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1 Introduction

The 10.7cm Solar Flux measurements distributed by the National Research Council of Canada are
a useful calibration tool for antenna measurements. The source is definitely in the far field of the
antenna, and the measurements are consistent and accurate. In addition the same source can be
seen simultaneously by antennas over a large geographic area, making it possible to tie together the
calibration of many antennas. However, problems encountered when using the 10.7 cm solar flux for
calibrating antennas include: (i) relating those values to antenna calibration at other frequencies, (ii)
that the sun is not a point source; it is a disc, and not always uniformly bright, (iii) there are only
three precise measurements made each day. In this paper we discuss the use of the 10.7 cm solar flux to
calibrate antennas and methods to address the difficulties listed above. To safely apply these methods
something has to be known about the character of the signals and the radio astronomical techniques
used to measure them. Some background information is therefore included.
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3 Basic Radio Astronomy

Most of the signals observed in radio astronomy are produced by the interaction of individual electrons
with ions and/or magnetic fields. Each interaction produces a short pulse, which has a bandwidth
equal to 1/t,, where t, is the pulse duration. Not all interactions produce pulses of equal amplitude or
duration, and the pulses are not generally produced at a constant rate. The result of very large numbers
of electrons making such pulses independently of one another is a broad band of more-or-less white noise.
There is some frequency dependence, especially in some mechanisms and propagation conditions, but
the spectrum is broad, extending from kHz to many GHz. The power involved is usually specified in
terms of spectral density, i.e. watts per Hz of bandwidth. The amount of power received is equal to
the spectral density multiplied by the bandwidth of the receiver. In general, bandwidths are as large
as interference and engineering will allow.

If these pulses are narrower than the receiver bandwidth (which in general they are), the receiver RF
and IF systems act as a low-pass filter which stretches the pulses to duration ~ 1/B, where B is the pre-
detection bandwidth in Hz. In essence, the receiver is taking samples at a rate of ~ B per second. After
detection there is a low-pass filter of time-constant 7 seconds. In radar applications 7 is of the order of
microseconds or less. In radio broadcasting it will be fractions of a millisecond. In radio astronomy is
is often seconds or even hours, where part of the time-constant is usually obtained digitally.

The number of samples obtained per second at the receiver output is roughly B7. The sensitivity limit
of a radio telescope is set by the random fluctuations in the receiver output, the r.m.s. amplitude of
which is given by:
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where Ty, is the noise temperature of the receiver plus all unwanted noise contributions to the system
(such as that emitted by the ground). The factor ¥ is a degradation factor depending upon the system
design and the way the signals are processed. It typically varies between 1 and 2 in theory, but could
reach 3 or 4 in practice. The amount of noise entering the radio telescope antenna is often described
by the antenna temperature T,. This is defined as the temperature of a black body which, if connected
instead of the antenna, would produce the same receiver output power as the antenna. To get from
antenna temperature to incident energy flux requires knowledge of the antenna.

Most cosmic radio emission processes are statististial phenomena, involving large numbers of incoherent,
sporadic radiators. They occur in variously-sized “patches” in the sky, ranging in size from several
degrees down to small fractions of an arc-second. We therefore measure the emission in terms of energy
flow per second, incident on one square meter of collecting area, per unit bandwidth, per unit solid



angle over the source, i.e. watts per square meter per Hz, per steradian, that is wm2Hz!St~1. A
steradian is a unit of solid angle, and is equal to a square radian. A radian is 57.29 degrees, and a
steradian is 3282 square degrees. An astronomical radio source, such as the Sun or the Milky Way,
is generally not uniformly bright over its surface. The Brightness Distribution describes the spatial
distribution of the emission in units of wm=2Hz~!St™! as a function of sky coordinates, e.g. ®(¢&,n),
which could be the celestial coordinates right ascension and declination (see Kraus, 1986 and Section
8 of this paper), or azimuth and elevation. Since antennas are not uniformly sensitive to all points in
the sky, we need to include the properties of the antenna in calculating the power received. We can
describe the shape of the antenna beam in terms of the power pattern P(0,$), where the parameters
are offsets from the antenna boresight, measured parallel with and in the same senses of £ and 7. The
function P is normalized, with a maximum value of unity.

If the antenna boresight is directed at a point &y, 79 in the sky coordinate frame, then the flux density
received from a small element of that object at coordinates &, 7 is:
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where the product A€ x An is the solid angle subtended by the element, and 8 = £ — &, and ¢ = n—nq.
The flux density observed at that position by the antenna is therefore:
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where the integration is over a wide enough range of angles to include all the source and the antenna
sidelobes. The flux density S is in units of w.m—2.Hz !,

The power collected by the receiver is

1
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where A.;y is the effective collecting area in square meters, and B the bandwidth in Hz. The factor of
% is included because the cosmic radio emission is unpolarized, and the antenna can only pick up half
of it. The effective collecting area of an antenna is less than its physical area because it is not possible
to collect all the signal power from everywhere on the dish. For example, some sort of illumination
taper is required to reduce the power at the dish edge (to minimize sidelobes and picking up of stray
radiation). The effective area of an antenna may also be reduced by surface errors. The relationship
between the effective and actual areas is known as the aperture efficiency, and in most systems is about

60%. The effective collecting area is related to the antenna (boresight or on-axis) gain by
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where X is the wavelength, so the power equation becomes
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The antenna temperature Ty, is related to the flux density S(&p, no) by the relationship
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The constant k is Boltzmann’s constant, 1.39 x 10723 Joules per Kelvin.

For a source subtending a solid angle much smaller than the antenna beam, the entire source is seen
with constant antenna gain, so P = 1 over all the source, and the integration of the flux density is done
without moving the antenna. In this case the integral becomes simply the integral of the brightness
distribution:

So= [ [ o(en)dean (3)

which is the integrated flux density of the source in w.m~2.Hz~!. This is the case with our solar flux
monitor antennas. This condition is satisfied in the case of the Sun for antennas with beamwidths larger
than about 4°.

The flux densities observed in radio astronomy are very small; they are usually given in power per unit
bandwidth per unit collecting area of the antenna, that is, fluz density, expressed in w.m~2.Hz~!. Since
these powers are very small, they are often expressed in flur units (10726 w.m~2.Hz~!). The Sun is a
strong radio source, and its flux density may be given in solar flur units (10722 w.m~=2.Hz1).

A typical radio astronomical measurement, such as a determination of the 10.7 cm flux, consists of
pointing the dish at the source, and determining the increase in antenna temperature it produces. This
is done by comparing the received power with a calibrated noise source, which injects noise of a known
temperature into the receiver system as close to the feed as possible. The effective collecting area has
to be known (determined by absolute measurement or observation of calibrated cosmic sources). The
flux density is obtained using S = 2kT,/Acss. The effective collecting area is related to the boresight
antenna gain, Go, by 4mA.r; = GoA®.

Our flux monitors see the entire solar disc with constant gain, so they measure the integrated flux
density Sy. If, for example the measured flux density is Ssun, = 300 solar flux units, and we assume
this emission to be uniformly distributed all over the disc (rarely the case), which subtends a solid
angle of ) = 6.85 x 1075 steradians,we get an average of Ssyn/Q = 300/(6.85 x 107°) solar flux units
per steradian, or 4.38 x 10716 wm2Hz~!'St~!. More background information on radio astronomical
techniques and measurements can be obtained from Kraus (1986).



4 The 10.7 cm Solar Radio Flux Monitoring Programme

4.1 Background
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