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PREFACE

The purpose of this INTRODUCTION TO THE NRAO VLA is to
provide astronomers who wish to observe with the VLA most of the
basic information they need to use the instrument., It is described
as an introduction rather tham a user's manual because no attempt is
made to provide completeness of detail in any area, and because some
attempt is made to provide introductory material for those who may
not already be experienced at interferometry and aperture synthesis.

Because it will still be some time before the full 27-antenna
VLA will be functioning with a combined continuum-spectral line
system, this introduction will be talking at different times about
two different instruments. Most of the time the instrument described
here will be a roughly l0-antenna continuum system; however, to give
the reader some idea of the growth and future of the VLA, the sections
on THE BASIC INSTRUMENT and the THEORETICAL BASIS OF INTERFEROMETRY
AND APERTURE SYNTHESIS will discuss both a paradigm 10-antenna system
as it is operating in the summer of 1978 and the full 27-antenna VLA.

The hardware and the software described in this introduction
are intended to be valid as of about October 1978.

Thanks are due to many individuals who aided in the production
of this introduction to the VLA. Marion Gallagher did all of the
typing. Most of the drawings were made by Tom Coté and associates
at the VLA site. Some of the drawings and all of the photographic
layouts were prepared by Peggy Weems and associates in Charlottesville.

Special VLA photographs were taken by Dave Rosenbush. The final



processing of photographic materials and the reproduction of the
text and figures into the "book" were carried out by Ron Monk and
associates in Green Bank. Finally, some of the ideas and text

used in various portions of this introduction are borrowed or para-
phrased from the work of individuals on the VLA staff who are too

numerous to mention here.

ii
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CHAPTER I
THE BASIC INSTRUMENT

1. The History and Concept of the VLA

The basic concept behind the VLA is that of an instrument
capable of making radio pictures over the entire northern sky with
a resolution comparable to that of optical telescopes. Before de-
scribing the basic instrument, let us briefly describe the evolution
of the VLA concept and the early history of its implementation.

The ideas behind the VLA were developed at NRAO within a few
years after the beginnings of NRAO itself. Because of the pioneering
efforts of M. Ryle, B. Mills, and W. Christiansen, during the period
1957 to 1962 radio astronomers were well aware that the way to obtain a
high resolution radio mapping instrument was to place radio telescopes
in large arrays and use the resulting interferometric data in conjunc-
tion with the aperture synthesis technique originated by Ryle. There-
fore, in the years following the ground breaking for NRAO in Green Bank
on October 17, 1957, two weeks after Sputnik, the beginnings of the VLA
concept arose as a natural result of NRAO's mandate to provide radio
astronomy instrumentation for U. S. radio astronomy. In 1960 the
National Science Foundation (NSF) established a committee of radio
agstronomers, headed by John Pierce of Bell Telephone Laboratories, to
consider the future of radio astronomy. The idea that NRAO should pro-
vide a high resolution radio picture-making instrument developed in
1961 and in 1962 the Pierce committee report recommended to the NSF
that NRAO should proceed with the design of a 1' resolution array.

In September 1962, D. S. Heeschen, then acting director of NRAO,



distributed a memo assigning specific array design responsibilities

to NRAO staff members. In the spring of 1963 the development of an

8" resolution array in Green Bank was begun as a first step in getting
NRAO into the business of working with interferometer arrays. This
resulted in the linking of a second 85-foot telescope to the original
85-foot Howard E. Tatel telescope to form the first interferometer pair.
In later years a third 85-foot telescope and a radio link to a 45-foot
telescope were added, giving spacings up to 35 km. In the summer of
1964 detailed design studies for the VLA began at NRAO, and in August
1964 the Whitford report came out with the highest recommendation for
astronomy instrumentation to be a large array consisting, as an example,
of 100 85-foot antennas capable of 10" resolution mapping. NSF funded
the detailed design work for such an instrument in fiscal years 1965,
1966, and 1967, at which time there was a specific design group working
at NRAO headed by G. Swemson, then on leave from the University of
I1linois. In January 1966 the first progress report of this design
group was released. It included the recommendation that the design
goal of the instrument be 1" resolution. This was followed in January
1967 by the publication of Volumes I and II of the VLA proposal. The
specifications of the VLA at this time involved 36 25-meter antennas
operating mainly at 11 cm and located on three arms of a Y, with each
arm 21 km in length. It was part of this plan that 3 cm and (21 cm)
spectral line capabilities would eventually be added. The Y concept
originated with Y. L. Chow, who served as a consultant to the VLA

design group. During the summer of 1967 it was announced that NSF

had declined to ask for funding for the VLA, and shortly thereafter
the design group was mostly disbanded, though some members remained

on the NRAO staff. A low-key design effort continued at NRAO and in
January 1969 Volume III of the VLA proposal was released. This volume

reduced the number of proposed VLA antennas to twenty-seven. The prep-

aration of Volume III was, in part, a response to the first meeting of

the Dicke committee which had recommended, as part of a proposed plan
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for instrumentation in radio astronomy, that the funding of VLA design
be continued. At a later meeting the Dicke committee recommended the
building of a number of instruments, including the VLA. Based upon

the Volume III modifications of the VLA proposal, the arguments for

the construction of the VLA continued during the years 1969 to 1971.
This was the period during which the Greenstein committee was considering
various proposals for astronomy instrumentation. The VLA proposal was
also being discussed by the President's Science Advisory Committee and
the Office of Science and Technology. In late spring 1971 the final
report of the Greenstein committee was released, with the VLA described
as first priority amongst four strongly recommended projects. The VLA
project was widely supported by the U. S. astronomical community; there-
fore, in October 1971 the NSF requested three million dollars for FY1973
to begin comstruction of the VLA, In December 1971 Volume IV of the VLA
proposal, dealing with possible sites for the array, was released. At
this time the site on the Plains of San Augustin in New Mexico was
favored, and during the next year it was chosen as the site for the VLA
because it was large, flat, isolated, and located at a high altitude.

In January 1972 the VLA appeared as a line item in the Presidential
budget and in August 1972 Congress appropriated three million dollars
for the first year of VLA construction. The project was budgeted to
cost 76 million dollars and was to be completed in 1981, with a basic
funding rate of ten million dollars a year. During the period 1972-
1973 the basic design of the VLA electronics system was conceived by

S. Weinreb. Also during this period the basic concepts of the on-line
and off-line computer systems were formulated by B. G. Clark, R. M.
Hjellming, and W. R. Burns.

During 1972 the hiring of VLA construction staff began, J. H.
Lancaster was named project manager, and the initial procurements and
letting of contracts occurred. This included selecting E-Systems as
contractors for the 28 antennas (27 in normal operation with one under-

going regular maintenance). By this time the design of the electronics



system had evolved to the point where operation at four wavelength
ranges, 18-21 em, 6 cm, 2 cm, and 1.3 cm, was planned. Both continuum
and spectral line work was envisioned and four different configurations
of the 27 antennas, designated A (35 km maximum dimension), B (11 km),
C (3.5 km), and D (1 km), were planned.

In April 1974 the initial site and wye construction began. In
July 1974 comstruction of the first two antennas began, with delivery
in late 1975. The antenna assembly building was completed in January
1975 and the first antenna transporter in July 1975. Single dish tests
began on antenna 1 in August 1975 and on antenna 2 in October 1975.

The control of these antennas, initially on stations W10 and W18 with
1.1 km separation, was implemented in the last half of 1975 with the
on-line computer system and all electronics not located on the antennas
were in a trailer placed near W10. At this time a second trailer
provided offices for the on-line computer group. The only other VLA
working area was the technical services building.

On March 18, 1976 the first "fringes" (interferometer signals)
were obtained from antennas 1 and 2. By June 1976 the control building
and the cafeteria were finished and transfer of equipment and personnel
began. Antenna 3 was functioning in the array, all located on the
southwest arm, in September 1976. At this point the pace of events
was accelerating rapidly, with a new antenna being delivered roughly
once every seven weeks. On November 12-15, 1976 the first astronomy
program was scheduled and carried out with four antennas functioning
at 6 cm,- two antennas functioning at 21 cm, two antennas functioning
at 2 cm, and three antennas functioning at 1.3 cm. By late spring 1977
a characteristic pattern of two antennas functioning in a test subarray,
and four or more antennas operating at the same time in a subarray
devoted to astronomical programs, was well established. The first
map of an extended source was made May 24, 1977 when the planetary
nebula NGC 40 was mapped at 6 cm, using 6-7 antennas, by B. Balick,

R. M. Hjellming, and C. Bignell.



By early 1978 the array was scheduled for astronomical
observing roughly half of the time so that operations at the site
were a mixture of scientific observing and construction of the
remaining antennas, electronics, railroad, and computer systems.

Completion of the full 27-antenna array, operating on all
configurations as both a continuum and spectral line instrument,
is not scheduled until 1981, Therefore, there are years of
testing, debugging, and partial astronomical use to occur before
the full VLA is working.
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2. The Basic Antenna

The antennas constructed for the VLA were specially designed
for VLA use. The mounts for each antenna are altazimuth and fully
steerable, The reflector surfaces are 25 meters in diameter and are
shaped with high surface accuracy to optimize antenna efficiencies
when used in the Cassegrain mode for wavelengths ranging from 1.3 cm
to 21 cm. As seen in Figure I-1, the base of each antenna is trian-
gular, with sides of length 9.75 meters, with each corner having
built-in bolts that mount on concrete foundation pedestals when
located at an antenna station and on plates on an antenna transporter
while being moved. Figure I-2 shows an antenna transporter in action,
moving an antenna along the twin railroad tracks that constitute the
antenna transportation system. The antennas were manufactured by
E-Systems, Inc. of Dallas, Texas.

Table I-1 contains some of the major design and performance

parameters for the basic VLA antenna.

Table I-1

VLA Antenna Parameters

main reflector diameter 25 m (82 feet)
antenna half-power beamwidth ~ 1S A (A in cm)
total geometric aperture 491 square meters
focal length of main reflector 9 m

maximum asymmetric subreflector width 1.83 m

rms surface accuracy for panels < 0.38 mm

rms surface accuracy for panel setting < 0.46 mm

rms surface accuracy for gravity, wind,

thermal < 0.36 mm
total rms surface accuracy < 0.70 mm
nonrepeatable pointing errors < 15 arcsec

(for wind < 15 mph and < 5 degree

temperature differences of structure)
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slew rate, azimuth 40 degrees per minute

slew rate, elevation 20 degrees per minute

drive, servo controlled 5 hp motors
minimum elevation

maximum elevation

minimum zenith angle for tracking
azimuth limits relative to track azimuth
total weight of antenmna

resonant frequency, torsional

resonant frequency, rocking

wind speed limits: precision operation
normal operation
survival at stow

(snow/ice load

2 per axis

8 degrees

125 degrees
0.5 degrees
T 270 degrees
419,000 pounds
2.2 Hz

2.3 Hz

< 15 mph

< 40 mph

< 110 mph

20 1lbs per square foot)
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3. The Antenna Feed System

Because of the importance of allowing a number of different
frequencies to be operational on the VLA antennas at any one time
and the desirability of higher aperture efficiencies and lower spill-
over temperatures, each VLA antenna has a Cassegrain feed systen.

A photograph of this system is shown in Figure I-3 and a close-up
photograph of the feeds is shown in Figure I-4. The subreflector

is located on a movable mount at the prime focus of the main reflector.
The subreflector is asymmetric with a hyperbolic surface which rotates
under computer control so that, although the main beam is aligned on
the electrical axis of the antenna, incoming radiation is focused on

a point on a circular ring of possible positions at the Cassegrain
focus. In this geometry, the phase gradient across the aperture of

the main reflector due to the feeds being off-axis is exactly cancelled
by a phase gradient introduced by the tilt of the subreflector. The
feed ring has a radius of 98 cm with respect to the main reflector
axis, and the relative locations of the initial four feeds around the
feed circle are defined by the angles 6, 25, 135, and 335 degrees for
the 1.3, 2, 18-21, and 6 cm feeds, respectively.

The choice of 1.3, 2, 6, and 18-21 cm as the main observing
bands for the VLA is dictated by a combination of technical and
astronomical considerations. The prime consideration is the location
of the radio astronomy protected bands and the various atomic and

molecular lines associated with these bands as shown in Table I-2.
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Table I-2

VLA OBSERVING BANDS AND ASSOCIATED LINES

VLA Band A Protected Band Atomic and Molecular Lines

1340-1730 MHz | 18-21 cm| 1400-1427 MHz Neutral H (Hydrogen) 1420.4 MHz
H, He, etc. recombination lines
HCONHZ(Formamide) 1538-1542 MHz
OH 1612, 1665, 1667, 1721 MHz
HCOOH (Formic Acid) 1639 MHz

4500-5000 MHz 6 cm|{ 4990~5000 MHz HCONH2 4617-4620 MHz

OH 4660, 4751, 4766 MHz
HZCO (Formaldehyde) 4830 MHz
H, He, etc. recombination lines

14.4-15.4 GHz 2 cm| 15.35-15.40 GHz HZCO 14,489 GHz

22.0-24.0 GHz 1.3 cm| 23.6-24.0 GHz HZO 22.235 GHz

NH3 (Ammonia) 22.834-23.870 GHz

Nominal antenna efficiencies for the four wavelength ranges are
50%, 65%, 54%Z, and 46% for 18-21, 6, 2, and 1.3 cm, respectively. The
observing wavelength is changed by rotating the asymmetric subreflector
about the main reflector axis so that the secondary focal point moves
around the feed circle to the required feed. The time needed to rotate
between feeds is proportional to the angle between feeds measured around
the feed circle. The longest travel time is the 25 seconds needed to
rotate from the 6 cm feed to the 18-21 cm feed.




The 18~21 cm feed, which is the largest feed visible in
Figure I-4, is a corrugated horn illuminating a hybrid lems of di-
electric and waveguide elements. Because this system is so large,
the function of the lens and waveguide elements is to introduce
time retardation and acceleration so that wavefronts reach the
corrugated horn at the same time.

The 6 cm feed is a corrugated horn. The 2 and 1.3 cm feeds
are multi-mode horns. All feeds have changeable polarizers at the
feed output so that either dual orthogonal linear polarization or
right-hand and left-hand circular polarization can be provided.
Changing polarizers takes roughly twenty minutes per feed per antenna.
The normal observing mode for all feeds is circular polarization.

Measurements of the polarization properties of the antennas
show that the right-hand and left-hand circularly polarized beams
are separated by 0.06 * 0.005 beamwidths. The direction of this
beam separation or "squint" is perpendicular to the plane containing
the feed and the main reflector axis. The squint effect occurs at
these levels because of the combination of a shaped main reflector and
off-axis feed. With a pure paraboloid the effect would be smaller,
and with on-axis feeds the squint would not occur. The existence of
the squint effect has a negligible effect on linear polarization
measurement - linear polarization sidelobes have a four-lobed pattern,
rather than the two-lobed "squint" pattern. Similarly, there are only
small effects for circularly polarized sources at the center of the
antenna beam; however, the measurement of circularly polarized structure
is seriously compromised because the squint effect couples the antenna
pointing errors into the polarization measurements. Various means of

eliminating the squint effect are under study for future implementation.
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waveguide runs for each arm. Stations are identified, azimuth wrap
limits for each arm are shown, and array location and orientation

information are shown at the bottom.
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4. Array Geometry

When the VLA is completed, there will be four standard
configurations of antennas available. These are called A, B, C,
and D configurations, with A being the largest. The locations
of the stations for these configurations are shown in Figures I-5
and I-6. Within a single configuration the distance of the antenna
stations from the center of the wye is proportional to m1'716, where
m is an antenna location number, counting outwards along each arm.
The power 1.716 is equal to the logarithm to the base 2 of the scale
factor between adjacent configurations (3.285); with this choice of
power, the m~th station on any configuration coincides with the
2m-th station on the next smaller configuration, allowing only 72
stations to handle all four configurations. This concept, and the
fact that such power law arrangements give good coverage in the u-v
plane for a three-armed array, was due to Y. L. Chow.

Tables I-3, I-4, and I-5 give the locations, and radial
distances from the center, for the antenna stations on the southwest,
southeast, and north arms. There are two types of station designa-
tions. Under one system, stations are designated A, B, C, or D for
the configuration; N, E, or W for the north, southeast, or southwest
arms; and m = 1,2,...,9 for the configuration station number oun each
arm. The other system, which is the standard for use in the future,
denotes stations as Nn, En, or Wn for the north, southeast, and

southwest arms so that

Configuration Station n
D n=1, 2, 3, 4, 5, 6, 7,8, 9= m
c n=2, 4, 6, 8,10,12,14,16,18 = 2m m=1,2,...,9
B n=4, 8,12,16,20,24,28,32,36 = 4m
A n = 8,16,24,32,40,48,56,64,72 = 8m
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Under this system of designation, stations Wn and En are approximately

13.65 nl'716 meters from the center of the array, and stations Nm are

approximately 12.31 nl’716 meters from the center of the array.

In Tables I-3, I-4, and I-5 the vector (Lx’Ly’Lz) describes
a station location in nanoseconds (ns) and R(m) is the radial
distance (in meters) from the center of the array to the station
position. Baseline vectors, denoted by (Bx’By’Bz) are defined
by (Bjk)i = (Lk)i - (Lj)i where j and k are antenna numbers
(k > j by convention) and i = 1,2,3 for x,y,z. The coordinates
in these tables are only approximate since it will take regular

operation on all 72 stations before accurate coordinates are

available for them all.



I-19

Table I-3

Southwest Arm Stations Lx(ns) Ly(ns) Lz (ns) R{(m)

Wi DW1 76.810 11.640 -108.410 38.984
w2 CWl DW2 49,330 -124.060 -67.540 44,855
w3 DW3 96.580 -248.700 -137.120 89.928
W4 BW1l CW2 DW4 156.770 -407.490 -225.740 147.351
w5 DW5 228.800 -597.580 ~331.800 216.088
W6 CW3 DWé6 311.950 -817.030 -454,280 295.447
w7 DW?7 405.680 | -1064.350 -592.330 384.889
W8 AWl BW2 CW4 DW8 509.520 | -1338.460 -745.260 484.005
w9 DW9 623.180 -1638.180 -912.510 592.396
w10 CW5 747.160 | -1962.880 | -1093.010 709.807
W12 BW3 CWé 1021.200 | -2683.780 | -1494.700 970.497
W14 CW7 1328.320 | -3496.370 | -1948.690 | 1264.344
W16 AW2 BW4 CW8 1667.210 | -4396.750 { -2452.520 { 1589.914
w18 CW9 2040.540 { -5381.490 { -3002.040 | 1946.032
W20 BW5 2446.300 | -6447.900 | -3595.960 | 2331.660
W24 AW3 BW6 3353.670 { -8816.190 | -4910.890 3188.095
w28 BW?7 4391.220 | -11485.600 | -6382.840 | 4153.424
W32 AW4 BWS 5470.640 { -14443,160 | -8061.210 | 5222.897
W36 BW9 6671.730 | -17678.060 | -9883.170 | 6392.704
W40 AW5 7989.060 | -21181.090 | -11844.730 | 7659.457
W48 AW6 10925.240 | -28961.070 | ~16194.270 | 10472.842
W56 AW7 14207.400 | -37730.150 | -21115.180 | 13643.903
W64 AWS 17843.860 | -47445.590 | ~26567.170 | 17157.201
W72 AW9 21804.110 | -58072.110 | -32542.140 | 20999.989
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Table I-4
Southeast Arm Stations Lx(ns) Ly(ns) Lz(ns) R(m)
El DE1 151.290 23.190 -218.530 38.984
E2 CEl DE2 37.800 135.510 ~50.770 44,838
E3 DE3 73.400 271.800 -103.390 89.914
E4 BE1l CE2 DE4 118.750 445,380 -170.400 147,326
E5 DE5 172.950 653.180 -250.540 216.043
E6 CE3 DE6 235.640 893.070 -343.300 295.407
E7 DE7 305.180 1163.600 =448.420 384.878
E8 AEl BE2 CE4 DES8 381.660 | 1463.190 -565.370 483.980
E9 DE9 465.710 1790.870 -692.940 592.367
E10 CE5 558.270 | 2145.740 -830.150 709.756
E12 BE3 CE6 765.390 { 2933.900 -1133.710 970.462
El4 CE7 997.100 | 3822.360 -1476.970 | 1264.331
El16 AE2 BE4 CE8 1257.430 4806.580 -1854.930 1589.893
E18 CE9 1547.890 { 5883.210 -2264.340 | 1946.006
E20 BES5 1868.100 { 7048.990 -2703.940 | 2331.633
E24 AE3 BE6 2552,250 { 9638.220 -3698.570 | 3188.088
E28 BE7 3330.780 | 12556.460 -4814.510 4153.379
E32 AE4 BES8 4179.910 | 15789.750 -6060.160 5222.876
E36 BE9 5118.120 | 19326.290 -7416.120 6392.680
E40 AE5 6126.630 | 23156.020 -8889.490 | 7659.448
E48 AE6 8324.380 | 31661.390 =12190.250 | 10472.766
E56 AE7 10813.640 | 41248.110 |-15902.560 [ 13643.796
E64 AES 13535.770 | 51869.300 | -20039.460 | 17156.990
E72 AE9 16205.520 | 63679.070 | -24272.080 | 20999.981




I-21

Table I-5
North Arm Stations Lx(ns) Ly(ns) Lz (ns) R{(m)
N1 DN1 2.350 .000 1.590 .851
N2 CN1 DN2 -100.220 -15.980 152,410 54.894
N3 DN3 ~174.850 -27.630 262.290 94.865
N4 BN1 CN2 DN4 -249.580 -39.270 372.240 134.872
N5 DN5 -361.560 -56.730 537.040 194.832
N6 CN3 DN6 -495.220 ~77.580 733.740 266.400
N7 DN7 -645.850 | -101.050 955.440 347.061
N8 ANl BN2 CN4 DN8 -812.750 | -126.940 1201.020 436.414
N9 DN9 -955.350 | -155.520 1469.740 527.585
N10 CN5 ~1193.040 { -186.220 1760.650 640.035
N12 BN3 CN6 ~1632.130 | -254.650 2406.750 875.124
N14 CN7 ~2126,500 | -331.810 3135.350 | 1140.100
N16 AN2 BN4 CN8 ~2673,280 { -417.250 3943.200 { 1433.665
N18 CN9 ~3271.340 | -510.630 4826.830 | 1754.765
N20 BN5 ~3917.250 | -611.790 5784.720 | 2102.444
N24 AN3 BN6 ~5352.530 | -836.590 7911.930 | 2874.697
N28 BN7 ~6976.720 | -1089.820 | 10305.200 | 3745.121
N32 AN4 BN8 ~8769.960 | -1370.420 | 12960.980 | 4709.484
N36 BN9 -10732.700 | -1677.380 | 15864.930 | 5764.289
N4O ANS -12858.090 | -2009.740 | 19009.540 | 6906.507
N48 AN6 -17583.140 | -2747.960 | 25990.630 | 9443.373
N56 AN7 -22919.060 | -3580.000 | 33852.090 | 12302.688
N64 ANS -28827.370 | -4501.660 | 42564.540 | 15470.636
N72 AN9 -35283.290 | -5509.950 | 52098.360 | 18935.662
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A few modifications of the ideal station positions have been
made. The north arm is scaled down by 19/21 to avoid a dry lake.
The outermost stations on the southeast arm deviate slightly to the
north to avoid a ravine. The D configuration station locations are
slightly modified to avoid congestion near the array center by putting
the n = 1 stations of the southeast and southwest arms on a short
southern extension of the north arm. Station N24 is moved 100 meters
north to be farther from Highway U.S. 60.

The position angles of the arms are:

north arm 354 degrees 59' 42"
southeast arm 114 degrees 59' 42"
southwest arm 236 degrees 00' 03" .

The geodetic coordinates of the center of the array are:

latitude 34 degrees 04' 43.497" north

longitude 107 degrees 37' 03.819" west .

The height of the center point of the array is 2124 m above
sea level and the height variations along the arms lie within ¥ 32 m.

During 1978 the most likely configuration available for
astronomical programs will involve six antennas located on the
southwest arm and four antennas on the inner portions of the south-
east arm., Figure I-7 shows the location of the occupied stations
for the configuration we will adopt as standard for use in 1978.
This standard configuration is W48, W40, W32, W24, W16, and W8 on
the southwest arm, with four other antennas at locations E4, ES8,
E12, and E16. The basic resolution for observations with this
configuration is 1" at 6 cm; therefore, this array is capable of
high quality, high resolution mapping of high declination sources.

The basic plan for array expansion is to extend track,
stations, and waveguide out to W64 on the southwest arm, then to
go to E64 on the southeast arm, followed by extension out to N64
on the north arm. Finally, the last four kilometers and the last
station on each arm (W72, E72, N72) will be added.
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Figure I-7. The location of the 10 stations
used for astronomical observing in September 1978.
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5. Location of Major System Components

The antennas on each station of each arm are connected with
the central control building via a waveguide communications system.
Although we will discuss the electronics and waveguide systems in
greater detail in later sections, let us briefly introduce some of
the major components of the system.

Figure I-8 illustrates some of the major components of each
antenna, the waveguide communications system, and the electronics
located at the antennas and in the control building. Rack A contains
the front end and cryogenic cooling system for the front ends. Rack
B contains portions of the local oscillator (LO) and IF equipment.
Both Rack A and Rack B are suspended from the central portion of the
main reflector inside a temperature controlled vertex room. Rack C
is the Antenna Control Unit (ACU) located in the antenna pedestal
room at the base of the antenna. Each antenna communicates back and
forth to the control building via a combination of 20 mm waveguide
coming down each antenna and buried 60 mm waveguide. Each arm of
the array has a single section of buried 60 mm waveguide in which
control information and antenna data are transmitted for up to eleven
antennas.

Inside the control building the waveguide signals are dis-
tributed to a single Rack D for each antenna. Equipment in each
Rack D communicates with the corresponding B Rack at the antennas
through the waveguide system, and local oscillator, IF, control and
monitor signals are transmitted back and forth. Each Rack D receives
signals from the master LO racks and sends IF signals for each
antenna by cable to the shielded room where the sampler and delay and
multiplier racks are located. The resulting cross—correlated signals
are transmitted to the computer room where they are processed into ten-
second visibility measurements in the on-line computers. The same
on-line computer system controls the array by sending signals to each

antenna via the waveguide communications system. The computer room
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in the control building contains, in addition to the on-line computer
system, an off-line computer system for subsequent display, editing,
correcting, and calibration of visibility data, plus capabilities to
prepare maps and display them.

Further details on this system and the remaining equipment

not yet mentioned will be discussed in later sectioms.
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CHAPTER 1II

THE THEORETICAL BASIS OF INTERFEROMETRY AND APERTURE
SYNTHESIS

1. Introduction

An astronomer who wishes to use the VLA to study radio sources
needs a thorough knowledge of the basic principles of interferometry
and aperture synthesis. The purpose of this section is to provide a
basic introduction to these subjects with specific application to the
VLA interferometers and the aperture synthesis that is possible with
this system. The approach in this section will be dominantly theoret-
ical. Further practical aspects of VLA interferometry and aperture
synthesis are discussed in other sections.

The basic process upon which interferometry is based is the
cross-correlation of signals from two antennas after correction for the
delay in time of signal arrival at one antenna with respect to another.
A pair of antennas operated in this manner is called an interferometer.
With N antennas there are N(N-1)/2 possible interferometers; therefore,
there will be 351 interferometers in the full 27-antenna VLA. Radio
interferometric measurements are considerably more complicated than
simply measuring the radio frequency (RF) power received by the antennas.
The cross-correlation of the signals from two antennas produces partial
information about not only the intensity of all sources in the beams of
the antennas, but also information about their position in the sky rel-
ative to the position at which the interferometers are being "pointed".
Because of the importance of time delays, antenna locations, and source
position information, we will be very concerned with the geometry and

coordinate systems involved in observing.
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Any distribution of radio emission in an antenna beam can
be considered to be the superposition of a large number of components
of different size scales, locations, and orientations. Because the
relation between intensity distributions and the compoments can be
described in terms of a Fourier integral relationship, it is useful
to keep in mind that a single interferometer pair is at any instant
measuring a single Fourier component of the apparent distribution of
sources in the antenna beam. The essential characteristic of aperture
synthesis in radio astronomy is using the measurement of a large
number of different Fourier components of a radio source to
reconstruct a picture or map of the spatial intensity distribution of
a source. For N antennas there are N(N-1)/2 interferometric measure-
ments of Fourier components being sampled at any instant. Because of
the changing geometric relationship between the antenna pairs on the
rotating earth and the radio source in the sky, at different times,
in general, N(N-1)/2 different Fourier components are being measured.
Because of the importance of earth rotation in allowing a large number
of Fourier components to be sampled without adding more antennas, or
moving antennas around physically, this is frequently called earth
rotation aperture synthesis.

The statements made so far about interferometry and aperture
synthesis will be readily understood only by those experienced in
these areas. Since.the purpose of Section II is to provide a thorough
basis for understanding these subjects, we will begin by defining some
fundamental concepts. We will then cover most of the things that are
essential to an understanding of interferometry and aperture synthesis
with the VLA. An excellent reference to most of the subjects in this
chapter is the article on "Interferometry and Aperture Synthesis" by
E. B. Fomalont and C. H. Wright ("Galactic and Extra-galactic Radio
Astronomy", ed. G. L. Verschuur and K. I. Kellermann, Spring-Verlag
(New York), 1974, Chapter 10).
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2. Some Definitions

In observing with N(N-1)/2 interferometer pairs, we point
each of the N antennas at a particular point in the sky with a
specified right ascension (ao) and declination (60). This position

is normally both the antenna pointing position and what we will call

the reference position. This reference position is defined as the

position in the sky with respect to which all timing and compensation
for the delay in arrival of the same wavefront is referred. We define
the reference position as (ao,60), the position of a general point in
the field of view as (a,8), and frequently describe the location of
points with respect to the reference position in terms of a vector
displacement (a-ao,6-6°) = (x,y,z). Note that we have used the phrase
"field of view" to describe the primary region of the sky to which the
antennas are sensitive; this is important because we are not just
collecting information about the total radiation in the antenna beam;
rather we are collecting information about the strengths and positions
of all radio sources in the field of view. We will discuss the field
of view mainly in terms of the antenna half-power beamwidth (O

HPBW)
which is approximately

0 Y 1's 2
C

HPBW (I1-1)

m
where xcm is the observing wavelength and we have used the fact that
all the VLA antennas are 25 meters in diameter. Another relevant angle

is the beamwidth between first nulls (OBWFN) approximately given by

N
e = 2.4OHPB

Y -
BWEN L R (11-2)

A schematic representation of these angles with respect to the antenna
beam pattern is shown in Figure II-1 where we show an antenna beam with
its radiation axis aligned with the unit vector Sys pointing to the

reference position (ao,ao) on the celestial sphere. We also show in
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Figure II-1 a section of the celestial sphere, the tangent plane at
the reference position, and a general point on the celestial sphere.
This 1s because, for the VLA operating at its larger dimensions, the
deviations of the tangent plane from the celestial sphere will be
significant in the outer regions of the antenna field of view. For
a unit vector s pointing at a general point in the field of view,

we must in general write s = (x,y,2z) in a Cartesian representation,
and only when deviations of the tangent plane from the celestial

sphere can be neglected, can the usual

(]
ne

((a-ao) cos 60,6—60,0) (11-3)

be written. The more general Cartesian expression for s will be
discussed after coordinate systems have been more explicitly defined.

During normal observing the antennas are pointed under computer
control to track the reference position So° All observing consists of
tracking a particular @, and 60 as a function of time. The fundamental
time used at the VLA is International Atomic Time, abbreviated IAT, and
all other times, including local apparent sidereal time (LAST or LST),
are derived from IAT. The hour angle (H) for a source at right

ascension a is defined as
H=LST - a (11-4)

so a point east of the local meridian has a negative H and a source
west of the local meridian has a positive H.
All earth-oriented coordinates are referred to with respect

to the center of the array at geodetic coordinates

34° 04' 43.497" north latitude
107° 37' 03.819" west longitude

or a local zenith with a declination 34° 04' 43.497" on a local meridian

at 70 10™ 28%2546. Local MST = aMT - 70 2 uT - 7P,
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3. Interferometer Response to a Point Source

We begin
antennas track a
which completely
Let us define

Vs, A, W

B

with a discussion of the special case where VLA
region of the sky containing a strong point source

dominates the radiation received by the antennas.

unit vector pointing along the radiation
axis of each telescope to the reference

position (ao,Go)

unit wvector pointing to the position of

a point source at (a,8)

(s-so) = vector displacement

(g((a—ao) cos 60,6-60,0) on tangent plane)

frequency, wavelength, and angular frequency

of radiation

frequency and angular frequency used
for radio frequency (RF) to intermediate

frequency (IF) conversion

vector position of the j-th antenna with

respect to the center position of the array

= Ek - %j = baseline vector between the j-th

and k-th antennas where j < k

In Figure II-2 we show a schematic representation of two

VLA antennas intercepting a wavefront from a point source at s while

tracking a position S,- The fundamental basis of interferometry is
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the fact that wavefronts which leave a point source at the same time
arrive at slightly different times at different telescopes. In
particular, for an orientation as shown in Figure II-2, a wavefront

reaches the j-th antenna at a time

e T Byits T (QyLydes (11-5)

later than it arrives at the k-th antenna. This corresponds to a phase
difference wrjk, thus the phase of wavefronts from the point source at
s is given by ngk(§—§o) since phase is measured with respect to the
reference position. The maximum antenna separation of 35 km for the
full A-array VLA means the delays will be from O to ~120 microseconds.

The process by which incoming signals are converted to measure-
ments of the amplitude and phase of a wavefront is very complicated for
the VLA because of the complex electronics system. However, in order
to stress the more important aspects of this, let us discuss this
process in terms of a couple of simple models. Those who do not wish
to follow this discussion can proceed to Equation II-16, taking the
results on faith.

Let E be the electric field strength of the incoming wavefront
schematicized in Figure II-2, and Gj(v) and Gk(v) be the multiplica-
tively accumulative amplifier power gains for frequencies between v and
v + Av for telescopes j and k. These gains will represent everything
that affects the amplitudes of the voltages propagating in the system.
The output voltages for telescopes j and k, due to radiation in the RF
range v to v + Av, when the same wavefront is producing the voltage

response, are

v, (t) = [ Gk(v)Av]% E cos wt (11-6)

and
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vV, (t-1 (11-7)

3 jk) = [% Gj(v)Av]% E cos w(t-t

3w
where the factors of % represent the fraction of the assumed unpolar-
ized signal received by a single feed.

The representation of the cross-correlation output for antennas
j and k is much more complicated than one would get by multiplying
Equations II-6 and II-7. In order to illustrate this, let us first
consider an unrealistically simplified model of how the signals from
the two antennas could be processed. This model is shown in Figure
II-3 where cross—correlation (multiplication) is performed after a
simple delay compensation T;k, where all frequencies are RF. The
result after multiplication contains the sum of high and low frequency
components, of which only the low frequencies are desirable. There-
fore, a low pass filter suppresses the high frequencies and the output
signal is proportional to cos w(T, k jk) for a single monochromatic
component. However, the antenna electronics actually pass on a range
of frequencies corresponding to a designated pass band. The actual
output voltages are, therefore, obtained by integrating over the range
v, - Av/2 to v, + Av/2 (assuming uniform signal in this range and O
signal elsewhere) to obtain an output voltage from the low pass filter

proportional to

1

?;;;——;;— sin mAv(T, 5% jk) cos w (Tjk jk) .

A schematic representation of this idealized output signal is shown in

Figure II-4 for the case where s =38. We see that, 1if (T ) can

k= jk
be kept small enough, the signal can be kept on the strongest positive

maximum, The delay 1., can be as big as 120 msec for a 35 km baseline,

jk
and for 1% accuracy we need time errors in delay compensation of less
than 0.01/v°, which is 0.5 ps (picoseconds) at 20 GHz. Timing accuracy

of this order, 1 part in 2 x 1012, is too hard to achieve, so a
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different approach is necessary. By mixing the RF signals from each
antenna with an RF LO signal, one can convert the signals to interme-
diate frequencies (IF) before delay and multiplication. The accuracy
of timekeeping in delays then need be only of the order of 0.01/Av
which is 0.2 nanosec for Av ~ 50 MHz. In actuality, the VLA system
inserts a small delay in the RF path and a large delay in the IF path.
A model of this system is shown in Figure II-5. The coarse delays,

13 and TL, in the IF signal path play the role of keeping the output
signal on one of the large positive peaks of Figure II-4 if S = 8.,
and the phase shifts ¢j(t) and ¢k(t) introduced into the LO signal
before mixing do the fine tuning to keep the output signal at the very
top of that large positive peak. In Figure II-5 we show RF phase
shifting and delay in the IF signal paths for each antenna. This is
representative of the fact that, since this is done with respect to

an arbitrary position at the center of the array for all N antennas,
the cross-correlated signals from each antenna pair will automatically
have the correct delay compensation. This is the first instance of
the dominantly antenna-based treatment of VLA signal processing that
the reader will encounter in this and subsequent sections.

Figure II-5 does not attempt to illustrate the many amplifi-
cation stages in the system and ignores a host of imperfections that
may affect the signal phase, but it does treat the essential aspects
of the way phase information is handled in the system for signals due
to the wavefront from a point source seen as cos (mt-Tjk) for the
j-th antenna and cos wt for the k-th antenna. The conversion of these
signals to IF frequencies is accomplished by mixing with an LO fre-

j) for

the j-th antenna and cos (wot+¢k) for the k-th antenna, one intro-

quency v . By mixing with a phase shifted signal cos (mot+¢

duces not only the fine delay discussed previously, but also any other
antenna-dependent phase corrections that can be computed and applied
in real time. After filtering to eliminate all but IF frequencies,
the two signals are proportional to cos [(w—wo)t-mrjk-¢j(t)] and
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~

N Antenna k

Bas bl
(j<k)

cos wol COSW.'

Phase
Shift

P (1)

Local
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ot ¥y

cos wit-7,)x cos(wts+ ;)
=4 cos [(u + W)t - wT, v ¢,(t)]
+§cos [{w- wr-wr,- ¢1)]

coswt x cos(w,t + ¢,)
s geos[(waw)t « (1))
+hcos[(w-w,)t - ¢, (t)]

| F
Filter

cos [{w - wy)r-wris - $y(t)] {co:[(w-w.)' -,

$eos[(w-wy)(t- 7)) - wryy - (1)) m Feos[(w-w Mt - 1) - ¢,(1)]
Multiplier

deos[lw-w2r- 1y - vi-ti)-wytyy - (1) - 4 (1)]
+gcos{{w- “'0’["ii -ty r;)] LR [4:«.(1) - 4;‘(:)] }

*cos{(w-u.)[rl.- (ri-v)] v w, T, NCXOE ¢](')]}

RU(E) = Ay, Aty @) (v-3) au(v-36) cos {{w- wy) [Tia- (i 7)) + wo Ty + [ hl1) - hy1)] }
OR

Rult) fo'}(t) av < AL AL [ru- (o 1)) cos {w,, [T- (70 - 7))} cos [yl L)) - (5-3,) ¢ ¢ o7 éu
]

Figure II-5. A simplified schematic of the signal path for a VLA

interferometer pair.
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cos [(w-w )t-¢k(t)], which are then delayed by times 13 = Lj'sO and
L = gk S . After multiplication and passage through a low pass

filter, the IF signal response for frequency v is proportional to
- - -t !
s {(m wo)[r (Tpe-Ts )] + ooty - [o, (©)- ¢j(t)]}

The instantaneous response for frequency v can then be written as
Rik(c) = (11-8)
" " - - _ - )
AjvoAkvoaj(v vo)ak(v vo) cos {(w wo)[r (T T! )] + T Kt [¢k(t) -6, (t)]}
where

AY = [% G.(v)Av]% E (1I-9)
JV0 ]

and a (v-v ) is the band pass function for the j-th antenna. The
total signal response is obtained by integrating RJ (t) over all
frequencies. Letting Aw = w - w and At = [t jk (Tk-Tj)], the phase

dependent factor can be written as

cos [AwAT] cos [motjk+(¢k-¢j)] + sin [AwAt] sin [morjk+(¢k—¢j)]

so that, if the band passes are sufficiently symmetrical, only the
even—-function term contributes in the integral over frequency and

one obtains

Rjk(t) = (II-10)

A"A'kf_]k Jk_(Tk_T_%)] cos{ IF[T —(r -t! )]} cos{[m (Lk-L )+ (s-s ) + ¢k-¢j]}
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where

f(w—wo)aj(v—vo)ak(v—vo)d(v—vo)
wIF = (II-11)
faj(v—vo)ak(v—vo)d(v—vo)

is the effective IF angular frequency and

fjk(AT) = faj(Aw)ak(Am) exp (1AwAt)d(Aw) (11-12)

is the so-called fringe-washing function which is unity for identical,
symmetrical band pass under conditions of good delay tracking. The
symbol i represents the square root of -1. The factor cos wIFAT is
also unity under conditions of good delay tracking (mIFAT < 6°).

Under these conditions, which should be valid for normal VLA operation,

the output signal response is
= AVIAM - -
Rjk(t) AjAk cos{mo‘rjk + [q)k(t) ¢j(t)]} . (I1-13)

Using Tjk = (Ek-§j)-§, Tj = Pj.§o’ and noting that the general form of
the phase shift applied before RF to IF conversion is

corr
¢j(t) = “on'ﬁo - n(2n) + ¢j(t) (11-14)

corr
where ¢j(t) represents any phase corrections applied at this stage.

Equation II-13 then becomes

corr corr

Rjk(t) = AHA{l cos mo(gk-x:j).(§_§o) + [¢k(c)-¢j (c)]}. (I1-15)

In the above equation, Ag is a constant proportional to the square
root of the flux density of the point source being tracked for the

i-th antenna system. In practice, in measuring the processing
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interferometer response output, it is most convenient to deal with
the amplitude and phase of a complex representation of the response

function; thus, Equation II-15 becomes
(II1-16)

i¢"
V" = A" e jk

— Al . - . _ . corr_ corr O_ o
ik T Tk = Ayt exP {lwo(IJk Lp(s=s) + ilo, " -0, 4oy q’j]}

J

where we now have system phase constants ¢§ for the j-th antenna.

The measured A; and

ng ¢§ - QH (11-17)

are raw amplitude and phase measured as a function of time.
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4, System Correction and Calibration

Because the correction and calibration of data from the VLA
interferometers plays such a major role in using the instrument, let
us now adopt a notation to describe this process. Let the raw signal
derived from the correlator output by the on-line computer system be

described by double-primed quantities, such as

Vi, =AY e ig" II-18
jkp - “ikp 5P ( JkP) ( )
where p represents the polarization of the visibility data. The ngp
data will have had the phase corrections (¢corr and ¢corr) applied as

j k

part of the RF to IF conversion process.

As will be discussed in more detail later, the on-line, real
time computer system can apply further corrections and calibration
before sending the visibility data on to the off-line computer system.
Let us denote data that have been subjected to on-line corrections and

calibration by single-primed quantities, such as

Vikp = A;kp exp (i¢3kp) . (I1-19)
Data are passed from the on-line computer system to the off-line
computer system via both the fixed head disk and magnetic tape. 1In the
off-line system further corrections and calibration are applied. Let
us denote data that have been corrected and calibrated by the off-line
system by unprimed quantities like

V., =A, exp (i, ) . (I1-20)

jkp jkp jkp

Each VLA antenna has two feeds of orthogonal polarizations for
each frequency. The 18-21 cm, 6, 2, and 1.25 cm band feeds are normally
followed by circular polarizers, but linear polarizers can be inserted

in the signal path to convert to linear polarization.
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The signal channels for the two orthogonal polarizations
are denoted A and C. The full VLA will have duplicate orthogonal
polarization channels denoted B and D. 1If we let R and L denote
right-hand and left-hand circular polarization, respectively, then
the A and B channels are R, and the C and D channels are L. We
will adopt a special notation whereby, when the index p is attached
to a single antenna quantity (like ¢jp)

p=A,C, B, or D

whereas, when attached to a correlator-related variable (like ijp)
AA, CC, AC, CA

P = or
BB, DD, BD, DB .

In the following we will mainly deal with the A and C polarizatioms,
giving AA, CC, AC, and CA correlators. We will also give major
emphasis to the standard circularly polarized system.

All the previous discussion in this section made no
distinction between signals generated for AA, CC, AC, or CA
correlators. Let us now discuss the special features of dealing

with polarized signals. Let I, Q, U, and VC c denote the Stokes

ir
parameters of source radiation. The variables I, Q, U, and Vc

are normally associated only with completely corrected and e
calibrated data. If a source, like the strong point source we

are mainly discussing so far in this section, has a total intensity
flux density of Sv’ a degree of linear polarization m, a circularly
polarized flux density of Vcirc’ and a linear polarization position

angle x, then
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= =1
I =8, ="%0re * Vyar)
_ _ — 2iy
P = ijLR Q + iU mle
L _ _ - =21y _
p vijL Q iu mle (11-21)
2 2.5

|P| = Q@ +U°)? =mI

I tan”(U/Q)

>
]

and

Veire = "V~ Vier)

are a consistent set of equations relating Stokes parameters, some
other variables frequently used to describe linear polarization, and
the completely corrected and calibrated visibilities ijLL’ ijRR’

ijLR’ and V

JkRL®

Let us now discuss the parameters of calibration of AA, CC,
AC, and CA correlators. Let us denote the complex electric field of
the radiation in the antenna beam as ER and EL for the circularly

polarized system. One then has
1 * *
I =B R + EEp)
1 * *
vcirc E{ELEL - ERER) (11-22)

*

1 *
Q = oy + EgEp)

U= 50Ty - EpEy)

or, equivalently,
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*
EEL =T+ Viire = Vi
* I-V =V (11-23)
ERBr =T = Veqre © jKRR
¥ iU =V
EEg =Q - 10 = ViR
EE +10 =V
REL = @+ 10 = Vapp -

The asterisk (*) denotes complex conjugation. Now that we have all
of these relationships between different ways of describing calibrated
polarization data, let us derive the polarization version of the raw

correlator visibilities ngp'

The complex voltage, before cross-correlation of the j-th

telescope, can be described as

-1 i¢

= . p p
Rj GjR (ERe + DjRELe )
(11-24)
i¢ ~-i¢

= . P p
L GjL (ELe + DjLERe )

where GjR and GjL are complex gains describing all the amplification

and phase modification aspects of the j-th antenna, DjR and DjL

describe the cross-talk between polarizations, and ¢p is the paral-

lactic angle which can be obtained from

= II-25
¢p ( )
-1 . . .
tan [cos Alat sin H/(sin Alat cos 8§ - cos Alat sin § cos H)]
where Alat is the VLA latitude. The parallactic angle is the angle

between the local meridian and the elevation coordinate of the VLA

alt-az antennas.
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The correlator outputs are then

*
n -
Vikrr = B3Ry
v A
jkiL - Ly
(11-26)
v = LR
jKLR = LRk
and
V" -rRL
jkre = Rl
For ngRR’ for example, we get
" * (E.EX 4+ E.ED 2y + EED 210 +D..D *
Vikrr = C3r Cxr” ErBr * B ERPjg® RELPKR® 3RPkRELEL)
and for ngLR we get
, * * Zi¢p * % * * -21¢p
4 = L) [
Vir = G4L Cir (E Ege + EEDyp + EgEpDyy + EgEI DD ce )

In practice, the D's are less than 10Z and the linear polariza-

* *
tion of sources is typically 10% or less; therefore, EREL and ELER are

*

*
10% or less of ELEL and ERER. We can, therefore, neglect second and

higher order terms to obtain, after also using Equation II-23,

*

" = - * -
Vikrr = %R Ckr" ViR (11-27)
AN =G, GV (11-28)

JKLL ~ “jL kL ' jKkLL
h|

" =G, G w 21¢P +V ¥ +v D,.) (11-29)

ijLR = 551 kR VY jkLr® JKLL kR jkRRiL -
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-21¢ .

"
v * Vel * Viiorlsr

*
jkre = SR %k Vjume® ) . (II-30)

Equations (II-27) - (II-30) describe how a set of four complex
constants per antenna, GjR’ GjL’ DjR’ and DjL’ are sufficient to

completely describe the relation between the true visibilities, ijp’

and the raw instrumental visibilities, V" If one 1s not interested

jkp’
in linear polarization, only the ngRR and V;kLL visibilities are

relevant and the two complex constants, GjR andeL, are sufficient.

In practice, one observes point source calibrators with known

values of I, Q, U, Vcirc so that

Vi = T Y Veire
Viker = T 7 Veire
(I1I-31)
ijLR =Q - iU
Vg = @+ U
and from measured V;kp one can solve Equations (II-27) - (II-30) for
GjR’ GjL’ DjR’ and DjL' Once these are known, we define
BiR = 1/GjR
and (I1-32)

and Equations (II-27) - (II-30) can be rearranged to give
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*
= " -
Viken = 85L8knY kL (11-33)
V. o = g.og V" (11-34)
JkRR ~ B3R8KR'jKRR
. . -21¢
3 . " -— - -
Viar = 5L 85k T PyrViker T PkrVikin)® (I1-35)
v = (g..-g V" -D,.V -py )e21¢p (1I-36)
jkRL JR BKL'JkRL ~ “jR'JKLL ~ KL'jkRR
as a set of equations by which ngp data can be transformed into
corrected and calibrated V, data.

jkp
In practice, the VLA data processing system has both on-line
and off-line application of corrections and calibration. Let us
denote the on-line correction and calibration parameters as

1 * ' !

and reserve unprimed parameters

for off-line correction and calibration parameters. However, since
corrections like that of parallactic angle are not made twice, we
assume that, if ¢p is applied in the on-line system, ¢p = 0 in the
off-line system, and vice versa.

The on-line computer system correction and calibration process

can then be described as

*
L} L 1 1"
Viker = 8508 VikLL (11-37)

V}kRR ggR(géR)*vgkRR (I1-38)
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-2i¢
* *
v = 1 ofot n _nt yn _ ' ' -
Vier  0B5n ) Vikr T P5nViker T Pkr) Viiarle (I1-39)
] * 11} 1 1] t * 1 21¢p
' = e (o! - - -
Vikre = (85" Grp) Vikre ~ DiRVikin T @) Vikesl® (I1-40)

The off-line computer system correction and calibration process

can be described as

*
= ! -

Viken T 858k’ jkiL (11-41)

v = LV II-42

FkRR ~ BjR®KkRjKRR (11-42)

_ * v o o* v -21¢p
Viker T 58" 1ar T PinViker T PkrViknn)® (1I-43)
21¢

D Ye P (11-44)

*

= ' - -

Vit = 5r8kiVikre T PirVikiL T PkrVikrR

The corrected and calibrated ijp, for a point source at a
position s which has Stokes parameters I, Q, U, Vc. , will be

irc
described by

ijLL =@+ Vcirc + Inoise + Vcirc,noise). (11~45)
P [ing (g = L) (s =) + 4]

ijRR = @ - Vcirc + Inoise - vcirc,noise)' (11-46)
exp [iw (L, - yj)°(§ -s)te L]
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v;]kLR = (@Q-1v+ Qnoise - iUnoise). (I1-47)
exp [imo(yk - Ej).(g - §o) + ¢noise]
ijRL = Q+1iv+ Qnoise + iUnoise)' (11-48)

exp [imo(kk - Ej).(g -8t ¢noise] *
In Equations (II-45) to (II-48) we have for the first time

taken note of the fact that noise will be present in completely

corrected and calibrated data by introducing a phase noise function

(¢noise
equations these will not be included, but the user should be aware

) and a noise function for each Stokes parameter. In most

of their presence in all data.

In theory, the determination of calibration constants and
their application to uncalibrated data to achieve calibration is very
straightforward. Observations of point sources with known values of
I= Sv’ Q, U, and Vcirc’ which are relatively constant, are used in
conjunction with Equations (II-27) - (II-32) to determine the complex

functions

as parameters that remain constants over reasonable time scales

(hopefully, days or longer). Noncalibrator source data observed
over the same time scale that the calibration constants are known
and stable are then calibrated using Equations (II-33) - (II-36).
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5. Amplitude and Phase Noise

Let us briefly discuss the amplitude and phase noise

introduced by the electronics system. If we define

Av = IF bandwidth
TSys = system noise temperature
Dant = diameter of each antenna (= 25m)
€, = aperture efficiency
€. = 3 level correlator efficiency T 0.82,

then the theoretical rms noise fluctuation in the amplitudes for

a single telescope pair is

(2%

4(27)k T

o = B sys (11-49)
e e D? #Avtl

c a ant

2.2 x10°% 1 .
= Sy Jy

e, (B, /50) (e /10) |

where kB is the Boltzmann constant and t is the length of observing
time involved. Using Equation II-49 and the nominal values of TSys
and €, for each standard VLA frequency, one predicts the rms noise

fluctuations listed in Table II-1 for a single ten second record.
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Table II-1

Amplitude Noise for

Ten Seconds of Data for a Single Antenna Pair

Band € A (Theoretical)
a sys noise
o L
18 - 21 cm 50% 60 K 0.026 (50/AvMHz) Jy
6 65% 60° K 0.020 (50/av... )%
cm A . Mz’ Y
2 cm 54% 300° K 0.12 (50/Av... )2
(] » M}lz y
. 0 L
1.3 cm 46% 400° K 0.19 (50/8v, )3Jy
For N antennas,
2.2 x 1074 T
sys

g =

ea/(AvMHz/SO)(tseCIIO)(N-(N-l)/Z)]

(11-50)

Let us now discuss the probability distributions for both

amplitudes and phases. Let

w
]

o
1}

P(A)dA

a measured amplitude

true amplitude due to a real signal

probability a measured amplitude

will be between A and A + dA
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¢true = true phase due to a real signal
¢ = a measured phase
P(¢)d$ = probability a measured phase

will be between ¢ and ¢ + d¢ .

Following the discussion by Vinokur (Ann. D'Ap., 28, 412, 1965),
the probability distribution for a measured amplitude is given by

A1 AS 2 4+ A2
P(A) = Py o[ s exp {- S 79 ]} (I1I-51)

where Io(x) is the modified Bessel function of the first kind, of
order 0. This function is unity when the argument is zero, corre-

sponding to A = 0, i.e., no real signal is present. In Figure

I1-6, we showt;¥2ts of P(A) as a function of A/o for several values
of signal to noise: S/o =0, 1, 2, 3, 5, and 10.

The probability distribution of the phases, P(¢-¢true) is
plotted in Figure II-7 as a function of (¢-¢true) for S/fa = 0, 1, 2,
3, and 5. We see that, in the absence of a real signal, all phases
are, in principle, equally probable. As the signal-to-noise increases,
the phase probability distribution has less and less deviation from

the true phase, as seen from Figure II-7 and the following table:

S/o (¢-¢true)P/P =%
max

1 + 55°

2 + 35°

3 + 22°

5 + 13°
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For large values of S/o(> 2),

(<¢>-d>o)P/me=;i /o) ° (I1-52)

Examination of Figures II-6 and II-7 reveals the basic reasons
why the presence of a weak source will always show up most easily in
the phase information. The difference between the phase distributions
for S/o = 0 and 1 are much more obvious than the difference between

the associated amplitude distributions.
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P(A)

Figure II-6. The probability distribution of

measured amplitudes is plotted as a function of
apparent signal to noise for a number of values

of true signal to noise.
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Figure II-7. The probability distribution of

measured phases is plotted as a function of

(¢-¢true

to noise.

) for a number of values of true signal
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6. Geometry and Coordinates

In the foregoing discussions in this section we have been able
to avoid detailed discussions of geometry and coordinates. Let us now
discuss these explicitly so further equations can be discussed in more
detail.

There are only two basic coordinate systems involved in the
VLA. One is an earth-oriented, topocentric system that we will call
the X"Ye"Ze system, and the other is a sky-oriented system that we
will call X Y "2 Both systems are right-handed. Figure II-8
shows the geometry and relationship between these systems.

In the earth-oriented system the z, axis points to the north
pole and the Ye axis points east. The origin of this system is the
position arbitrarily defined as the center of the Y for the VLA. The
orientation of the X, Yo%, system with respect to the Y-geometry is
shown in Figure II-8, where dots along each arm of the Y show the
station positions for any one of the standard (A, B, C, or D)
configurations. An example of station positions Pj and %k’ with the
resultant baseline vector Bjk’ is also shown for the case of the j-th
antenna on station W56 and the k-th antenna on station E72, where
j < k. In the xe-ye—ze system the standard polar angular coordinates
(0,¢) are related to declination and hour angle as shown, except
o = H for LST < o and ¢ = 360° - H for LST > a.

The sky-oriented coordinate system as shown in Figure II-8 is
defined such that the zs—axis extends along the vector S, corresponding
to the reference position so that x -y  are in the tangent plane to the
celestial sphere at this point, with the xs—axis pointing east as seen
from the center of the wye and the ys-axis pointing north,

In the earth~oriented system,
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(a,8)= [(a-ac) COS B0, 3-80,0]

N72

Né64

TO NORTH POLE

..........................
.....................

- EQUATORIAL

CEUPLANE i g

.......

W72 (5 <k) k—-th Antenna
On E72

Figure II-8. The geometric relationships
between antenna locations on the VLA wye and

the earth- and sky-oriented coordinate systems.
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r w

cos H cos §
8 =] -sin H cos § (11-53)

sin §
" J e

so that

r )
cos H cos §
o o

= }J-sin H cos §
o o

sin 6
L > ),

where Ho = LST - a . In the earth-oriented system, the station

position of the j-th antenna, as shown in Figure II-8, 1s given by
The transformation matrix to go from a vector in the earth-

oriented system to the same vector described in the Cartesian sky-

oriented system is

¢ )
sin H cos H 0
MEarth-sky = -gin 8§ cos H sin § sin H cos & (1I1-55)
cos § cos H -cos § sin H sin 6
4 J
so that, for example,
( g 3
u sin H cos H 0 L
h| jx
L, = v = -sin § cos H sin § sin H cos § L (11-56)
~3 h| Jy
wj cos § cos H -cos 8§ sin H sin § sz
\ / \ / e
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Equation II-56 gives

uj = ij sin H + Ljy cos H (11-57)

vj = gin 6(-ij cos H + Ljy sin H) + sz cos § (I1-58)

for the projection of the antenna position vector on the tangent plane

of the sky and

wj = cos G(ij cos H - Ljy sin H) + sz sin 6 (11-59)

for the delay in time between the arrival of a wavefront from («,$8) at
the j-th antenna and at the center of the array.

A position (x,y,z) in the sky-oriented system corresponding to
a positioh (a,8) on the celestial sphere is given by

x cos § sin (a-ao)
s-s, = |y | = -sin 60 cos § cos (a-ao) + cos 60 sin & (11-60)
z cos 60 cos § cos (a-ao) + sin 60 sin § -1
s

and for the cases where the tangent plane approximation to the

celestial sphere is valid,

\
X -0 os §
( o) cos §

e

s-8 =]y

=% (6-6) . (11-61)

L °
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Most of this discussion has occurred so we can now write explicit

expressions for the vector product (Lk-Lj)°(s-so), i.e.,

X

(yk-gj)'(g—go) = (uk-uj.vk-vj,wk-wj) y

4

= ujkx + vjky + wjkz (I1-62)

ux + vy + wz

where Ui T WYy ij = Vk-vj’ and wjk = wk-wj
convention that will be used frequently whereby the lack of subscripts

; and we have adopted a

indicates the j-k pair; that is, (u,v,w) = (u w..). For the

3k*V ik ¥k
case where the tangent plane approximation to the celestial sphere is

valid, we have
(Ek-gj)-(§-§o) = ujkx + vjky =ux +vy . (11-63)

Because we will need to be careful about when we use Equation II-62
and when the approximate Equation II-63 is sufficient, let us evaluate
the conditions under which the wz term can be neglected. From Equation

II1-60 it can be shown that
z = (1-x2-y2)Li = hs(x2+y2?) (11-64)

so one can evaluate the importance of the zw term by putting it in

terms of a phase

¢, = wowezlz (I1-65)
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where 02 = x2 + y2, Letting w = B/c, and putting B in kilometers and

© in arcminutes

53° B,
¢ =)‘_ ﬁ- 02 (11-66)

z arcmin
cm

where Bkm will range up to 35 and ©0 will typically range up to either

GHPBW (c.f. Equation II-1) or the delay beamwidth caused by use of

finite band passes,

N 50 35 (11-67)
€] =112 {(— == }
delay <AvMHz) (Bkm>

depending upon which is smaller. For the two cases

B
o™X < o max - 38%a (ﬂ) (11-68)

35

and

max

max _
OHPBW’ ¢'z A

'
[

o |oo
B [«
AN

I
g &
\_/
N

B len
= 1°
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7. Visibility Function for a Point Source

Let I, Q, U, and VCirc be the Stokes parameters for a point

source located at a position s which is observed with a reference

position S,-

Combining Equations II-45 and II-48 with Equations II-56

and II-62, the four corrected, calibrated correlator visibilities for

this point source can

\

\

v

and

VikRL

FKLL

JkRR

FKLR

[

(1

(1

(Q

(Q

be written as

+ Vcirc) exp [iwo(ux + vy + wz)] (11-70)
- Vcirc) exp [iwo(ux + vy + wz)] (1I-71)
- 1iU0) exp [iwo(ux + vy + wz)] (11-72)
+ iU) exp [iwo(ux + vy + wz)] (11I-73)

neglecting noise effects, where ¢p is the parallactic angle given by

Equation II-25, (§-§o) = (x,¥,2), and (yk-gj) = (u,v,w) in units of

time. If we denote the visibility functions for the four Stokes

parameters by Vj

and

KI® ijQ’ ijU’ and ijVCirc, then
ijI = Sv exp [iwo(ux + vy + wz)] (1I-74)
ijQ = Q exp [iwo(ux + vy + wz)] (II-75)
ijU = U exp [iwo(ux + vy + wz)] (1I-76)
ijV =V ire ©XP [imo(ux + vy + wz)] (11-77)

cire
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where we explicitly identify the I Stokes parameter with the flux
density Sv' Under many circumstances we can neglect wz compared
with (ux + vy), but we will carry the extra term in what follows
even in many cases where it is negligible. We will also frequently
consider only the I Stokes parameter visibility, ijI’ both because
it is the most important and because from Equations (II-74) - (II-75)
the functional forms of the others are the same. Equation II-77 is
strictly true only when the source does not have a large linear
polarization. The treatment of polarization in this chapter, starting
with Equation II-37, will not handle the exceptional case of a highly
elliptically polarized source.
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8. Visibility Function for an Extended Source

We can now derive the equations for visibility produced by
observations of an extended source. We assume measured visibilities
have been corrected and calibrated. Our derivation is based upon
the principle that any infinitesimal region of the sky can be treated
as a point source of radiation as far as any single interferometer
pair is concerned. Let (a,8) be the location of an infinitesimal
solid angle dadé. By definition, the flux density Sv for any source
with an intensity distribution Iv(a,G) for the first Stokes parameter
is given by

s, =J[  1,(a,8)dads ; (11-78)
source

therefore, the infinitesimal solid angle dad§ can be considered to
make an infinitesimal contribution to the flux density of Iv(a,s)dadé.
If we further define fant(a-ao,d—do) to be the normalized antenna
sensitivity pattern, the contribution of the solid angle dad$§ to the
visibility function is given by the following generalization of
Equation II-74:

dekI(a,G) = fant(a-ao,G-GO)I(a,G) exp [imo(§kf%j)-(§-§o)]dad6 (11-79)

where for convenience we now drop the frequency subscripts. Integrat-
ing Equation II-76 over the antenna beam, we get the integrated or
total visibility

V.

kL " fffant(a-ao,d—Go)I(a,G) exp [1wo(gk-gj)-(§-§o)]dads . (1I-80)
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The equations for ijQ’ ijU’ and V are the same, with the

jkvcirc
I(a,8) distribution functions replaced by the spatial distribution

function of the appropriate Stokes parameters.

Equation II-80 is the complex Fourier transform of the
apparent intensity distribution fant(a-ao,s-éo)l(a,d). It is
because of this that we can describe any single complex visibility

measurement as a single Fourier component of fant(a-ao,G-GO)I(a,G).

Because Equation II-80 is a Fourier integral, we can invoke all that
we know about Fourier transforms to analyze and interpret interfero-
metric data. In particular, we know how, in principle, to determine

fant(a—ao,d-ﬁo)l(a,é) from VLA data by the Fourier inversion integral

fant(a-ao,d-GO)I(a,é) = fffVI exp [-iwo(gk-yj)°(§-§o)]dudvdw . (11-81)

The reader will note that Equation II-80 is a two-dimensional integral
over the celestial sphere, whereas Equation II-81 is, in principle, a
three-dimensional integral. Indeed, converting from (a,8) to (x,y,z)
using Equation II-60, and by using Equation II-62, one transforms
Equation II-80 into

VI(u,v,w) = fffant(x,y)l(x,y) exp [imo(ux+vy+wz)]dxdy (11-82)

where the integral is evaluated for z = -(%)(x2+y2) on the celestial

sphere, and Equation II-81 becomes

f(x,y,2)I(x,y,2) = fffVI(u,v,w) exp [-imo(ux+vy+wz)]dudvdw . (11-83)

Equation II-83 needs the additional constraint z = - (%) (x2+y2) to get

the "correct'" radiation distribution on the celestial sphere.
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In practice, one makes discrete measurements of VI(u,v,w) for finite
integration times, so Equation II-83 can be rewritten as the following

summation equation:

-iw (uxtvytwz)
f e LX) = Vi (u,v,we  ° (11-84)

measured
u,v,w

* iwo(ux+vy+wz)
+ VI(u,v,w)e ] AuAvaw

-iw (ux+vytwz)
+ [VI(u,v,w)e °

unmeasured
u,v,w

* imo(ux+vy+wz)
+ VI(u,v,w)e ]AuAavaw .

In Equation II- 84 we have invoked the Hermitian properties of V
VI(-u, -V,~W) = V (u,v,w), that are required for the left-hand side
of Equations II—83 and II-84 to be real. We have also conceptually

separated measured and unmeasured visibilities and assumed

z = -(%) (x24y2).
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9. u-v Plane Coverage

The values of (u,v,w) for which measurements of VI are made
determine the quality of radio image reconstruction from visibility
measurements. This is mostly a question of u-v coverage, and for
the purposes of this section we will not consider the effects of w.

The 1deal circumstance would be complete and uniform sampling
of all (u,v) within a circular region in the so-called u-v plane.

In practice,

u= uk-uj = (ka-ij) sin H + (ka-Ljy) cos H (11-85)

and

vV =V,

-vj = gin 6[—(ka-ij) cos H + (ka-Ljy) sin H
+ (Lkz-sz) cos 8] , (1I-86)

and from these equations one can show that, for a particular antenna

pair, u and v are related to each other by

(v-v,)?
;2- + '—bz—— =1 (I1-87)

which is the equation for an ellipse, where

]
]

/(ka-ij)2 + (ka-Ljy)2| , (11-88)

o
it

asiné§ , (11I-89)

and

<
]

o (Lkz-sz) cos § . (11-90)
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The u-v ellipse for a particular antenna pair has a center located at
(u=0,v=vo), with a major axis a, a minor axis b, and an eccentricity

cos 8. The size of each u-v ellipse is, to first order, proportional

to the physical separation between antennas, gjk = ILk-gjl. The u-v
plane coverage formed by the 351 ellipses of the full 27 antenna VLA
for A, B, C, or D configurations is shown for § = 80°, 60°, 40°, 20°,

00, -200, and -40° in Figure II-9., The ellipses shown in Figure II-9

are for continuous, elevation limit to elevation limit tracking for
§ < 64° and 24h tracking for § > 64°. Each measured (u-v) ellipse
and the conjugate (-u,-v) ellipse are plotted, making 702 ellipses
cr segments of ellipses for each case in Figure II-9,

Examination of Figure II-9, with an eye to selecting the
circular region of measurement to be used in reconstructing radio
images, allows one to evaluate the location and severity of the

problem of unmeasured u-v.
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10. Radio Image Reconstruction by Direct Transform

A direct transform of measured visibilities into a radio image
map can be obtained by neglecting the portion of Equation 1I-84 dealing
with nonmeasured visibilities and approximating f(x,y)I(x,y) by

£(x,y)I(x,y) = (11-91)
-iw (ux+vytwz) & 10_(uxtvy+zw)
Z [VIe ° + VIe ° JW(u,v)T(u,v)
measured

u,v

Z W(u,v)T(u,v)

measured
u,v

where AuAvAw has been replaced by an arbitrary weighting function
W(u,v) and an arbitrary tapering function T(u,v). Taking W(u,v) =1
results in the so-called "natural" weighting, while taking

W(u,v) = 1/N(u,v) results in the so-called "uniform" weighting, where
N(u,v) is a function describing the relative density of measurements
in the u-v plane. The tapering function T(u,v) allows an additional
relative degree of emphasis of low resolution measurements vs. high
resolution measurements. The most frequently used taper function is
a Gaussian,

= - 2 _ 2 -
T(u,v) = exp [ u/utaper) (V/Vtaper) ] (11-92)

where u and v are free parameters usually taken to be the same.
taper taper

Radio image recomstruction using Equation II-91 has some
advantages, but is computationally expensive. In general, it is used
only for mapping very small regions where reduction of aliasing and

exact computation of the radiation distribution on the celestial sphere

is desirable.
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11. Point Source Images for the Full VLA

We know the visibility function for a point source from
Equation II-74. A point source exactly at the reference position
will have VI = Sv where Sv is the flux density. Because of this,
one can evaluate the quality of a VLA radio image for any specified

u-v coverage by calculating

£(x,y)I(x,y) = (I1-93)

EE: ZSV cos [wo(ux+vy+wz)]W(u,v)T(u,v)

Z W(u,v)T(u,v)

measured
u,v,w

measured
u,vV,w

which is obtained from Equation II-91 for a point source at the
reference position.

Point source image responses are sometimes called the synthe-
sized beam or dirty beam, and sometimes called the point spread
function. The synthesized beams made from uniform weighting mapping,
for 27 antennas with full coverage tracking of sources as § = 600,
300, 00, and -300, are then shown in Figure II-10. The central beams
in Figure II-10 are truncated to the 10% level.

The VLA with 27 antennas produces 351 baselines. The instan-
taneous u-v plane coverage, made up of the 702 points produced at any
instant, is always in the form of a six-pointed star, with varying
distortions for different declinations and hour angles. Figure II-11
shows an instantaneous u-v plane distribution and synthesized beam
for a source at § = 300, H = 0. The principal sidelobe level in this

map, made with uniform weighting, is 27%. More extensive observing
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of sources at this declination will result in improved beam shape
and lower sidelobes. For example, Table II-2 shows the decrease
of maximum sidelobe level in the inner one-fourth and outer three-

0
fourths of the beam as data on a source at § = 30 increases.

Table II-2

Sidelobe Levels for & = 30° Buildup Map

Inner 1/4 Outer 3/4
Maximum Maximum
H H H Sidelobe Level Sidelobe Level
start stop range
L 15" 27% 12%
et |- 5P 3o 3™ 16 4
-6 |- 5P 1P 9 4
- 6" |- 4P 2B 8 3
SPL 30 7 2
et |- 2P 4B 5 2
P o? 6" 3 2
SPLI Y 12" 3% < 1%

Figure II-12 shows the change in beam shape for the § = 30°

buildup map, showing the map with fifteen minutes, one hour, two

hours, six hours, and twelve hours of integration time.
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