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Abstract

We analyze the fast switching phase calibration technique for.carrecting tropospherie phase.rariations
at the VLA. We also perform observational tests of fast switching using a new ‘nodding’ mode at the
VLA which allows for total cycle times as short as 40 seconds. Our analysis shows that there should be
enough calibrators in the sky to capitalize on a 40 sec cycle time at all VLA frequencies. Also, analysis
of the expected rms phase errors with a 40 second cycle time imply that it is unnecessary to alter the
on-line system further in order to reduce the minimum cycle time to less than 40 seconds.

A series of test observations of fast switching phase calibration was performed at 22 GHz and 45
GHz. The results are consistent with theoretical predictions, and show that the fast switching technique
is effective at ‘stopping’ tropospheric phase variations at an effective baseline of length = !.si, where vg =
velocity of troposphere, and t = total cycle time. The residual rms phase noise is independent of baseline
length. For a 40 sec cycle time the saturation value for the rms phase variations will typically be about
10° on winter nights, 15° on winter days or summer nights, and 30° on summer days, at 43 GHz.

We consider situations in which fast switching phase calibration will be required. We show that,
even in good weather conditions, tropospheric ‘seeing’ will limit image resolution to at best 250 mas at
45 GHz (~ C array resolution), if no tropospheric phase calibration technique is employed. Hence, the
primary driver for implementing fast switching phase calibration at the VLA is to obtain images of faint

sources with diffraction limited spatial resolution on arbitrarily long baselines.
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1. Introduction

Fast switching involves standard phase calibration using a nearby calibrator source, only at a rate
fast enough to ‘stop’ phase variations due to the troposphere. The technique was proposed, and demon-
strated, by Holdaway and Owen (1995), Holdaway, Owen, and Rupen (1994), and Holdaway (1992).
Holdaway’s analysis emphasized using the technique in the context of the MMA, for which tropospheric
phase variations can lead to very short coherence times.

The addition of a 7Tmm system at the VLA raises the issue of implementing calibration techniques
designed to reduce tropospheric phase variations, in particular for the larger arrays. Herein we reproduce
Holdaway’s fast switching analysis in the context of the VLA at high frequency. We then present recent
test observations using a new ‘nodding’ mode at the VLA. These tests demonstrate the power of the
fast switching technique to minimize tropospheric phase variations on arbitrarily long baselines. We then

outline situations in which the fast switching technique will be required to meet the scientific goals.
2. The Theory of Phase Variations due to the Troposphere

Phase variations due to the troposphere are caused predominantly by temporal changes in the water
vapor content. The implied changes in index of refraction are non-dispersive, and hence the phase-
variations will increase linearly with frequency. For completeness we note that tropospheric opacity at
cm wavelengths is mainly due to the dry atmosphere (molecular oxygen), which does not vary substan-
tially on diurnal timescales, while the liquid water content (clouds) contributes opacity (due to
scattering), but does not alter phases substantially.

Tropospheric phase fluctuations can be characterized by a structure function, D(b), where D(b) is
the square of the expected RMS phase variation, ®,m,,(b), on a baseline of length b, when averaged

over a sufficiently long time >> baseline crossing time = or for an ensemble of measurements

b
windspeed?

at a given time on many baselines of length b. Heretofore we designate ®,,,;(b) as the ‘root structure

function’. Kolmogorov turbulence theory (Coulman 1990) predicts a function of the form:

Dpms(b) = % b"  degrees (1)
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where b is in km, A is in cm, and K is given below. The power-law index n has different values depending
on the nature of the turbulent layer on a given day, and on the baseline length (Holdaway etal 1995).
Adopting a simple model of a turbulent boundary layer at a height of 1 km with a width of 1 km, the
predictionis: n= %— for baselines longer than 1 km, and n = % for baselines shorter than 1 km. The change
in power-law index at 1 km baseline length is due to the finite width of the turbulent boundary layer.
For baselines shorter than the typical boundary layer width the full 3-dimensionality of the turbulence
is involved, while for longer baselines a 2-dimensional (thin-screen) approximation applies. This basic
broken power-law root structure function has been observed with the VLA in a number of instances
(Sramek 1990), although power-laws of intermediate indices have also been seen (Holdaway and Owen

1995, Holdaway etal. 1995).

The constant K corresponds to the normalization value at 1 km, and it varies with the weather. In
this memo we will adopt the broken power-law function of Sramek (1990), in which he found for typical
conditions on winter nights at the VLA K = 22, while for summer nights and winter days K = 33, and
for summer days K = 58. A sample ®,n,(b) curve for the VLA is plotted in Figure 1 for a few select

frequencies.

An important point to keep in mind is that while tropospheric phase variations can be quantified
in terms of a baseline-length dependent structure function, the errors are fundamentally antenna-based,
and hence can be corrected by antenna-base calibration schemes, such as self-calibration or fast switching
calibration. This dual-nature of tropospheric phase variations relates simply to the fact that the excess
electrical pathlength due to the tropospheric water vapor content for two antennas is correlated over some
timescale set by the baseline length, the wind speed, and the phase structure function. For instance, the
excess phase due to large-scale structure in the troposphere will be correlated between two closely spaced
antennas, ie. short baselines only ‘sample’ the power in the phase structure function on scales < the

baseline length.

A final point is that there may be an ‘outer-scale’ beyond which the rms phase fluctnations saturate.

This outer-scale is set simply by the outer-scale in the tropospheric turbulence, and is hypothesized to be
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around 10 km (Coulman 1990). The existence of such an outer scale remains to be verified observationally

(Sramek 1990).

3. Fast Switching

Fast switching entails switching between the target source and a bright calibrator on timescales
shorter than the baseline crossing time for the troposphere. Holdaway (1992) shows that the expected
residual phase fluctuations after fast switching calibration is applied are:

vgl

where v, = wind speed, t = total cycle time, and d = the physical distance in the troposphere between
the calibrator and source. The baseline-dependent term, D(b), is calibrated-out, and one is left with
residual phase variations as expected for a baseline of effective length:

vt
beyr = d + = (3)

Obviously the technique will only be effective for timescales much shorter than % Moreover, a significant
gain is made when b,y; < 1 km, thereby allowing for corrections to be made on the steep part of the
phase structure function (see Figure 1).

The technique of tropospheric phase calibration by fast switching was successfully demonstrated in
a test observation with the VLA at 22 GHz (Holdaway and Owen 1995). However, the cycle time was
limited by the 20 seconds lost in start-up overhead at the beginning of each VLA scan. Hence, the
minimum cycle time was about 80 seconds for the VLA in its standard mode. A new observing mode has
been implemented for the VLA, involving ‘nodding’ observations using offset cards. In this mode there
is no 20sec start-up time, and the cycle time is set simply by the antenna slew rate, the source-calibrator
distance, and the desired time on target source and calibrator. This mode allows for cycle times as short
as 40 seconds. This mode is under development, and is currently not available for general use (as of May
1996).

The first question to address when considering implementing fast switching as a standard observing

mode at the VLA is: are there enough calibrators in the sky in order to take advantage of a switching
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time as short as 40 seconds? As shown by Holdaway (1992}, this question can be addressed by minimizing
the quantity: [d + %!] as a function of calibrator strength, given an estimate of the sky density of
calibrators as a function of frequency and flux density, and given various system parameters (sensitivity,
slew rate...). Holdaway performed this analysis for the MMA. We repeat the analysis for the VLA at

various frequencies. The basic equation is:

d 2t —h—sin[7.1(%)°.§3'75] +X1)21'- [C2R2S;? +

142 v ., 0.
2 sin(el) —= (52)°S9™]  meters (4)

v, 90

where:
h = typical height of tropospheric turbulence in meters. We use h = 1000m.
v = observed frequency in GHz.

a = power-law index for the source population density, ¢s ,, as given by:
sy = 7.1(%) *S, degrees

where ¢, is the average distance between calibrators with flux density S, (Jy) at frequency v (GHz)
(Holdaway, Owen, and Rupen 1994). We assume a = 0.5.

el = source elevation. We do all calculations at el = 60°

X = -t—cvi:_‘!;_j, where t.,. = total cycle time, and ¢,,. = time on target source. We use X = 3, which
~ implies 1/3 of total cycle time is spent on the target source.

C, = a constant relating to the system sensitivity per baseline. For the VLA the parameter for the
different bands is: C, = 0.053, 0.16, 0.26, 0.43, for X, U, K, and Q bands, respectively.

R = required signal-to-noise per baseline. The expected phase errors for antenna-based calibration are
then: f(%’w, where Ng, is the number of antennas. We use R = 2.

v, = slew rate. The slew rate of the VLA is 0.66°/sec in elevation and 0.33°/sec in azimuth, although in
practice these slew rates are only reached for moves larger than 2°. We adopted a value of 0.5%/sec.

S, = the calibrator flux density in Jy.

v, = tropospheric velocity. We use v, = 15 m/sec.






