 90° (4.5)
U = ZHXX=XY+YX-YY) RIp:X = Y =135

Vo= Z(=XX+ XY +YX-YY)

EXAMPLE 2

A more complicated case is obtained when observing with "parallel dipoles’ for high accuracy measurements
of low level linear polarization or the detection of circular polarization. This has become the standard mode
since about 1982. The method which has been most commonly used involves first observing a calibration
source with "crossed dipoles’ to cdibrate the (complex) gain of each interferometer channel, then observing
a calibration source with "paralel dipoles’ to determine the (complex) instrumental polarization terms, and
finally observing the unknown sources with the same "parallel dipol€" setting.

For example, using the first "crossed dipole" case described above where the fixed (West) tel escopes have
their dipoles set at position angles X= 90°, Y= 180° and the movable (East) telescopes have their dipoles
set at X= 45°, Y= 135°, the (complex) gain factors obtained by observing an unpolarized calibrator (/ = 1;
Q,U,V =0) are, asfound in equation 4.2

Then the dipoles on the movabl e (East) telescope are rotated to be parallel to those of the fixed telescopes (i.e.
X=90°, Y= 180°).

The uncalibrated responses of the 4 output channels for each interferometer then becomes (cf. table 4.1, with
additiona on-line G dipole configuration factor):
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POLC | PositionAngle  Channel Response
RTw  RTg | Response
22 90° 90° XXunca
90° 180° XY uncal
180° 90° Y Xuncal
180°  180° Y'Y unca

Gxx(+1 Q—nU —jeV)
Gyx(+el +1Q — U +jV)
Gxy(—el +1Q — U = jV)

Gyy(+1 4+ Q +nU — jeV)

( )
( )
(— )

20 90° 0° XXunca = xx(+el —nQ+U —jV
90° 90° XYunca = yx(+1 — Q@ —nU + jeV
180° 0° YXunca = ny I —@Q—nU+jev

180°  90° YY unca Gyy(—el +nQ — U — jV)

These responses are then scaled (calibrated) by the channel gain determined by the "crossed dipole" observa
tions (equation 4.2) so that the calibrated response of the interferometer is

xx = 22w = (1_Q U —jeV)
XY = X = (1 4Q-U+jV)
yx = Bad = (- 9Q+ U+ V) o
vy = X = (14 Q40— jev)

Since @, U, V, n, ¢ are dmost aways small quantities, one can generally neglect second order termsin these
quantities, and the calibrated output of the telescope is equivalent to

XX = (I-Q)
XY = (Exyf U+]V)
YX = (eyxI +U+jV) (4.7)
YY = I+Q)

However, a solution for al Stokes parameters cannot yet be obtained since the instrumental terms (¢) have
not yet been determined. To do this, it is necessary to observe another unpolarized calibration source (/ = 1;
Q, U,V = 0) for which the calibrated output will be:

XY//

I = (48)

€yXx

Substituting these measured quantitiesinto equation 4.7 givesthefinal calibrated and corrected result

XX = (I-Q)
XY = XY'I—(U+jV) (4.9)
YX = YX'IT+(U+j5V) '
YY = (I+Q)
or solutionsfor the Stoke parameters

I = +%(xx +YY)

Q = _?(xx - YY) (4.10)

U = =5 (XY =YX) = (XY = YX")I) '

Vo= =5 (XY = YX) = (XY” + YX)I)

Also in this case the factor % is automatically introduced in the mapping stage of the analysis by the beam
pattern normalization and will not haveto beincorporated at some other stage. For ol der observationswithout
/2 compensation in the on-line system, all formulaein the set 4.6 to 4.10 include additional /2 factorswhich
have to be taken into account during processing.
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4.4 ERRORS

1 In the most common "crossed dipol€" observing mode the solutions for the four Stokes parameters are
obtained by adding and subtracting 4 interferometer channelswithrel atively largeand almost equal amplitudes.
Thus, the accuracy isvery dependent in theinstrument having high gain stability. Because the interferometers
at Westerbork are not all independent for phase and gain changes (e.g. change in radio telescope 0 (RTO) will
affect interferometer OA, 0B, OC, OD), solutionsfor some Stokes parameters will be less gain dependent than
others. However roughly speaking the error will be on the order of 1/4 times less than the error of asingle
interferometer channel. Experience has shown that, if they are not noise limited, the accuracy of polarization
measurements is usualy ~ 0.5% of the total intensity (0.005/). While thisis usualy sufficient for linear
polarization measurements, it is not, in general, sufficiently accurate to detect circular polarization.

It should be noted that since the amount of circular polarizationisamost always negligiblein continuumradio
sources, even if one of the four channels of an interferometer is bad one can assume V' = 0 and till obtain a
good solution for the Tota Intensity and Linear Polarization (Stokes parameters |, Q, U).

2 Observations obtained with "parallel dipoles’, while being more difficult to calibrate, can in principle
produce results of much higher accuracy. While two of Stokes parameters (/ and @ in the example givenin
the preceding section) are determined from adding and subtracting interferometer channels containing large
signals (see equation 4.10) and are thus as sensitive to gain instabilitiesas the ‘ crossed dipoles’ solutions, the
other two Stokes parameters (U and V' in the example) are relatively insensitive to gain changes. It is, in
principle, possiblefor sufficiently strong calibration source to determine theinstrumental correctionsto alevel
of ~ 0.01%(0.00017). Gain changes appear then only as an error proportional to the quantity being measured
(U and V inthe example) and not as an error proportional to thelarge Total Intensity (/). Now , however, phase
driftsare moreimportant and will tend to mix thereal and imaginary partsof thesolution (e.g. make afraction
of U appear as V') and can be serious for circular polarization measurements, when the linear polarizationis
large and there are instrumental phase drifts. Further sources of error are the second order terms 1@, nU,
¢V neglected in equation 4.7. Experience has shown that for most continuum radio sources |V| < 0.0057,
|Q] < 0.11, |U] < 0.1, and that normally for Westerbork |7|, |¢| < 0.017 so that the second order terms are
usually very small. (multiplicationof one of thequantities|Q|, |U|, or |V'| by || or |¢| issmaller than 0.0017).
Thus although neglecting second order termslead to great simplification, one should keep in mind that in areas
with strong linear polarization the approximation may fail. In practice, "parallel dipole" measurements have
been performed with Westerbork which have achieved accuracies of ~ 0.02%(0.00027) for Stokes parameter
V. (resultsin e.g. Weiler & Wilson (1977), Weller & Raimond (1977), and Weller & de Pater (1980) )
Although the example shown in the preceding section only illustrates the method for determining Stokes
parameters U and V' to high accuracy, by rotating the dipoles of al telescopes through 45° and maintaining
them parallel, measurements can be performed which yield @ and V' to high accuracy. Thus, by repesting
"parale dipole" measurements at two different position angles separated by 45° dl three Stokes parameters
(@, U, V) can be obtained to high accuracy.

4.5 REFERENCES

Weiler, K.W. (1973): Astron.& Astrophys. 403, p. 403.

Weiler, K.W. and Wilson, A.S.(1977): Astron.& Astrophys. 58, pp. 17-26.
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ON THE USE OF REDUNDANT BASELINES

O.M. Kolkman

This chapter contains a short introduction about the use of redundant baselines to self-calibrate your data
and obtain high dynamic range , high fidelity, radio maps. The text is based on articles by Noordam & de
Bruyn (1982) and Wieringa (1992) . Here we will only describe the ideas on which the calibration method is
based, for a more thorough discussion, applications and a mathematical treatment the reader is referred to the
articlesmentioned above. The second part of thischapter will describe the possibilitiesfor redundant baseline
observations.

In the NewStar package programs are available for reduction of WSRT data, more information about these
packages can befound in part ??.

5.1 A SKETCH OF THE TECHNIQUE

A synthesisobservation will generally provide an observer witha‘dirty map’ which consists of a convolution
of the source brightness distribution with a‘dirty beam’. i.e. a pointspread function. In chapter 5 of part 11
we showed that the shape of the dirty beam is determined by a number of functions like the power pattern
of aindividual telescope, sampling functions and a taper. Once the dirty beam is known the dirty map can
be deconvolved using a deconvolution program like CLEAN (Hogbom, 1974) yielding the source brightness
distribution. Another way to obtain the brightnessdistributionis by fitting model s of the brightnessdistribution
to the observed visibilities.

In the ideal case al the sidelobe patterns introduced by the convolution of the brightness distribution with
the dirty beam can be removed. However, the phase and gain of the (atmosphere-telescope-receiver) system
variesduring an observation and the actual side lobeswill differ from those assumed during the deconvolution.
After deconvolutionwith the dirty beam residual sidelobe patternswill therefore cause residualsin the form of
sections of eliptical ringsand radia spokes emanating from the highest intensity featuresin the map. Because
these sidel obe patterns can contain between 0.1 and 1% of the power in the brightnessfeatures they limit the
the dynamic rang in a standard WSRT observation to 100-1000 depending on the wavelength and the area of
interest in the map.

The redundancy calibration makes use of the fact that:

— The processes that cause the errorsin the gain and phase calibrationsare amost all tel escope dependent
e.g. receiver errors, errors dueto the delay system and atmospheric errors (each tel escope looksthrough
adifferent part of the atmosphere).

— The visibility function of an interferometer made up of say telescope « and = with a certain baseline
length and baseline orientation must be the same as the visibility function of an interferometer made up

-5-1
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Redundant length Redundant interferometers

Basdines (M)

1 144 01 12 23 34 45 56 67 78 89 9B
2 288 02 13 24 35 46 57 68 79 8B
3 432 03 14 25 36 47 58 69 7B

4 576 04 15 26 37 48 59 6B

5 720 05 16 27 38 49 ©5B

6 864 06 17 28 39 4B

7 1008 07 18 29 3B

8 1152 08 19 2B

9 1296 09 AC BD 1B

10 9A+1296 | OA 9C AD

11 9A+1368 | OB 9D

12 1224 1A BC

13 72 AB CD 09A

Table 5.1: The redundant basdlines of the WSRT,
interferometers in boldface are redundant only when
9A=72 m (After Wieringa, 1992)

of say telescope p and ¢ of the same baseline lengths and orientation.

If alarge number of baselines of same the length and orientation but consi sting of alarge number of tel escopes
is available one can obtain a more accurate estimate of the true visibilities (by taking a sort of weighted
mean) for each scan i.e. each integration period. By comparing these ‘true’ visibilities with the observed
visibilities one can determine the gain and phase errors for the individua tel escopes independently from the
actual brightness distribution and apply these to al the interferometers including the non-redundant ones.
Only the overal gain and phase slope error are not determined. Theseresidual overall scan parameters can be
determined usingamodel for thefield. Thisprocessiscalled alignment. (How thea gorithmsareimplemented
is described inthe NewStar program description.)

Redundancy can only be used if a sufficient number of identical baseline vectors are available. Thisisthe
case for e.g. th 5 km Ryletelescope (Cambridge), the Pentincton array (DRAO) ,and the WSRT.

For interferometers without redundant baselines increase in dynamic range can be obtained by using the self
calibration (self-cal) algorithms. These agorithms are also available for WSRT calibration in the NewStar
package but are discussed there (Part ??). For more information about the self-cal see e.g. the review by
Pearson and Readhead (1984) or Cornwell and Fomaont in Chapter 9 of Perley et al. (1989) and references
therein. Wieringa(1992) usesthe WSRT toillustrateshow both methods can be used to obtain the best possible
resultswith WSRT data.

5.2 REDUNDANCY AND THE WSRT

The configuration of the WSRT permitsthe recording of datafrom many redundant baselines. The tel escopes
are positioned in the East West direction and all the fixed telescopes are 144 m agpart. If the movable
telescopesare positionedinitsstandard redundant configurationwith 9A=AB=CD=72mand AC=BD=1296 m
amaximum number of 66 redundant baselinesisobtained. If 9A#£72, only 53 redundant basdlinesareavail able.
The redundant baselines are shown in table 5.1.

For continuum observationsat 6 and 21 cm for which the DCB is used one cannot choose which baselines can
be used, the configurationis hardwired in the correlator: all but 4 of the maximum number of 91 basdlines are
recorded (but only for the XX and Y'Y polarization).

For the DXB many redundant configurations may be specified. There are, however, limitations. Of course
the product of the number of interferometers (including the redundant), N, the number of polarizations, Np,
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the bitmode, Nz and the number of frequency channels may not exceed 25600/ B, where B is the bandwidth
of the observation in MHz. But due to hardware limitations not every configuration is possible. A number
of redundant configurations have been used in the past, if you need a configuration that is different from the
standard you are advised to specify one of theexisting configurations. The existing configurationscan befound
intable 5.2 and 5.3. If there is no configuration which fits your scientific needs you may propose yet another
configuration, in that case you should contact the tel escope astronomer or one of the NFRA astronomers (e.g.
Ger de Bruyn or Robert Braun).

Keep in mind that if you want to make the full use of an observation with redundant baselines you need
specialized software (NewStar).

5.3 REFERENCES

Hogbom, JA. (1974): Astron.& Astrophys. Suppl. , 15, p. 417.
Noordam, J.E. and de Bruyn, A.G. (1982): Nature, 299, pp. 597-600.
Perley T.J. and Readhead, A.C.S. (1984): ARA&A, 22, pp. 97.
Wieringa, M.H. (1992): Experimental Astronomy, 2, pp.203-225.
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Max Nr Bit Nr. Freq Polariz.  Recirculation Config. Complete- Comments
of Red Mode Points Channes Type Nr. ness

Channdls Npg Np Np (Table5.3)
BANDWIDTH < 10 MHz, Only DLB
5120 1 8 2 - 128 B2
5120 1 8 4 - 129 B4
5120 1 16 1 - 130 \Y
5120 1 16 2 - 131 B5
5120 1 32 1 - 132 B1
2560 2 8 1 - 133 B2
2560 2 16 1 - 134 B5
BANDWIDTH < 5 MHz
7168 1 8 4 1P 140 B2
9088 1 16 2 1P 141 Vv
10240 1 16 4 1P 142 B5
1 32 1 1T 150
9728 1 32 2 1P 143 B1
3584 2 8 2 1P 144 B2
2 16 1 1T 151
5120 2 16 2 1P 145 B5
BANDWIDTH < 2.5 MHz
18176 1 16 4 2P 141 Vv
1 32 2 2T 156 Vv
19456 1 32 4 2P 143 B1
11648 1 64 1 2T 153 Vv
7168 2 8 4 2P 144 B2
2 16 2 1T, 1P 151 Not examined
10240 2 16 4 2P 145 B5
5824 2 32 1 2T 154 Vv
BANDWIDTH < 1.25 MHz
1 32 4 2T, 1P 152 Vv Not examined
23296 1 64 2 2T, 1P 153 Vv
23296 1 128 1 2T,1D 153 Vv
11648 2 32 2 2T, 1P 154 Vv
11648 2 64 1 2T,1D 154 Vv
BANDWIDTH < 0.625 MHz
45056 1 64 4 2T, 2P 155 B3 ‘20 sec’
45056 1 128 2 2T, 1P, 1D 155 B3 ‘20 sec’
45056 1 256 1 2T,2D 155 B3 ‘20 sec’
23296 2 32 4 2T, 2P 154 Vv
23296 2 64 2 2T, 1P 1D 154 Vv
23296 2 128 1 2T,2D 154 Vv

Table 5.2: Possibilities of redundant configurations
with the DLB/DXB (continued on the next page)

Note: configuration numbers may change with time.
So be clear on your proposal about what degree of re-
dundancy you would liketo get.
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Max Nr Bit Nr. Freq Polariz.  Recirculation Config. Complete- Comments
of Red Mode Points Channes Type Nr. ness
Channdls Npg Np Np (Table5.3)
BANDWIDTH < 10 MHz, only DLB
4928 1 32 1 - 170 Al
BANDWIDTH < 5 MHz
9856 1 32 2 1P 170 Al
9856 1 64 1 1D 170 Al
8704 1 128 1 1T 171 A3
4864 2 64 1 1T 172 A2
BANDWIDTH < 2.5 MHz
19712 1 32 4 2P 170 Al
19712 1 64 2 1R 1D 170 Al
19712 1 128 1 2D 170 Al
17404 1 128 2 1T, 1P 171 A3
17404 1 56 1 1T, 1D 171 A3
9728 2 64 2 1T, 1P 172 A2
9728 2 128 1 1T, 1D 172 A2
BANDWIDTH < 1.25 MHz
39424 1 64 4 2P 1D 170 Al ‘20 sec’
37424 1 128 2 1R 2D 170 Al ‘20 sec’
39424 1 256 1 3D 170 Al ‘20 sec’
34816 1 128 4 1T, 2P 171 A3 ‘20 sec’
34816 1 256 2 1T, 1R 1D 171 A3 ‘20 sec’
19456 2 64 4 2P 1D 172 A2
19456 2 128 2 1T, 1R 1D 172 A2
19456 2 256 1 1T, 2D 172 A2
BANDWIDTH < 0.625 MHz
38912 2 128 4 1T, 2R, 1D 172 A2 ‘20 sec’
38912 2 256 2 1T, 1R 2D 172 A2 ‘20 sec’

Table 5.2: continued
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vV ST 40
FF 45
MM 6
TOTAL 91 COMPLETE
Bl ST 40
FF 30 NOT: 01, 07, 17, 23, 29, 39, 45, 46, 47, 56, 57, 67, 78, 79, 89
MM 5 NOT: CD
TOTAL 75 Missing 16
B2 ST 40
FF 30 NOT: 13, 15, 16, 17, 19, 35, 36, 37, 39, 56, 57, 59, 67, 69, 79
MM 6
TOTAL 76 Missing 15
B3 ST 40
FF 34 NOT: 01, 07, 08, 12, 17, 18, 19, 28, 29, 78, 79
MM 6
TOTAL 80 Missing 11
B4 ST 40
FF 30 NOT: 13, 15, 16, 17, 19, 35, 36, 37, 39, 56, 57, 59, 67, 69, 79
MM 0 ALL Missing !!
TOTAL 70 Missing21
B5 ST 40
FF 24 NOT: 01, 05, 08, 15, 18, 23, 24, 26, 27, 29, 34, 36, 37, 39, 46, 47, 49, 58, 67, 69, 79
MM 5 NOT: CD
TOTAL 69 Missing 22
B6 ST 40
FF 25 NOT: 03, 02, 01, 13, 12, 49, 48, 47, 46, 45, 59, 58, 57, 56, 69, 68, 67, 79, 78, 89
MM 5 NOT: CD
TOTAL 65 Missing 26
Al ST 17 NOT: 0C, 0D, 1C, 1D, 2A, 2D, 3A, 3B, 3C, 4A, 4B, 4C, 4D, 5A, 5C, 5D, 6A, 6B,
6C, 6D, 7A, 7C, 7D
FF 33 NOT: 05, 06, 07, 17, 25, 26, 27, 37, 38, 45, 56, 89
MM 6
AUTO 14
TOTAL 56 Missing 35 (exclusive autocorrelation)
Solution -IF- correction possible
A2 ST 8 ONLY: 7A,7B,8A,8B,9A,9B,9C, 9D
FF 15 ONLY: 01,02,03,04, 12,13, 14, 23, 24, 25, 26, 45, 78, 79, 89
MM 1 ONLY: BC
AUTO 14
TOTAL 24 Missing 67 (exclusive autocorrelation)
Solution -IF- correction not possible
A3 ST 7 ONLY: 7A,7B,7C,8B,8C,9C, 9D
FF 12 ONLY: 02,03,04,05,12, 14,15, 25, 26, 36, 79, 89
MM 1 ONLY: AD
AUTO 14
TOTAL 20 Missing 71 (exclusive autocorrelation)
Solution -IF- correction not possible

Table5.3: Completenessdescriptionsof theDLB/DXB
setup.

ST: number of standard (fixed-movabl €) tel escopecom-
binations, FF: number of fixed-fixed telescope combi-
nations, MM: number of movable-movable telescope
combinations
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e oS e ene CHAPTER 6

MOSAICING

This chapter isbased on an original article by Robert Braun and Ger de Bruyn in NFRA newsletter no.3

6.1 INTRODUCTION

Although there has been along history of multiple pointing observations directed at objects too large to fit
comfortably into a single interferometer primary beam, it has only been within the last few years that the
theoretical basis of thistechnique has become better understood. This article providestheinterested user with
some theoretical background, a description of the what mosai cing has been implemented at the WSRT and the
authors' conclusions concerning the quality of theimages that can be expected.

6.2 THEORETICAL BACKGROUND

Theradiointerferometry techniquewasdevel oped somethirty yearsago to allow higher resol ution observations
than could be obtained with the filled apertures of the time. The same incentive motivates us today to form
synthesized apertures even more extended than an earth diameter for some applications. The instantaneous
field-of-view (FOV) of afilled aperture is identica to the power response pattern (the ‘primary beam’).
Imaging an extended area requires fully sampling it (i.e. at intervalsless than about one HWHM) with the
primary beam. The Fourier transform of the resulting image will contain information at spatial frequencies
extending out, with decreasing sensitivity, to the aperture diameter.

The instantaneous FOV of a correlation interferometer is determined by the product of the voltage response
patterns of each pair of elements. Traditionally, interferometric observations have been limited to thissingle
FOV. Inisolated cased, observers have resorted to a small number of widely spaced interferometer pointings,
which whereindividually reduced and then linearly combined with weights appropriate for the primary beam
attenuation afterwards. This scheme isfar from optimal because the resulting sensitivity is non-uniform and
the additional constraints on the sky brightness given by the overlapping pointingsare not utilized during the
reduction process. However, in ana ogy with thefilled aperture case, an extended area could be fully sampled
in cross-correlations (with a fixed phase and delay tracking center) at HWHM intervals of the primary beam
of the interferometer elements. A Fourier transform with respect to this sampling grid, would yield visibility
samples over a range of projected baselines with decreasing sensitivity out to a dish diameter around each
originally discrete visibility sample. This concept is explained clearly by Cornwell in chapter 15 of Perley et
al. (1989).

An especially important portion of the spatial frequency planeisthat near the origin. By extracting visibilities
with reasonable sensitivity down to 1/2 dish diameter from the cross-correlations and supplementing these
with auto-correlation data from the same elements between 0 and 1/2 dish diameter, it becomes possible to
successfully image regions of arbitrary size with a single instrument.
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In practice, it is unnecessary to explicitly extract the the additional visibility samples via an intermediate
Fourier transform or to keep the delay and phase tracking center fixed during the cause of such an observation.
Sampling the desired region at HWHM intervals of the primary beam is aready sufficient to guarantee the
information content to obtain both the desired uniform sensitivity and the supplemental visibility sampling
(assuming the data are subsequently used in parallel to constrain the sky brightness). A practica method
of extracting the supplemental sampling is the joint deconvolution of the multi pointing database with the
Maximum Entropy Method (MEM)- based algorithm such as that developed by T.J.Cornwell (see page 277
of Perley et al. (1989) and references therein) and available within the AIPS reduction package. Since the
supplemental sampling is especialy important for the reconstruction of the most extended structures, hybrid
reduction schemes employing joint deconvolution at low and individua reduction and combination at high
resol ution have been found to be very effective with only a modest computational impact.

6.3 MOSAIC IMPLEMENTATIONS

An ideal mosaic implementation calls for rapid cycling through the positions which define the image area,
preferably sampling each before earth rotation has significantly altered the projected basglines, so asto retain
the most complete coverage possible. Practical limitations on the telescope move and backend setup time
make thisan elusive goal.

A further, practical desireisfor auser-friendly interface for the specification of mosaic mode observations as
well as a stream-lined data acquisition, calibration and reduction path.

Some effort has been made to address the issue of high observing efficiency in the mosaic implementation
at the WSRT. Initial measurements of move and setup overhead, carried out during late 1989, indicated that
40 seconds were typically lost for a requested move. Investigations into the drive mechanism and braking
algorithm resident in the microprocessors a each telescope led to a better understanding of the systems
limitations. The telescopes are accel erated (and decel erated) to (and from) slew speed with a ramped voltage
tothedrivemotors. Theindividual slew speeds and ramp sl opeswere therefore adjusted to be nominally equal
for all telescopes, after which actual, individual values of the slew speed and braking distance were measured
andtabulated. Onthebasisof thisinformation, thedrive parameters appropriatefor agiven displacement could
be calculated and sent to the tel escope microprocessors. (A more complete description of this procedure can
befoundin NFRA ITR-193.) This procedure has made it possibleto routinely carry out moves between about
10 and 120 arcminutes with only a 10 second overhead. By carefully timing the issuing of move and backend
setup commands in the on-line software, the total overhead involved in repositioningis kept to thisvalue. At
the same time an efficient user interface has been developed for the definition of a mosaic observation.

The parameters which define a compl ete observation are: a single reference position, begin and end times.,
integration time and dwell time per position (an integer unit of 10 seconds, the basic WSRT time unit), a
mosaic pattern will be cycled through continualy for the duration of the observation. It may be simply an
ordered list of required offsets with respects to the reference position or may be produced interactively with
a cursor on the termina screen. A maximum of 120 different positions may be specified in a single mosaic
pattern. With the adopted minimum dwell time of 20 seconds per position, one could obtain 18 scans at each
of the 120 positionswithin asingle 12 hour observation.

At awavelength of 92 cm this would correspond to sampling a region of about 15 degrees on a side with
uniform sensitivity. The entire multi-pointing observation is subsequently stored and archives as a self-
contained database. Off-line softwareto allow efficient parallel processing of WSRT mosaic databases is still
isavailablein the NewStar package.

6.4 SPATIAL FREQUENCY COVERAGE OPTIMIZATION

Although a 10 second move overhead allows reasonable observing efficiency, it is still places a limit on the
degree of sampling which can be obtained over extended regions. Complete sampling in he spatial frequency
plane (uv plane) entails obtaining visibilitiesa D/2 intervas in both coordinates. The regular east-west
configuration of the WSRT, givesaradial sampling interval of normally 72 m (declination and position angle
dependent). By observing at six different basic separations (of telescopes0to 9 with A to D) aradia sampling
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Figure6.1: U,V coveragefor amosaic observationwith
72 spokes resulting from a combination of 12 spokes
from 6 array configurations (12 meter increment). The
scale is for a wavelength of 6 cm and for clarity the
tracks are shown for asource at 6 = 90°
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of D/2 =12ant). By observing at six different basic separations (of telescopes 0 to 9 with A to D) aradia
sampling of D/2 =12 m can be obtained. The azimutha sampling obtained aong the eliptical tracks with
a given time sampling interval is inversely dependent on the track radius. A sampling density of 72 min
azimuth is obtained at aradius of 410 m radiusin this example. Depending on the relative power in compact
and extended sourcesinthefield, it may be desirableto trade off radial against azimutha sampling density by
modifying the number of spokes versus the number of tracks. Subsequent 12 hour observations can be used
to improvethe sampling in either of these dimensions and so to move the matched sampling radiusin or out.

6.5 INFORMATION FOR USERS INTERESTED IN THE USE OF MOSAICING OBSER-
VATIONS

Mosaicing can be done at all standard WSRT wavelengths (6, 21, 49 and 92 cm). Certain parameters, like
the grid separation at the chosen wavelength, will be fixed because it is dedicated by the wish to obtain
uniform sensitivity across the surveyed region. The move time will also probably be fixed at 10 seconds
for all wavelengths. The telescope astronomer and the WSRT program committee will help in selecting
the appropriate pattern and u,v coverage best suited for the astrophysical problem proposed, on the basis of
information provided by the proposer. The minimum technical information a proposal for WSRT mosaicing
should contain is the following:

— the center of the mosaic pattern

— the angular dimension and the shape of the area that one wantsto map

— thelargest structure expected to be visible within the area

— the number of line channelsthat one wants to output

— an estimate of the total amount of time (extrapol ating from the nominal sensitivity of the WSRT; given
ine.g. chapter 2)
— the sensitivity that one would like to reach
We redlize that the handling of WSRT mosaicing data is an enormous task that may present a formidable

threshold for users. To lower this threshold the NFRA has developed a software package to take care of the
sorting, (self-) calibration and further reduction of the mosaic data. This package is described in part ??.

6.6 REFERENCES

Perley, R.A., Schwab, F. and Bridle, A.H. (Editors) (1989): “ Synthesis Imaging in Radio Astronomy” .
Astronomical Society of the Pacific.. 1SBN:0-937707-23-6. (see also review in part 11 Chapter 9.1,
Book 2).

For more information also see:

Ekers, R.D. and Rots, A.H. (1979): “ Short spacing synthesisfrom a primary beam scanned interferometer”
in Proc. 1AU Coll. 49 “Image Formation from Coherence Functions in Astronomy”, Ed. C. van
Schooneveld. D. Reidel (Dordrecht, Holland), pp. 61-66
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o E S, CHAPTER7

THE WSRT CORRELATORS

7.1 DIGITAL CORRELATORS - A SYNOPSIS OF THEORY

Ed. O.M. Kolkman, with a contribution by J.M. v.d. Hulst

The redlization that the power spectrum of a signal is the Fourier transform of its autocorrelation function
signified arevolution in spectral line observations. The first autocorrel ator receiver was designed by Weinreb
(1963) and used to try to detect the Deuterium line at 327 MHz.

The basic principle of a digital correlating receiver is the measurement of the correlation function of an
incoming signal by sampling and digitizing an incoming signal and using computer hardware (memory, shift
registers, digital delays) to form the auto or cross correlation function of the incoming signal. Once thisis
donethe power spectrum of the signal is obtained by Fourier transforming the correlation function. For details
oneisreferred to eg. chapter 6 and 8 in the textbook by Thompson et al. (1986), chapter 4 in the book by
Perley et al.(1989) or the thesis of Bos (1985).

The sampling and anal ogto digital (A/D) conversion of thesigna isdonein asimpleway and hence causes|oss
of sensitivity compared to an analog system and loss of amplitudeinformation. Thisisvery easy to understand
intuitively: the simplest digitizationis the so-called one-bit system where all samples of the incoming signal
above the mean input voltage are registered as 1, while all samples bel ow the mean input power are registered
as 0. A series of 1'sand O's then represents the fluctuations in the incoming signal (and hence the spectral
information is kept), but al information about the amplitude of the incoming signal islost. This means that
a separate recording of the amplitude of the input signal is till required. How thisis done will be described
below. A more subtle way of digitizing the input signal is to use more than one level for discriminating the
fluctuations of the incoming signal. This leads to the so-called two-bit digitization using two or three levels
set at the +/- V from the mean input voltage and at the mean input voltage. These schemes areillustrated in
figure 7.2

The sampling of the incoming signal has to be performed at a frequency which must at least be twice the
bandwidth B one wants to analyze. This requirement is set by the Nyquist sampling criterion, which requires
sampling at 2B for abandwidth limited signal inaband B. The WSRT line backend is designed with samplers
of 20 MHZ, so that the maximum possible bandwidthis 10 MHz. This means that if one chooses to observe
smaller bandwidths, one does not need to sample at the full clock speed. This extra power can be used to
sample more delays to get a longer correlation function (or higher spectral resolution) or to sample more
IF or telescope combinations. This capability to add correlation products is achieved by recirculating the
sampled signals through the correlator using different time delays and/or telescope/lF combinations. The
original WSRT correlator did not have this capability and is referred to as the DLB (Digital Line Backend).
The addition of arecirculation buffer upgraded the correlator to what is called the DXB, the Digital eXtended
line Backend)

Though the sampling and digitization of the incoming signals preserves the time fluctuations (within a
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bandwidth of half the sampling rate) the amplitudeinformationislost completely. The output of the correlator
after proper digitization and quantization correction and Fourier transformation to the frequency domain is
a normalized spectrum, which can be viewed as a correlation coefficient measuring the correlated fraction
of the system temperature of an interferometer. In order to denormalize this correlation coefficient one
has to determine the system temperature of the interferometer, which is the geometric mean of the system
temperatures of theindividua elements. The system temperatures are measured using anoise sourceinjection
into the signal path during a fraction f of a basic integration period and measuring the total power with P,,
and without P, ¢ the noise source switched on. Once the equivalent noisetemperature 7;, of the noise source
isknown one can determine the system temperature from:

TnPoy
Pon — Looff

Then renormalization of the spectrum measured on baseline i — j is obtained by multiplying the normalized

spectrum by /Ty s (4) - Tiys (5), the system temperature for that interferometer.

This amplitude correction is applied on-line and the total power data is recorded on tape. Though not
implemented in the current software, one could in principle use the total power data to undo the on-line
amplitude correction.

Toys = (7.

7.2 THEDLB/DXB

The DLB/DXB isthe digital correlator which is used for spectral line observations. The DLB can form 2560
one bit correlation products. This backend isused when the bandwidth of the observationis exactly 10 MHz.
If the bandwidth of the observation isless than 10 MHz the DXB isused. The DXB isthe digital correlator
(DLB), equipped with a recirculation buffer, which is used for spectral line observations and for continuum
observations at 327 and 610 MHz.

In the documentation we refer to the DLB/DXB backend simply as DXB.

For a more general description see section 1.3.1. The autocorrelation mode is discussed in section 3.4.1.
Redundancy and the DLB/DXB is discussed in chapter 5.
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7.2.1 THE WSRT RECEIVER SYSTEM

The 14 tel escopes of the WSRT can in principle provide 91 interferometer combinations, each interferometer
having four combinations of the two independent receivers. For simplicity we only describe the system for
asingle interferometer. A simplified block diagram of a single interferometer is given in Figure 7.1. This
diagram refers to the DXB and is briefly described here. The systems for the DCB differsin some detailsin
the system described here. The main differences are that the DCB system has a different correlator and that
the correlator settingishard wiredi.e. cannot be changed according to the wishes of the observer. If you have
specific questions about the DXB or DCB which are not answered here please contact the NFRA tel escope
group.

The operating frequency of the frontendsis determined by a central frequency synthesizer controlled by the
on-line computer. The available frequencies and bandwidths are given in table 1.2. The IF signals coming
from the telescopes into the central control building with afrequency of around 132 MHz are converted to 25
- 35 MHz and pass through an equalizer to rectify the shape of the passband which is skewed by frequency
dependent losses in the cables between the tel escopes and the control building. They then are converted to a
video band with a selectable width varying from O - 10 MHz down to O - 78 kHz in factors of two. During
this process the on-line computer adjusts the frequencies of the phase rotatorsin each of the 28 local oscillator
lines in such a way that the fringes for the center of the observed field are demodulated to remove the fast
component of the fringe phase variation with time. Thisway the spatial sampling rate is reduced and the low
frequency of the residual fringe makes longer integration times of 10 seconds or more possible.

After the video conversion the incoming signal is digitised by a 2-bit analog-to-digital (A/D) converter.
Subsequently the digitised signal passes through the delay system which compensates for the differencesin
pathlength between the two telescopes of the interferometer. The 5120 channel digital correlator provides
complex correlation functionsintegrated over 10 seconds. Recirculation of the data for bandwidths less than
10 MHz will increase the number of complex channels by B/10 where B isthe bandwidthin MHz. The on-line
computer reads the output buffer of the correlator, sortsand integratesthe data, performsthe Fourier transform
to the frequency domain, applies various corrections (amplitude correction, van Vleck correction, taper etc.)
and stores the results on disk for further off-line processing.

A short description of each of the components is given below. Much of thissummary was taken from A. Bos
hisPh.D. Thesis (1985) oninstrumental effects in spectral line synthesis observations.

7.2.2 THE FRONTENDS

Table 1.2 (section 1.3.1) summarizes the most important parameters and their implicationsfor thetotal system
performance. (Details can be found in for example Casse et al. 1981). It may be noted that each frontend has
a programmabl e noise source used for calibration of the gain and system temperature. A 180-degrees phase
switch in the local oscillator chain can suppress crosstalk and certain types of offsets in the anal og-to-digital
converters.

7.2.3 THE |F TO VIDEO CONVERSION

One of the properties of a digital correlator is that its spectral resolution can be varied by simply changing
the clock rate (which is usualy equal to the sampling rate of the analog input signal). This requires that
the bandwidth of the incoming analog signa is changed accordingly in order to obey the Nyquist sampling
criterium and avoid aliasing. The main function of the IF system therefore is to move the input band down
to video and to limit the video bandwidth. The shape of the video band and its amplitude and phase stability
are rather crucial for the quality of the data: the sharper the edges the better the rejection of signal causing
aliasing; the higher the phase and amplitude stability, the greater the spectral dynamic range of the output data.
For the design of the IF system the basic concept of single sideband rather than double sideband mixing has
been used because of itsinherently low spurious level and low cost. The 25 - 35 MHz signal is converted
to video using a 35.625 MHz local oscillator signal driving the single sideband mixer. The video output of
the mixer is then applied to a set of eight lowpass filters used for the selection of the appropriate bandwidth.
A total power detector measures the power in the output video band for amplitude calibration purposes (see
section *On-Line corrections' (1.1 in part 1V)). The total power is recorded using a voltage to frequency
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Bc. B 20dB Fr3dB Fr3-20dB Tot. 3dB
0 10. - 7 7
. - 1 5. - 7 7
— Amplitude stability: < 0.1% over 12 hours. > 25 _ 7 7
— Phase stability: 0.5 degreeover 12 hours. 3 125 0.24 7 7.25
L . 4 0.625 0.5 7 7.5
— Gain diff for all interf eters: +5%.
ain differencesfor al interferometers: +5% 5 03125 1 7 8
— Maximum differential phasefor all interferometers: +20 6 0.15625 2 7 9
degrees. 7 0.078625 4 6 10
— unwanted sideband suppression: > 30 dB. B.c bandwidth code
— spuriouslevel:> 75 dB below normal signal level. B 20dB Bandwidth at -20 dB point (MHz)
— total power detector accuracy: 1% for a 3 dB range. Fr 3dB Fraction (%) of bandwidth below -3 dB at low freq. edge
— total power detector stability: 1074/°C". Fr 3-20dB Fraction (%) of bandwidth between-20 dB and -3 dB

at high freg. edge
Tot. 3dB Total fraction (%) of the bandwidth below -3 dB

Table 7.1: |IF performance and bandwidth parameters

converter connected to afrequency counter in the AD digita correlator. Reading the counter can be gated in
phase with the noise injection in the frontends.

The performance of the IF units and the character of the 8 passbandsisgivenintable 7.1

The fringe demodulation (removing the fast moving fringe phase) is antenna based rather than interferometer
based to simplify the hardware and control. Fringe demodulation is performed by phase rotating the 35.625
local oscillator signa which is used in the IF video conversion system. Details of the fringe demodulation
system can defoundin A. Bos' Ph.D Thesis (1985).

The phase tracking accuracy obtained is better than 0.1 degrees with a zero point setting accuracy of better
than 0.1 degrees. The amplitude decorrelation resulting from errorsin the phase tracking is less than 1% per
interferometer.

7.24 THE A/D CONVERSION

The digitization of the analog signal causes a loss of sensitivity depending of the number of bits used for
the digitization. The worst case is aloss of 2/7 in the minimum case of 1-bit digitization. As the maximum
improvement is obtained by going from 1-bit to 2-bit digitization a 2-bit quantization was adopted. The
three bit-modes possible are illustrated in Figure 7.2. The reference voltage Vg is kept constant by means
of afeedback gain loop. Thisis necessary because variationsin reference level, even if properly corrected,
introducevariationsin signal to noiseratio. TheV and V_ reference levelsarekept at +1r.m.s. and-1r.m.s
of theinput signal respectively, aso by afeedback loop. The stability of the reference level isbetter than 1%
worst case.

The sampling of the A/D converters is 20 MHz (twice the maximum video bandwidth to obey the Nyquist
sampling theorem). For bandwidths smaller than 10 MHz the A/D converter output is resampled in the
correlator at the bandwidth dependent rate of 2B MHz.

7.25 THE DIGITAL DELAY

Pathlength (delay) compensation is necessary to remove the fast component of the pathlength difference
variation with time (hour angle) between the two telescopes of an interferometer. Ideally one would like
to do this a the signal frequency. It is, however, more practica to insert the delay corresponding to the
pathlength difference at the IF frequency band. The maximum delay required for a 3 km basdlineis 10 psec
and the maximum tracking rate is 5000 dh/dt = 0.37 nsec/sec. The delay is approximated in discrete steps and
discontinuities are avoided by adding a constant offset to the stepping rate. The delay is adjusted every ten
seconds when the on-line computer loads a delay offset and a delay rate for each of the 28 delay units. The
delay consists of a bulk delay covering 25.6 pisec in steps of 50 nsec and a fine delay covering 50 nsec in 16
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weight code v weight code v weight code
. 12 11 V“ 3 11
vl t 1 + 10 12 10
0 1 01 Vo
0 0 v 0 1 01
- v
0 00 0 00

Figure 7.2: The conversion codes for the three bit
modes of the analog digital converters. The input sig-
nal voltage V is divided into maximally four regions
by the reference levels 15, V4 and V_. Each of these
regionsisgiven aweight used during correlation.

steps of 3.125 nsec using atapped delay line. The fine delay isintroduced in the 20 MHz clock signalsfor the
A/D converters.

The delay tracking accuracy is+/- 0.3 nsec r.m.s. with a zero point setting accuracy of 0.0122 ns. The delay
stability is better than 0.1 nsec over a 12 hour period. Amplitude decorrelation isless than 0.5% for properly
set delays and delay tracking.

7.2.6 CORRELATOR MODES

The DXB/DLB correlator israther flexible and supportsalarge number of configurationsconsisting of different
combinations of input baselines and pol arizations, number of frequency channels and number of bits used for
digitization.

Configurationssettings of the DLB/DXB can be changed manually. A number of special purpose configurations
have been build and tested successfully. See eg. tables5.2, 5.3 and 7.2.

Specia configurations can be designed for specia purposes. Consult the NFRA telescope group for more
information.

7.3 THEDCB

The DCB (Digita Continuum Backend) isawide band correlator consisting of 8 independent correlatorswith
their own IF systems and A/D convertersand samplers. Each independent correl ator can measure 256 complex
correlation productsin a5 or 10 MHz band. In thisway one can observe over a wide bandwidth by tuning
the IFs to 8 consecutive frequencies separated by 10 MHZ thus covering a maximum bandwidth of 80 MHz.
The advantage of observing 8 independent 10 MHz bands rather than one single 80 MHz wide band is that
bandwidth smearing at the edges of the field is limited. This bandwidth smearing arises because the fringe
stopping and delay tracking are done for the center frequency and hence cause radia smearing (chromatic
aberration) of sources at large distances from the fringe stopping center. This smearing scales linearly with
the distance from the field center and the bandwidth of the observation.

For amore general discussion seesection 1.3.2, thespecial pul sar observation modeisdiscussedin section 3.4.2

7.4 REFERENCES

Bos, A. (1985): ‘On instrumental effectsin spectral line observations' Ph.D. Thesis, University of Leiden
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Conf S Back- Np Np Np Comp. descr.  Comments
Nr Code end (seetable5.3)

128 47 DLB 1 8 XX,\YY B2 Bandwidth = 10MHz.

129 48 DLB 1 8 all B4 Bandwidth = 10MHz.

130 46 DLB 1 16 XX \% Bandwidth = 10MHz.

131 61 DLB 1 16 XX,YY B5 Bandwidth = 10MHz.

132 45 DLB 1 32 XX B1 Bandwidth = 10MHz.

133 51 DLB 2 8 XX B2 Bandwidth = 10MHz.

134 39 DLB 2 16 XX B6 Bandwidth = 10MHz.

140 53 DXB 1 8 XX, XY B2 Recirculation in polarization.

141 50 DXB 1 16 XY \% Recirculation in polarization.

142 60 DXB 1 16 XX XY B5 Recirculation 1 time over polarization.

143 56 DXB 1 32 XY Bl Recirculation in polarization.

144 38 DXB 2 8 XY B2 Recirculation in polarization.

145 37 DXB 2 16 XY B6 Recirculation in polarization.

150 33 DXB 1 32 XY Recirculation 1 time over telescopes.

151 29 DXB 2 16 XY Recirculation 1 time over telescopes.

152 27 DXB 1 32 XXXY \Y Recirculation at least 2 times over tele-
scopes. B < 2.5.

153 58 DXB 1 64 XY \% Recirculation at least 2 times over tele-
scopes. B < 2.5.

154 59 DXB 2 62 XY \% Recirculation at least 2 times over tele-
scopes. B < 2.5.

155 55 DXB 1 64 XY B3 Special version of 153 suitable for recir-
culation 4 times.

156 28 DXB 1 62 XX XY \Y Recirculation at least 2 times over tele-
scopes. B < 2.5.

170 49 DXB 1 62 XY Al Auto Cross correlation.  Special noise
source seguence.

171 54 DXB 1 128 XY A3 Auto correlation.

172 52 DXB 2 64 XY A2 Auto correlation.

Table 7.2: General overview of the special DLB/DXB
configuration
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WSRT BEAMS

8.1 WSRT PRIMARY BEAM PROPERTIES

contributed by J.D.Bregman June 7, 1993

8.1.1 INTRODUCTION

With a synthesis array like the WSRT the sky brightness distribution can be reconstructed from the signals
collected by the array elements. The strength of a received signa depends on the direction of the collected
radiation relative to the boresight direction of a radio telescope. Consequently the intensity of a mapped
source depends onits positionrel ative to thistel escope pointing center. Here we must redlize that the effective
pointing center is some average over all tel escopes used.

Also we must realize that in a synthesis array not only the collecting e ements have to be directed toward the
field of interest, but also the fringe and the delay tracking of the correlating receiver system. A point source
with a position offset from the fringe stopping center gives a signal with a residual fringe at the correlator
output. This causes signa attenuation depending on the integration time. The differential delay causes a
signal attenuation depending on the bandwidth of the correlator channel. In the synthesis imaging process
these two effects show up as an attenuated peak response of aradially and tangentialy smeared point source
at increasing distance from the fringe center. These two effects have to be properly dealt with in the imaging
process and should not be absorbed in the antenna response pattern.

8.1.2 SOME THEORY

The polarized power of the complex eectric field column vector (E,, E,) isgiven by the coherence matrix S,
which is given as atime average by

S=(E-E™) (8.1)

where indicatestranspositionand * indicates complex conjugation. Thefour Stokes parameters of polarized
radiation flux are related to the four elements of the coherence matrix Sin the following way

(?Zi s ):<<(Ujff2v)> %t%)) &2

The  direction pointstowards the North celestial pole, and y towards the East.
A practical antenna can be described by aresponse matrix F giving the output voltage column vector (V;, V;)

V=F.E (8.3)
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as response on a given input eectric field column vector (E,, E,). The power response of atwo element full
polarization correlation receiver is given by

P=(V.V"™) (8.4)
Inserting 8.3 into 8.4 and using 8.1 gives

P=F.S.-F™* (8.5)

For two ideal receiving elements each with two orthogonal dipoles X and Y the response matrix is a unity
one, which readily evaluates 8.5 to identify the four power response e ements with the four elements of the
coherence matrix.

North

The four elements F;; (o) of the voltage response matrix have each their
own radiation pattern as function of the position vector (¢, 0,). The
direction vector to a source, described within the telescope beam with
position angle x (cf. chapter 4), from North through East, and boresight
angle 3, can be projected on a plane tangent to the celestia sphere at
the pointing center position. The projected coordinates .., o, in the map
plane are then given by

oo 8 cos(x) )
= : 8.6
( Ty ) ( psin(x) (89)
When the antennais rotated over angle p, the response matrix F has to be multiplied by rotation matrix R(p)
cos(p)  sin(p) )
R(p) = ) 8.7
0= 5y = &)

In the equatorial mounted WSRT telescopes only some receiver dipoles can be rotated. Then we have to
realize that the radiation pattern changes because of the changed relative orientation of the quadripod, which
interferes with the radiation pattern of the receiver feed system.

The complete polarization interferometer response P(o) for a single source S a position o from the fringe
pointing center is now given by

P(c) = F1(o + doy) - R(p1) - (o) - RT (p2) - Fo' * (0 + doa) (8.8)

where do is the pointing deviation of the two tel escopes (with their own response matrices) indicated by the
subscripts 1 and . Alternatively we can interpret the rotations by p; and p, as negative Faraday rotation
angles, which may be different for the two parts of the wavefront arriving at the two different tel escopes. For
widefields asisthe case for 92 cm observations, the Faraday rotation angle p iseven afunction of the position
at thesky, so p = p(o). So far thisnon- isoplanicity is neglected in the current processing systems.

For a field with a complete source brightness distribution coherence matrix S(¢), we find the complex
visibility power matrix P(D, ) for the basdline vector D, between the two telescopes by integration over all
source el ements weighted by the complex basdline phase factor ¢% P> Thisintegral isin essence a Fourier
transformation (¥7), so

P(Dy) = Fay - 7 (P(c)) -Fa' (8.9)

The dipole crosstalk of the two telescopes is here described by the matrices Fq4, and Fg,. To complete the
formal description of the correlator power response it should be mentioned that all tel escope based complex
gain effects can be described with multiplicative matrices, that may be time dependent. Careful attention has
to be paid whether such matrices have to be inserted before or after the Fourier transformation in 8.9, i.e.
whether they are field dependent or not.

During asynthesisobservation, D, changes dueto theearth rotation. Also the Faraday rotation angles changes
as function of time and needs to be corrected. Inverse Fourier transformation of all complex visibility powers
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givesthe observed brightnessdistribution P(o) of thefield, which includesall the effects described by 8.8. We
must realize that getting back S(o) from 8.8 then requires multiplication of P(o) with theinverse matricesin
the proper order. Current reduction packages do thisin some approximate way. This resultsinto some power
pattern averaged over dl pointing deviated tel escope voltage responses.

For the simple case of a single antennaeement or a perfect interferometer with doy = doz = p1 = p2 = 0,
and an unpolarized source, for which Sisaunity matrix, we find

P(¢) = F(o) - F™(0) (8.10)

Evaluation of the matrix elements and substitutioninto 8.2 gives

[(Fxxe*x + nyng) + (Fnyy + Fny;y)] /2
I
ol (FooFrp+ Foy Fry) — (FyaFpp + Fyy Fy)] /2 .11
)| Bt o) & (a4 1 2] /2

[(Foa o + Fay Fyy) = (Fyo Fo + Fyy F)] /2

This formula clearly demonstrate that symmetry properties of the telescope voltage beam matrix elements
of F cannot be traced easily to symmetry properties of the interferometer power beam expressed in Stokes
parameters. This is especialy true when the rotational symmetry is broken by different pointing deviations
of the two elements of an interferometer. (We havetoredize that /, @, U/, and V' are only real because the
voltage responses of the two e ements are identical, which causes imaginary termsto cancel in the sums of the
complex products.)

8.1.3 BEAM PROPERTIES

To illustrate the transformation of the symmetry properties of the matrix eements of F to the symmetry
properties of the Stokes parameters we take an example with simplified expressions for £, and £, which
till reflect basic properties of antennas, such as that the dominant components are in phase quadrature

Fer = H(B1) + (A+jB)K(B2)cos(2y)

Hereis H (/1) the normalized voltage main beam response and K (5.) the normalized voltage crosstalk term,
both of which are radial functions of normalized angles, /51 and /3,, which make the functionsindependent of
telescope scale. The rotational dependence is described by asingle cos(2y) term.

For aproperly aligned tel escope with the feed on the rotational symmetry axis we can derive £, and £, by
replacing the position angle relative to the dipole by avalue relative to the telescope. Then

(8.12)

Fo(x) = Fgy(x—90)

z 8.13
Fiy() = Funlx—90) (819
where the conjugation gives the phase flip between zy and y interference,
Evaluation according to 8.11 then gives

HH + KK o0$X(2y)(AA + BB) + KK sin2(2)(CC + DD)

I
[cjg | 25K Acos(2y) (8.14)

— KK sin(4y)AC
1% KK sin(4y)(AC — BC — AD — BD)/2

We now see functions with KK and H K terms. This illustrates that the relation between telescope and
interferometer beam parameters is not a straight forward one. It reflects the general property that U has a
different magnitude than @) and that V' is small. The imaginary terms B and D that dominate the voltage
pattern, turn out to give only second order effectsin theinterferometric polarization. The weak terms A and C'
become after multiplication with the zero order term H, the dominant contribution in the power beam pattern.
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Expressed in relative polarization at a particular position within the beam we get

Q/1] = (K/H)A
U/I] = (K/H)2AC (8.15)
/1] (K/H)2AD

Especialy when the dipol esof one tel escope are rotated with respect to the other element in theinterferometer,
the patterns of ) and U become more complicated. In formula 8.8 we have then to take into account that the
rotations p; and p, have to be absorbed into the position angle of F1 and F, as well.

Off-axis position of thefeed, asisthe case for the VLA, causes adifferent symmetry in the pattern of Y-dipole
w.r.t. the X-dipolei.e. additional beam polarization componentsin formula8.14.

8.1.4 POINTING EFFECTS

When there is a pointing offset, of magnitude p and position angle ¢ between the two telescopes of an
interferometer, we get an A term

cos(x — ¢) - Ky(B) (8.16)
This givesthe following contributions
I = HH+ HEK,[cos(x —¢)—sin(x — ()] + 3K, K, 617
8.17
Q = H K, [eos(x — ¢) +sin(x — ()] + 3K, K, cos(2y — )

For a Gaussian beam profile H (3) we get for a pointing offset p of one telescope relative to the average

K, =554H(B) - 3-p/B? (8.18)
Thisgives, for H > K areative polarization

Q/I = 5.54 [cos(x — () +sin(x — ()] Bp/ B} (8.19)

When there are more telescopes with random pointing deviations we get in a synthesis map a relative
component that depends on the source structure. 1n an extended object, where only short baselines contribute,
only the pointing deviations of the contributions telescopes are involved. So we must be very careful with
polarization contributions that show a single position angle dependence. This means that they are probably
caused by pointing effects, which contribute differently as function of source structure and with observing
period. The latter isbecause of changing wind-loading effects.

For an average pointing deviation of 0.007 degrees at best we can calculate the polarization contribution at
half-power beamwidth for a point source at 6cm wavel ength. When we assume that only interferometersfrom
fixed and movable telescope combinations are involved, and that the pointing variations of the dominating
four movable antennas have random position error, the contributionin /1 is about 6%.

8.1.5 BEAM DETERMINATION

There are two ways to determine theinterferometric beam pattern. A direct one observes an unpolarized point
source at different positions from the beam center. An indirect one calculates the power pattern from the
observed voltage pattern of atelescope element. The latter has the advantage of higher sensitivity and is less
depending on contamination with other sources in the field. Also we can then exclude the effects of pointing
deviations, which are different for fields at different positions and even when observed in different epochs.
Thisisparticularly truefor 6 cm observationswhere sources are weaker and pointing deviations cause stronger
effects.

Over the years several attempts have been made to establish the beam properties a the various observing
wavelength.

ITR 117 (Weiler et al., 1973) gives polarization data that are based on values derived from synthesis maps,
where an unpol arized has been placed at different positionswithinthe tel escope beam. The observationshave
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1Z0) ﬁf 1Z0) ﬁm 120} ﬁo 120} A B C D Ref Remarks
327 857 850 - 0.09 1 + scaninH-plane
327 831 859 1063 0015 007 1 x scanincrossplane
608 821 1064 1064 0.032 1+
608 821 851 1064 0022 1 x
608 821 1500 0.040 1 x
4995 884 899 1249 0.003 0.074 0.007 0044 2 « scansinE-H-, C-plane

Ref:
1. Bregman (1983)
2. Bregman et al. (1982)

Table 8.1: Telescope Voltage response Pattern param-
eters

been doneinthe so called crossed dipole mode, where the dipolesof the eastern tel escope of theinterferometer
are 45 degrees rotated with respect to the western telescope. This was the standard observing mode in the
seventies. Polarization calibration is straight forward, but interferometer based. Also the polarization is
larger then when observed in the so called parallel mode, which became the standard observing mode in the
eighties. Polarization calibration is complicated, but all interferometers, including the redundant ones can be
self calibrated on telescope basis. QMC (1978), Henneken and Robijn (1989) and de Blok and Woudt (1992)
use the same technique, however the definition of position angleis unclear.

References Bregman (1983) and Bregman et al.(1982) use the voltage beam technique, where one e ement of
an interferometer tracks an unpolarized point source, while the other tel escope scans the object to place it at
various positions within the beam. Although we expect Bessel functionsfor H (5) and K (), the following
approximations hold very well up to the first null

H(p) cos*(0.943 - g1)where f1 = 3/5;
K(p2) sn?(1.571 - 3;) where 32 = B/

where 3; isthe full width at half maximum of the power beam and £3,,, the distance from the center to the
point at which the voltage polarization has its maximum.

Infigure 8.1 asummary isgiven of al the functionsinvolved so far.

The main terms are summarized in table 8.1, where v isthe observing frequency in MHz and 3y the distance
in degrees of the beam center tothefirst null of the voltage pattern. The beam parameters have been multiplied
with the observing frequency to get scale independent antenna parameters for inter comparison.

Sincethe 21 cm feed isascaled version of the 6 cm one, the same beam characteristics are expected.

It is very difficult to determine the A term in the voltage pattern, since it is only a small deviation from the
dominating H term.

The quadripod gives a pattern with also afour quadrant symmetry which interferes with the dipol e pattern of
thefeed. These effects are smaller than 10% at 6 cm, but are in the 10 - 30% range a 92 cm.

(8.20)

8.1.6 MAIN BEAM TOTAL POWER AND POLARIZATION PATTERNS

So far good approximationsare available in the following form, where [y istheintensity of the object when it
is observed at the pointing center of the tel escope

I = ez
Q/lo = qK(B)cos(2x
U/Ig = uK(ﬁZ)sin(ZX) (8.21)
V/Ip = vK(B)sin(2y)

Where 3, and 3, are now scaled from the observed frequency 1 in MHz to afrequency v according to
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Figure8.1: The functions H (1) and K (32) (See text)
are plotted together with other functionswith whichthe
parameterization of the behavior of the primary beam
was tried. The boresight angle is in degrees and the
scaleisfor 6 cm
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vo Bivo PBmvo ¢ u v Ref Remarks
327 88 546 -0.021 +0.049 +0.020 1 ++4 vdidfromJan 1989
608 835 603 +0.006 +0.008 —0.003 ? +x March 1983, 0.06 degree
pointing offset in tel escope
B
1415 831 609 —0.015 2 44+ padld dipoles
1415 831 680 +0.0050 +0.0018
1415 891 563 +0.013 +40.026 < 0.002 3 +x crosseddipoles
4995 899 899 -0.006 +0.040 < 0.002 4 +x

Ref:

1. Henneken and Robijn (1989)
2. Blok and Woudt (1992)

3. Weller et al. (1973)

4. QMC (1978)

Table 8.2: Interferometric Power Beam parameters

Ba BV/(BJ‘ VO)
By Br/(Bmvo) (822)

The main beam is fitted by the cos® function up to the first null within the accuracy of the measurements.
The quality of the fit to the actual polarization patterns is worse and allows deviation up to 10% or 0.001,
whichever islarger.

The values of 3, are considerably smaller than the ones found for the telescope voltage patterns. If we fit
with functions H (5,) K (35 ) we get the proper valuesfor 3, and find ¢ and « values consistent with those of
A, B, C and D. However the quality of thefitsisworse.

In the references more detailed formulahave been tried to fit the observed data. Terms withsin(y) and cos(y)
components, caused by possible pointing deviations, give less than 10 % contribution. These are of the same
order as the accuracy of the observations and their associated reduction procedures. Especialy the effects of
pointing deviations of the tel escopes are important, as is demonstrated by the 608 MHz observation.

For 49 cm and 92 cm observing wavel ength the polarization patterns are less regular than the 6 cm and the
21 cm ones, because of interference of radiation reflected from the quadripod structure with radiation received
by the illumination pattern of the feed.

For a given feed system, which illuminatesthe 25 m dish from the prime focus, the radiation pattern is almost
independent of frequency within band, so the main beam scales with frequency, athough not exactly because
of partial compensation. Detailsare not available yet. We expect to use for frequency scaling functionsof the
following type

Ba = B (1+ (v — wo)/wo) /By (8.23)

where ¢ deviates slightly from unity.

8.1.7 SIDELOBE PATTERNS

At 92 cm and 49 cm the sidel obe patterns have been observed in the voltage mode by scanning the source Tau
A with onetelescope of ashort baselineinterferometer. The scan range extendsto 130 degrees on anon linear
scale and is presented in figure 8.2. This range covers the so called spill-over region, where the feed looks
over the rim of the telescope. Thereis no such thing as a spill-over lobe! From graph’'s of Fy., Fiy, £, and
F,, onalogarithmic dB scale in power, the envelope has been drawn in figure 8.2, which gives the highest
signal that can be expected in aside lobe. Thisis particular useful to estimate solar interference and order of
magnitude effects caused by Cas, Cyg and Tau, when they are above the horizon.
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92 cm

Power (dB)
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10 30 50 70 90 110 130

distance from center (degrees)

Figure 8.2: Far sidelobe patternsat 49 and 92 cm.

8.1.8 SUGGESTIONS FOR FURTHER WORK

Investigate as a function of frequency for a given feed system the dipole crosstalk terms and the beam
polarization.

Thiswill become especially important for the wide band 92 cm system which coverstherange 305 - 385 MHz.
A method where voltage and power pattern observations are combined should be preferred, with sufficient
sampling in polarization angle to see (4y) terms, and sufficient extend in 5 up to the first null.

8.1.9 REFERENCES

Weller, K.W., v. Someren Gréve, H.W. and Piersma (1973): ' 21 cm primary beam properties of the WSRT’
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Q.M.C, (1978): 'Quality Monitoring Committee report on 6 cm beam properties'.

Bregman, J.D. et al.(1982): ‘6 cm bundel van een 25 m SRT spiegel’, NFRA NOTE, Draft (available at
NFRA).

Bregman, J.D. (1983): ‘WSRT antenna pattern reference datal, NFRA NOTE, 417 (available at NFRA).
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de Blok and Woudt, (1992): ‘WSRT polarization at 21 cm’ students radio practicum report.
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8.2 WSRT BASELINES

Ed. O.m.Kolkman, thistext was copied and updated from the old manual

Standard separati ons between fixed tel escope 9 and movabletel escope A are 36+ k - 12mwithk = 0,1,2,...,8
or36+n-18mwithn = 1, 2, 3, 4. The positionof telescope B isnormally 72 meterstotheeast of A. Telescope
C and D are normally placed 1296 meters to the east of A and B respectively. The baseline combinations
that result from correlating the signals of the fixed telescope with those of the movable tel escopes are given
intable 8.3. It is clear that any of the normal configurations with 94 = 36, 54, 72 or 90m aways result in
an array in which the baseline increment is 72 meters athough the starting baseline will be different. By
combining observations from configurations with 94 = 36m and 72m or 94 = 54m and 90m we obtain an
array with an increment of 36m although the starting baseline may be different. However the grating rings
will be twice as far away from a source as they were with the 72m increment array. Finally, by combining
observationswith 94 = 35,54, 72 and 90m we obtain an array with a baseline increment of 18 meter and a
shortest spacing of 36 meter. The grating rings are then 4 times as far away from the source as they were with
72 meter increment array. For occasiona projects which require rings to have very large radii (8 times those
of theringsin the 75 meter increment array) additional observationswith 94 spacings of 45,63,81 or 99 meter
can be combined with the observations with 94 at 36,54,72,and 90 meter to give a baseline increment of 9
meter and a shortest baseline of 36 meter.

While al the above combinations result in arrays which have baseline increments which are multiples of 36
meters, we can never have any baselines shorter than 36 meter and the starting baseline need not to be equal to
the baseline increment. Thus the WSRT never has au—v plane sampling increment which is entirely constant
intherange from (u, v) = —oo to (u, v) = +o0. There will aways be a gap of some size around (u,v) = 0
since, a a minimum, we can never measure a simple a (u,v) = 0. The presence of this gap causes an
amplituderippleor zero level offset to be present in the synthesized antenna pattern. The effect of thisripple
or offset on the total area of the synthesized beam within some given distance from its center (which we need
to know to accurately convert flux density per beam to brightness temperature) are described in more detail in
chapter 5in Part 1.

The exact choice of baseline combinationsand increments depends on several parameters: sensitivity, angular
size of the source, declination of the source.

The basdline increment used should be small enough that the smallest of the grating ringsin the synthesized
antenna pattern has aradius larger than the diameter of the source of interest in thefield. Thiswill prevent the
source from ‘interfering’ with itself.

If sensitivity is required such that afield has to be observed » x 12k and the source is smaller than the the
grating ring radius then, in principle, al observations could be done with the same basdlines. However by
doing the additional observationson different baselines so that the baseline increment is smaller, and thusthe
grating ring radiusis larger, grating ring confusion is always reduced. Thus thislatter observing procedureis
always to be preferred, especially at 49 and 21 cm wavelengths where, in additional to the source of interest,
many background sources are detected.

At declinationsbel ow 40°, shadowing (see chapter 9) will affect short baselinedataat large positiveor negative
hour angles. Thus baseline combinations should be selected so as to minimize thisdifficulty as possible.

If asourceis above declination 40°, and is small enough an strong enough that a single 124 observation will
suffice, then the array configuration with a shortest spacing of 54 meter and a basdline increment of 72 meter
is often used for that observation. This configuration is often used since out to the first grating ring of the
resulting synthesized antenna paten there is essentialy no zerolevel offset and no amplituderipple. Thusthe
area of the synthesized beam is constant out to thefirst grating ring.

8.3 SYNTHESIZED BEAM CROSS—-CUTS AND INTEGRALS

Ed. O.M. Kolkman

This section was produced by combining, editing and updating material from two articles from the 1980
version of thisdocumentation. The original articles were written by J.M. van der Hulst and RJ. Allen and by
J.J.H Woldringh and K.W. Weiler
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9 meter increments  AB = CD = 72 meter

OA 9B 8A 8B 7A 7B 6A 6B 5A 5B 4A 4B 3A 3B 2A 2B 1A 1B OA OB

36 | 108 180 252 324 396 468 540 612 684 756 828 900 972 1044 1116 1188 1260[1332 14041476 1548 1620 1692 1764 1836 1908 1980 2052 2124 2196 2268 2340 2412 2484 2556 2628 2700
45 | 117 189 261 333 405 477 549 621 693 765 837 909 981 1053 11251197 1269(1341 14131485 1557 1629 1701 1773 1845 1917 1989 2061 2133 2205 2277 2349 2421 2493 2565 2637 2709
54 | 126 198 270 342 414 486 558 630 702 774 846 918 990 1062 1134 1206 1278|1350 1422 1494 1566 1638 1710 1782 1854 1926 1998 2070 2142 2214 2286 2358 2430 2502 2574 2646 2718
63 | 135 207 279 351 423 495 567 639 711 783 855 927 999 107111431215 1287|1359 1431 1503 1575 1647 1719 1791 1863 1935 2007 2079 2151 2223 2295 2367 2439 2511 2583 2655 2727
72 | 144 216 288 360 432 504 576 648 720 792 864 936 1008 1080 1152 1224 1296|1368 1440 1512 1584 1656 1728 1800 1872 1944 2016 2088 2160 2232 2304 2376 2448 2520 2592 2664 2736
81 | 153 225 297 369 441 513 585 657 729 801 873 945 1017 1089 1161 1233 1305|1377 1449 1521 1593 1665 1737 1809 1881 1953 2025 2097 2169 2241 2313 2385 2457 2529 2601 2673 2745
90 | 162 234 306 378 450 522 594 666 738 810 882 954 1026 1098 1170 1242 1314|1386 1458 1530 1602 1674 1746 1818 1890 1962 2034 2106 2178 2250 2322 2394 2466 2538 2610 2682 2754
99 | 171 243 315 387 459 531 603 675 747 819 891 963 10351107 1179 1251 1323|1395 1467 1539 1611 1683 1755 1827 1899 1971 2043 2115 2187 2259 2331 2403 2475 2547 2619 2691 2763
108 | 180 252 324 396 468 540 612 684 756 828 900 972 1044 1116 1188 1260 1332|1404 1476 1548 1620 1692 1764 1836 1908 1980 2052 2124 2196 2268 2340 2412 2484 2556 2628 2700 2772

9C 9D 8C 8D 7C 7D 6C 6D 5C 5D 4C 4D 3C 3D 2C 2D IC 1D 0C 0D

12 meter increments AB = CD = 72 meter

OA 9B 8A 8B 7A 7B 6A 6B H5A 5B 4A 4B 3A 3B 2A 2B 1A 1B OA 0B

36 | 108 180 252 324 396 468 540 612 684 756 828 900 972 1044 1116 1188 12601332 1404]1476 1548 1620 1692 1764 1836 1908 1980 2052 2124 2196 2268 2340 2412 2484 2556 2628 2700
48 | 120 192 264 336 408 480 552 624 696 768 840 912 984 1056 1128 1200 1272(1344 14161488 1560 1632 1704 1776 1848 1920 1992 2064 2136 2208 2280 2352 2424 2496 2568 2640 2712
60 | 132 204 276 348 420 492 564 636 708 780 852 924 996 1068 1140 1212 12841356 1428/1500 1572 1644 1716 1788 1860 1932 2004 2076 2148 2220 2292 2364 2436 2508 2580 2652 2724
72 | 144 216 288 360 432 504 576 648 720 792 864 936 1008 1080 1152 1224 12961368 1440|1512 1584 1656 1728 1800 1872 1944 2016 2088 2160 2232 2304 2376 2448 2520 2592 2664 2736
84 | 156 228 300 372 444 516 588 660 732 804 876 948 1020 1092 1164 1236 1308 /1380 1452|1524 1596 1668 1740 1812 1884 1956 2028 2100 2172 2244 2316 2388 2460 2532 2604 2676 2748
96 | 168 240 312 384 456 528 600 672 744 816 888 960 1032 1104 1176 1248 1320/1392 1464|1536 1608 1680 1752 1824 1896 1968 2040 2112 2184 2256 2328 2400 2472 2544 2616 2688 2760
108 | 180 252 324 396 468 540 612 684 756 828 900 972 1044 1116 1188 1260 1332[1404 1476(1548 1620 1692 1764 1836 1908 1980 2052 2124 2196 2268 2340 2412 2484 2556 2628 2700 2772
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example | number  shortest spacing maximum Qu comments
of spacing  increment spacing
spacings () (m) (m) ()
1 20 36 72 1404 570.03 1x 12A,0.9A,B
2 20 54 72 1422 1x 124,0.9AB
3 20 72 72 1420 1x 124,0.9AB
4 20 90 72 1458 1x 124,0.9AB
5 40 36 36 1422 synthesis, 2 x 124, 0..9,A,B
6 40 54 36 1458 synthesis, 2 x 124, 0..9,A,B
7 80 36 18 1448 synthesis, 4 x 124, 0..9,A,B
8 3gt 36 72 2700 1x 124,0.9A,B,CD
9 152f 36 18 2754 synthesis, 4 x 124, 0..9,A,B,C,.D
10 230t 36 12 2784 A = 92cm, synthesis, 8 x 12k, 0..9,A,B,C,.D

t The number of non-redundant spacingsis tabulated, see table 8.3.

Table 8.4: Configuration of the example calculations.
Examples 1 through 7 are illustrative for the effect of
synthesis on the beamshape.

8.3.1 CALCULATION OF SYNTHESIZED BEAMS

In thissection we present cross-cutsthrough and integral sof theoretical two dimensional beamsat adeclination
of 90°. Except for one example all calculations have been done at A = 21cm. The calculations have been
made using a Gaussian grading.

In practice one uses a Gaussian grading to reduce the near sidelobes with a minimum broadening of the
synthesized beam. Ideally we would like to see the level between the main lobe and the first grating ring to
be at a zero level. This is however not always the case as one can see from the calculated integrals. The
integralswould be constant with in creasing radiusin case of an on average zero baselevel. The deviationsin
the baselevel arelargely dueto the shortest spacings. These are u, v pointsnear the origin and correspond to
the slow Fourier components.

The integrals are important when determining the precise conversion between flux density per beam to
brightness temperature. The deviation from zero level is the limiting when determining fluxes at large radii
i.e. the shortest spacing limitsthe largest structure that can be seen with an interferometer.

The calculations also graphically illustrate the effect of synthesis on the grating rings. In a second set of
calculations the configuration is fixed but tel escopes are del eted to show the effect of missing spacings.

In table 8.4 we summarize the configurations for which we did the calculations. The theoretical synthesized

2
beam for a uniformly and completely filled aperture with Gaussian grading is Q4 = 0.588362 (DT"L)
Q 4 istabulated in column 6 of the table.

THE ALGORITHM USED

We used the following algorithmsto cal cul ate the beam intensity and theintegral over the beam:

L(kAR) = %(AR)Z 3" k2 An(jAR) - jAR - AR (8.24)
ji=1
% 27 - G (D(n)) -D(n) - Jo (271' - kAR - D(n))
An(kAR) = 2% (8.25)

5% 20 -G (D(n) - D(n)

n=1

where:

Version: 1.0.0 August 17, 1993
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I,(kAR)
Ay (kAR):
AR

Note:

: integral of synthesized beam over circular area with radius kAR.

normalized synthesized beam intensity at radius kAR.

: spacing of pointsin (I, m) planeat which I and Ay are evaluated (we used 3 arcsec).
: spacing number n D(n) = (n — 1) - Dy ine + D min-

: shortest spacing.

: spacing increment.

: number of spacings.

—Iin4

a:2
cgrading G(z) = e Plimee isused. D maz 1Sthelongest spacing.
: zero order Bessdl function: response of oneinterferometer. (In polar coordinatesthe zeroth

order Hankel transform is often used to do the two dimensional Fourier transform. The
Hankel transform of of adeltafunction1/26(¢ — a) —whichisaringintheu, v plane—is
azeroth order Bessdl function wa.Jo(27a). Also see e.g. Bracewell (1986) page 244-250.)

— The Z(AR)? in equation 8.24 is the contribution to the sum for j = 0.

— When calculating the beams with missing tel escopes all spacings with the "defect” telescope were not
included in the sum in equation 8.25 We used table 8.3 to see which spacings missed. eg. In the case
of adropout of telescope 5 the following spacings are not available anymore: 612, 684, 1908 and 1980

meter.
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Example 1, Configuration: 36(72)1404 at 0.21 m

Example 2, Configuration: 54(72)1422 at 0.21 m

01 F 1x12h synthesis, A+B 4 01 F 1x12h synthesis, A+B 4
005 [ B 005 [ 7
o ] o ]
b b

2 . ] 2 . ]
soF B soF B
g ] g ]
< ] < ]
0.05 [ B 0,05 [ B
01 [ 4 01 [ 4
e e d e e d

0 1 2 0 1 2
10T ] 10 ]
50 7] 50 7]
= ] = ]
% of B % of e
& q & q
8 4 g ]
El ] & ]
Sr ] Sr ]
T S S R L1 L1

10 -10
0 1 2 1 2
Distance from beam center (10° Arcseconds) Distance from beam center (10° Arcseconds)
Example 3, Configuration: 72(72)1440 at 0.21 m Example 4, Configuration: 90(72)1458 at 0.21 m

01 F 1x12h synthesis, A+B 4 01 F 1x12h synthesis, A+B 4
005 [ B 005 [ 7
o ] o ]
< q < q
2 ] 2 ]
2 of ! JL 4 & oF | \KL E
g ] g ]
< ] < ]
0.05 E 0.05 E
01 | E 01 [ B
1 L L L L 1 L L L L 1 L L L El 1 L L L L 1 L L L L 1 L L L El

0 1 2 0 1 2

100 T 00T
5[ 5[

Integral(107)
o
T

Integral(107)
o

-10

1 2
Distance from beam center (10° Arcseconds)

Example 5, Configuration: 36(36)1440 at 0.21 m

E

1 2
Distance from beam center (10° Arcseconds)

xample 6, Configuration: 54(36)1458 at 0.21 m

01 F 2x12h synthesis, A+B 4 01 F 2x12h synthesis, A+B 4
005 [ B 005 [ 7
o 1 o 1
o ] k= ]
2 ] 2 ]
S or i \K\W | S or \ﬂm—— =
g ] g ]
< ] < ]
0.05 E 0.05 E
01 | E 01 [ B
1 L L L L 1 L L L L 1 L L L El 1 L L L L 1 L L L L 1 L L L El

0 1 2 0 1 2

10— 10—
5 5

Integral(107)
o
T

Integral(107)
o

-10

1 2
Distance from beam center (10° Arcseconds)

Figure 8.3: Examples of caculation of synthe-
sized beam (top) and integra over the synthe-
sized beam(bottom). Configurations are denoted by
D min (D ine) D mar Calculationno 10 was done at
92 cm. The othersat 21 cm. (Noteal x-axisare onthe
same scal€)

1 2
Distance from beam center (10° Arcseconds)
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Example 7, Configuration: 36(18)1458 at 0.21 m Example 8, Configuration: 36(72)2700 at 0.21 m
L e S e e I B e —— L R e e —— T3
01fF 4x12h synthesis, A+B 4 01f 1x12h synthesis, A+B+C+D 4
0.05 4 0.05 4
R I T ]
R 1 3 J | J ;
2 of ] Z o I wv .
E [ ] E [ ]
< | ] < | il
005 - -0.05 [~ B
01 [ B 01 [ B
B e g B e g
0 1 2 0 1 2
1007 T T T T T T T T T T — 1007 T T T T T T T T T T —
Eln 7 Eln 7
e ] e ]
T oof B T oof E
w q w q
& or ] & or ]
H L ] H L ]
S 7 S 7
C ] c e
10 -10
1 2 0 1 2
Distance from beam center (10° Arcseconds) Distance from beam center (10° Arcseconds)
Example 9, Configuration: 36(72)2754 at 0.21 m Example 10, Configuration: 36(12)2784 at 0.92 m
F T T T T T T T T T T T T T T T T T T T T T 7
01fF 4x12h synthesis, A+B+C+D 01fF 8x12h full synthesis, A+B+C+D 4
005 [ 005 [ E
< F 2 E 1
E [ l | E [ ]
E L 1 E Y 1
2 o 2 ~ 1 Z o |V ]
E [ ] E [ ]
< | ] < | il
005 - -0.05 [ B
01 [ B 01 [ B
E 1 . . . I . . . I . . d E 1 . . . I . . . I . . d
0 2 4 0 2 4
1007 T T T T T T T T | 1007 T T T T T T T T |
5C 7 Eln 7
e ] e ]
: L it —
w q w q
& or ] & or ]
H L ] H L ]
S 7 S 7
0L . . . I . . . I . . h 0L . . . I . . . I . . h
0 2 4 0 2 4
Distance from beam center (10° Arcseconds) Distance from beam center (10° Arcseconds)

Figure 8.3:continuing
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Example 8, Configuration: 36(72)2700 at 0.21 m Example 8, Configuration: 36(72)2700 at 0.21 m
T o
£ no missing spacings 4 £ Telescope 1 out 4
0.05 [~ ] 0.05 [~ ]
3 ! J 1oy ]
2ok b j| 102 o ]
Z oF | b ! . Z o oof 1
E [ ] E [ ]
< F B < F 4
0.05 |- B 0.05 |- B
P S S S R S| S S S S BN E R |

3 1 2 3 1 2
5 5

Integral(10%)
5 o
R B e e e
coo b b e
Integral(10%)
5 o
I B A B e
coo b b e

5 5
S S S S B S S S S S S B S S
0 1 2 0 1 2
Distance from beam center (10° Arcseconds) Distance from beam center (10° Arcseconds)
Example 8,, Configuration: 36(72)2700 at 0.21 m Example 8, Configuration: 36(72)2700 at 0.21 m
[0 e e e B e B B B s o s e e L s
b Telescope 2 out 4 b Telescope 3 out 4
0.05 [~ ] 0.05 [~ ]
v r q v r q
o F Bl k=l + 4
3 [ ] 3 [ ]
3 L 1 3 L ]
2 op j 2 or ]
E r 1 E r 1
< F B < + 4
-0.05 [~ b -0.05 [~ b
R S S S S 0 T Y IS SR S
0 1 2 1 2
51 B 51 B
g 1 g 1
£ of - g o i
& L 1 ® 1 ]
3 3
A ] A ]
5 B 5 B
S S S R S S S S R S
0 1 2 0 1 2
Distance from beam center (10° Arcseconds) Distance from beam center (10° Arcseconds)
Example 8, Configuration: 36(72)2700 at 0.21 m Example 8, Configuration: 36(72)2700 at 0.21 m
[0 e e e B e B e L A S sy [0 e e e B e e e e S
b Telescope 4 out 4 b Telescope 5 out 4
0.05 [~ ] 0.05 [~ ]
v r q v r q
o F Bl k=l + 4
RN 1 £ . s ol ’lm 1
ES of 5| ES of W Wi i 5|
E r 1 E r 1
< F B < + 4
-0.05 [~ b -0.05 [~ b
o1 b e o1 b e e ]
0 1 2 0 1 2
51 B 51 B
g 1 g 1
£ of - g o i
& L 1 ® 1 ]
3 3
A ] A ]
5 B 5 B
S S S R S S S S R S
0 1 2 0 1 2
Distance from beam center (10° Arcseconds) Distance from beam center (10° Arcseconds)

Figure 8.4: Configuration 8 (i.e.36(72)2700) withtele-
scopes switched off. top panels show normalized
power, bottom panels show integrated beams
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Example 8, Configuration: 36(72)2700 at 0.21 m

Example 8, Configuration: 36(72)2700 at 0.21 m

O e e I S e e e — O o e e s B s e B e
b Telescope 6 out 4 b Telescope 7 out 4
0.05 [~ ] 0.05 [~ ]
o r 1 o r 1
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oq v 1 oq 0 . ]
0 1 2 0 1 2
T T T T T T T T T T — T T T T T T T T T T T —
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. 1 . 1
5 7 -5
C 1 L L L L 1 L L L L 1 L L | C 1 L L L L 1 L L L L 1 L L L |
0 1 2 0 1 2
Distance from beam center (10° Arcseconds) Distance from beam center (10° Arcseconds)
Example 8, Configuration: 36(72)2700 at 0.21 m Example 8, Configuration: 36(72)2700 at 0.21 m
O e e e T s e e — O o e S L s e e B
b Telescope 8 out 4 b Telescope 9 out 4
0.05 [~ ] 0.05 [~ ]
o r 1 o r 1
k| [ A ] k| [ ]
b ol sy TN Y ﬁqn J b ol J
8. C ) LA adl M 4 o - q
E F b E F b
< [ 1 < L ]
0.05 [ B 0.05 [ B
oq L 1 oq 0 . ]
0 1 2 0 1 2
T T T T T T T T T T — T T T T T T T T T T T —
5 7 5 7
ol | g 1
% oF 9 % oF .
@ L B & L 1
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. 1 . 1
5 B 5 B
C 1 L L L L 1 L L L L 1 L L | C 1 L L L L 1 L L L L 1 L L L |
0 0

1 2
Distance from beam center (10° Arcseconds)

Figure 8.4:continuing

1 2
Distance from beam center (10° Arcseconds)
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o E =S, CHAPTER9

SHADOWING

9.1 INTRODUCTION

At low declination and high hour angle one telescope in an East-West array can look into the back of another
telescopein the array. This effect is known as shadowing. Below we will present a simplified explanation of
the effect and we give the observing limitsfor which shadowing can become a problem.

9.2 GEOMETRICAL SHADOWING CALCULATION
For an East-West interferometer with baseline 1, the projected basdlinelength,

o5 Diproj, isgiven by:
\Q where 6 isthe declination and & isthe hour angle.

A Westerbork antennawill be shadowed whenever Dy < 25 meters.

ZLS == 25 - Dproj
thus, L., whichisdefined as linear shadowing, is given by:
25— Dproj D
5 Ly="7"" =125 _\/1—co?ssin?h
Dproj 2 2
Seefigure 9.1 and figure 9.2.

The shaded area = segment of acircle. The segment has the area

2
area = K—2(2963/) —wzﬁ = K—x\/rz—xz—rzagn(f)

r

where 27 was set equal to360and § = asin (£).

-9-1
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Figure9.1: Linear shadowing /., asafunction of hour
angle and declination for different antenna spacings
(Ieft vertical axes)

The shaded area to theleft has an equal areato that of two segments:

e
aea— 71’ — 2u\/r2 — 22 — 2r2aS|n(—)

r

Howeverxzz—;’—Ls =r—17L,
Then substituting, the total shadowed area of one antennaiis

mr? — 2(r — L)\/1? = (r — L)? — 2r* asin (r_ Ls)
,
ar? — 2(r— Ls)\/2rLs — L% — 2r asin (r — Ls)

r

- I,
490.87 — 3(r — L,)\/25L, — L2 — 312.50 asin <7~ )

r

If wereplace L, by thevaluesthat are givenin the shadowing tables 9.1, we obtain the val uesfor the shadowed
areathat are listed there.

Whenever shadowing occurs part of an antenna' s apertureis blocked; thusthere will be adrop in the aperture
efficiency of the antenna and thus a decrease in the correlated signal for the interferometer of which the
shadowed antennais an element.

Version: 1.0.0 August 17, 1993



WSRT User Documentation, Part 111 section 9.3.0 page (111)-9-3
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Figure9.2: Shadowing limitsfor the WSRT. For agiven
spacing the line indicates linear spacing, L, = 0.
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9.3 ANTENNA SHADOWING AND OBSERVING LIMITS

When considering observations at low declination shadowing can occur and one should keep in mind the
following.
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1. IntheEast (h < 0)

— Depending on the position of telescope A, the first telescope to be shadowed will generally be 9
lookinginto the back of A. Thiswill affect al interferometers 9A, 9B, 9C and 9D. (and 90, 91, . . .
if non-standard baselines are used)

— The next telescope will be A looking into the back of B and C looking into the back of D. Their
separation will generally be 72 m. Thiswill affect all interferometerswith A (0A, 1A, ..., 9A) an
C(0C, 1C, ..., 9C).

— Thelast telescopes to be shadowed will be all of thefixed tel escopes | ookinginto the backs of each
other. Their separation isfixed at 144 m. All interferometers except perhaps those with 9 will be
affected.

2. Inthe West (h > 0)

— Depending on the position of telescope A, the first telescope to be shadowed will generally be A
looking into the back of 9. Thiswill affect all interferometers 9A, 9B, 9C and 9D.

— The next telescope will be B looking into the back of A and D looking into the back of C. Their
separation will generaly be 72 m. Thiswill affect all interferometers with A (0B, 1B, ..., 9B) an
D (0D, 1D, ..., 9D).

— Thelast telescope to be shadowed will beall of the fixed telescopes looking into the backs of each
other. Their separation isfixed at 144 m. All interferometers except perhaps those with O will be
affected.

9.4 REMARKS

We presented asimplified model of shadowing. In practice shadowingis of course amore complicated effect.
We want to note two important complications.

First, because of theilluminationtaper (signalscoming from different parts of the tel escope dish have different
weight) the shaded areais not directly proportional to the loss of signdl.

Second, phase effects have to be taken into account as well (see Hamaker(1978)). The phase effects are
dependant on the position of the source in the field. This effect cannot be corrected for because correction
programs can only make phase correctionsfor thefield center.

Itisbest to delete shadowed data.

9.5 REFERENCES

Hamaker J. (1978): ...
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Separation 36 m Separation 54 m
h Linear sh. (m)  Areash. (m?) % sh. h Linearsh. (m)  Areash. (m?) % sh.
6=0 Shadowing beginsat A = 46°.0sinh = 0.7195 6=0 Shadowing beginsat A = 62°.4sinh = 0.8864
50° 0.93 11.82 241 65° 1.09 14.96 3.05
55° 2.18 41.65 8.48 70° 3.27 75.52 15.38
60° 3.50 83.54 17.02 75° 551 160.63 32.72
65° 4.89 135.51 27.61 80° 7.81 262.07 53.39
70° 6.34 196.00 39.93 85° 10.15 373.91 76.17
75° 7.84 263.45 53.67 90° Complete Shadowing
80° 9.37 336.22 68.50 6 =10 Shadowing beginsat » = 64°.2dnA = 0.9001
85° 10.93 412.64 84.06 65° 0.32 2.45 0.50
90° Complete Shadowing 70° 227 44.29 9.02
6 =10 Shadowingbeginsat » = 46°.9snh = 0.7306 75° 417 107.78 21.96
50° 0.68 7.49 1.53 80° 5.92 177.76 36.21
55° 1.86 33.13 6.75 85° 7.27 237.22 48.32
60° 3.10 70.06 14.27 90° 7.81 262.07 53.39
65° 4.38 115.68 23.56 6=20 Shadowing beginsat h = 70°.6nh = 0.9433
70° 5.68 167.59 34.14 75° 1.17 16.61 3.38
75° 6.95 222.71 45.37 80° 2.27 44.29 9.02
80° 8.11 276.12 56.25 85° 3.00 66.87 13.62
85° 9.01 318.83 64.95 90° 3.27 75.52 15.38
90° 9.37 336.23 68.50 6 =30 No Shadowing
5 =20 Shadowingbeginsat » = 50°.0sinh = 0.7657 _
55° 101 13.36 272 Separation78m ] ]
60° 204 3787 771 5=0 Shadowing beginsat h = 69°.7dnhA = 0.9378
65° 3.07 68.89 14.03 h Linearsh. (m)  Areash. (m?) % sh.
70° 4.05 103.30 21.04 70° 0.19 14.08 0.22
75° 4.95 137.62 28.04 75° 3.18 72.74 14.82
80° 5.68 167.59 34.14 80° 6.25 191.88 39.09
85° 6.17 188.46 38.39 85° 9.36 335.66 68.38
90° 6.34 196.00 39.93 90° Complete Shadowing
5 =30 Shadowingbeginsal h = 56°.28nA = 0.8309 9 =10 Shadowingbeginsat » = 72°.2sink = 0.9523
60° 0.59 6.06 1.23 75° 1.40 2164 4.41
65° 1.35 20.49 417 80° 3.73 91.49 18.64
70° 2.04 37.87 7.71 85° 553 161.25 32.85
75° 2.64 55.25 11.26 90° 6.25 191.88 39.09
80° 3.10 70.06 14.27 6=20 Shadowingbeginsat 4 = 83°.3sinh = 0.9523
85° 3.40 80.03 16.30 90° 0.19 1.08 0.22
90° 3.40 83.54 17.02 6 =30 No Shadowing
5 =40  Shadowingbeginsat A = 69°.6sinh = 0.9393 _
75 039 326 0.66 Separdtion90m___ _ _
80° 0.68 7.49 153 §=0 Shadowingbeginsat » = 73°.9sinh = 0.9608
85° 0.87 10.66 217 h Linearsh. (m)  Areash. (m?) % sh.
90° 0.93 11.82 2.41 75° 0.85 10.40 212
§ =50 NoShadowing 80° 4.68 127.36 25.95
85° 8.58 298.04 60.72
Separation 144 m 90° Complete Shadowing
5§ =0  Shadowingbeginsat » = 80°.0sinA = 0.9848 § =10 Shadowingbeginsat » = 77°.3sink = 0.9755
R Linearsh. (m)  Areash. (m?) % sh. 80° 153 24.83 5.06
85° 6.22 190.84 38.88 85° 3.78 93.54 19.06
90° Complete Shadowing 90° 4.69 127.36 25.95
6 = 10 No Shadowing 6 =20 No Shadowing

Table 9.1: WSRT shadowing tables
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BASELINES, DELAYS AND FRINGES

A selection from chapter 9 from the old manual. Figures have all be (re)drawn by O.M. Kolkman.

10.1 DeELAY PATH LENGTHS

Imagine that, as shown in the figure 10.1, we have two telescopes joined together to form an interferometer.
The geometricel delay, 7,, is the extrapath length that radiation must travel to get to the West tel escope.

T, = Dcos®

It may be shown that for any interferometer cos© can be written as
€os© = siné siné, + cosé cosé, cos(h — hy) (10.1)

where 6 isthe declination of the source, % is the hour angle of the source, 6, isthe declination of the baseline
pole, and /,, isthe hour angle of the baseline pole. For an East-\West interferometer, such asthe WSRT, 6, = 0
and h, = 3 when the declination poleis defined to liein the easterly direction.

Inthiscease

co0s®@ = —cosésinh (10.2)
7, = —Dcosésinh (10.3)

Incoming wavefront
from source

3
P EAST D WEST

Figure 10.1: An East-West interferometer receiving a
signal from asource at infinite distance.
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Figure 10.2: Lines of constant delay, 7,, in meters at
18m spacing. (r, = D cososinh)

For a negative hour angle, sinh is negative so 7, is positive and an extra path length is needed to reach the
western telescope. For positive hour angles, sinh is positive and the delay as defined here, is negative which
just means that the longer path length isto the eastern telescope.
The graph of figure 10.2 gives

|7,| = Dcosésink (10.4)

where D is 18 meters. To find |7, | for any telescope pair, multiply the val ues determined from the graph by
the factor % where D isthe actual baselinelength in meters.
10.2 FRINGE FREQUENCY
The expression for the delay (section 10.1) was
T, = —Dcosésink

The rate of change of the delay as a function of time, ¢, isthus

dr, dh
-9 - _ — 10.
— D cosé cosh—; (10.5)
dh .
il The rotation of the Earth
2r 5 .
= 3B00x 24" 7.272 x 10~ radians/sidereal second
thus ddij = —7.272x 1075D cosé cosh (10.6)
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Equation 10.6 is the change of the delay in meters per second if D, the distance between the interferometer
elements, isexpressed in meters. If we express the baseline in units of wavelength Dy, = % then
dr’

- = —7.272 x 10~°D, cosé cosh

is the fringe frequency, or number of wavelengths per second by which the delay changes. dd—Tt' isalso called
the natura fringerate.
The response of an interferometer to a point source may be written as

7(Dy, ) xx cos2rv T, = cos(2xDy - 9) (10.7)

(cf. equation 2.3 in 1l) where s is a unit vector pointing to the source. (For an E-W interferometer
Dy -s= D,cosésinh)

To avoid bandwidth decorrel ation we normally insert an extradel ay, o, inthe path length between thetel escope
closer to the source and the correlators (see e.g. section 2.3).Thisextradelay isequal to the extra distance (or
delay) which radiation from the field center must travel to reach the telescope farther from the source.

For purposes of this discussion we assume that p is continuously changed as the hour angle, #, of the field
center changes (i.e. weinclude the fringe stopping process). Then

r o COS (27TI/(Tg — 7'0)) (10.8)
= cos(Dx(cosésinh — cosépSinhg)) (10.9)

Here 69, ho arethe declination and hour angle of thefield center and 6 and # are the declination and hour angle
of aradiation source.
Then therate of change of the relative delay, 7, — 7o, IS

d
E(rg —10) = —7.272 % 10‘5DA(0036 COSh — COSégcoshg) (10.10)

This expression gives the relative number of wavelength changes per second that we will see if we are
observing afield center at 69, ho but we have a source at 6, h (or equivalently, the number of fringes/second
that we will count). We can use this expression, for instance, to check if the interference fringes sometimes
seen on short baselines are due to the Sun ore some other strong source a known é, h by inserting the é, A
of the suspected interfering source and the ég, ho of the field center in the formula and then checking if the
calculated interference fringe rate agrees with that observed.

If the interference source (e.g. radar) islocated on earth then the interference will appesar at the natura fringe
rate, | — 7.272 x 10~°D) coség Cosho|, of the fringe stopping center.

The graph in figure 10.3 gives values for cosé cosh.

10.3 POSITION ANGLE OF THE PROJECTED BASELINE ON THE SKY

An East—-West interferometer baseline vector, Dy, of length D, may be projected on two components, one
oriented along the u axis (towardsthe easterly direction) and one along the v axis (toward north).

In Brouw's (see eg. part |1, chapter 6) coordinate system, with declination of the baseline pole toward hour
angle 3, wefind that

u = D,cosh (10.11)
vo= Dy (10.12)

The total length of the projected baseline, Dy, equals

Doroj = Vu?+2?

= Dy\/CO2h + SR hSin§ (10.13)
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DEC.

90

Figure 10.3: Lines of constant cosé cosh. Multiplica-
tion by 7.272 x 10~°D, givesthe natural fringe rate.

v (North)
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Q \\ Projected Baseline
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Figure 10.4: Baseline projected on the sky globe

Version: 1.0.0 August 17, 1993



WSRT User Documentation, Part 111 section 10.3.0 page (111)-10-5
R|]O* o 1 1 2 2 3 I 4 4 5 5 G
§(°) 00 30 00 30 000 30 00 30 00 300 00 30 oo
90 90 83 75 68 60 53 45 38 30 23 15 8 0
85 90 83 75 68 60 53 45 38 30 23 15 8 0
80 90 83 75 68 60 53 45 38 30 23 15 8 0
75 90 83 75 68 61 53 46 38 31 23 16 8 0
70 90 83 76 69 62 54 47 39 32 24 16 8 0
65 90 83 76 69 62 55 48 40 32 25 16 8 0
60 90 83 77 70 63 56 49 42 34 26 17 9 0
55 90 8 78 71 65 58 51 43 35 27 18 9 0
50 90 8 78 72 66 60 53 45 37 28 19 10 O
45 90 8 79 74 68 62 55 47 39 30 21 11 O
40 90 8 80 75 70 64 57 50 42 33 23 12 O
35 90 8 81 77 72 66 60 53 45 36 25 13 O
30 90 8 82 78 74 69 63 57 49 40 28 15 O
25 90 87 84 80 76 72 67 61 54 44 32 17 O
20 90 87 8 8 79 75 71 66 59 50 38 21 O
15 90 8 8 8 8 79 75 71 66 58 46 27 O
10 90 89 87 8 84 8 8 77 73 67 57 37 O
5 90 89 89 83 8 8 8 84 8 78 T2 5 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0

Table 10.1: Position angle of the fringe normal for an

E-W basdline. (cotp = sinétanh)

If we imagine we are looking at the array from within the earth, then the array appears projected on the sky.
(e.g. figure 10.4) The position angle, p, of the array (North through East) is given by

cotp

COSp  Ju?4v2

sinp -

sinésinh
cosh

v

U

ul4vy2

=

=sgnétanh

(10.14)

Table 10.1 and figure 10.5 gives value of p for the projected baseline, or fringe normal, for positive hour
angles. For negative hour angles, take the value given in the table for the positive hour angle, make them
negative and then add them to 180°.
These angles give the position angle along which the interferometer array is projected on the sky.

The value by which we must scal e the true baseline length D to get the projected baselineis

figure 10.6 and figure 10.7.

scalefactor

\/CO2 h + Sin2 h Sin2 §
/082 h + sin2h(1 — COs? §)

\/1—sin2hcos?é

The resolution is directly proportional to the projected baseline so we then get the formula and graphs of

(10.15)
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DEC.

+6

—h +h

Figure 10.5: Position angle of the fringe normal for an

E-W basdline
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Figure 10.6: Resolution factor for an East—\West base-
line. Lines of constant declination.s (°), are shown.
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Figure 10.7: Resolutionfactor (o thelength of thevec-
tor) and position angle of the fringe normal (direction
of thevector) inah — —6 diagram.
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