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Contents of this talk

What does a single radio antenna placed on the surface
of the Earth measure?

What do arrays of antennas distributed on the ground
measure?

How sensitive are the measurements by radio antennas
and interferometers?
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Radio antennas come in different shapes
and sizes




A radio antenna is a ‘'sensor’ of the EM field at
its location in space

- The electric field is created by electromagnetic
radiation arriving at that location in space from the

sky and ground.

- The field is caused by a large number of
independent atomic processes in the sky and

ground

- The electric field is not a constant in time.
It is time varying.
It is not a sine wave.
The field is a random variate.

- The field has a Normal ( or Gaussian) probability
distribution.

- Aside from RFl and ETI.



A radio antenna is a 'sensor’ of the EM field at
its location in space

A radio antenna has metal conductors in which the fluctuating
electric field causes time-varying currents.

A radio antenna converts the fluctuating electric field into a
fluctuating voltage on a transmission line = cable.

Histogram of the
voltage from the
antenna

Voltage from antenna vs Time



Radio antennas may be arrayed and the
voltages summed to yield the summed field

over an aperture.

These are called aperture arrays.

LOFAR low and high
band stations

MWA tile

Apertures arrays may be
phased to yield the EM field on
the ground arising from
selectively different patches of

the sky.




Parabolic reflectors sum the field
over the aperture of the dish.

Larger the aperture and higher
the frequency — better will be the
cancellation of fields owing to off-
axis sources on the sky.

A 2D set of EM field sensors at the
focal plane of a parabolic dish

Focal Plane Array

measures the summed EM fields
from sky regions that are offset in a
2D raster.



Every radio source on the sky results in
radiation density on the ground
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The antenna senses the radiation on its
aperture and provides signal power at its
terminals

Source of
Luminosity
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Time

When T is adjusted so that the power from the
s resistor equals the power from the antenna

LS AW

» kT av = o5 Bely
’ B 4y o i S R Ol |1
ale ):.v«n- e
/ R =

Voltage

\ Time Resistance R at
: temperature T
e

Radio astronomers use Temperature as a unit of
power from the antenna!



Amplifiers also add their own noise to the
signal from the antenna
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Source of
Luminosity
Lv,

Amplifier with
voltage gain g







The radio sources in the sky result in a
radiative electromagnetic field on the ground

That rush past Radio source
the antennas/sensors on the sky

at the speed of light.

a flat spectrum, and for a
wideband antenna, the EM
field produces a Gaussian
random voltage signal at
the terminals of antennas.
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Extended radio
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Mutual coherence between voltages from antenna
elements drops off with separation
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Mutual coherence

Antenné spacing (wavélengths) x S-o_urce size (radians)

Mutual coherence drops off as Mutual coherence drops off as
baseline length exceeds Source size exceeds

inverse of source size inverse of antenna spacing



Voltage waveforms
are similar for antenna
pairs that are spaced less than A/6

Voltage waveforms are
progressively dissimilar for antenna
separations exceeding A/6

Mutual coherence of the EM field at the antenna
locations depends on source structure
[ Cittert von Zernike theorem ]



Principle of synthesis imaging using
radio interferometers

Structure in brightness distribution on the sky -2
mutual coherence in the EM field on the ground

Mutual coherence between fields -
correlation properties of voltage waveforms sensed by antennas

Synthesis Imaging:

1. Measuring the cross-correlation between voltage waveforms sensed
by pairs of antennas with a variety of separations = OBSERVING

2. To derive the mutual coherence properties of the EM field on the
ground = CALIBRATION

3. Which may be inverted to solve for brightness distribution on the sky
= IMAGING



Key advantage of using interferometers to

measure the radio sky:

Interferometers see discrete
sources and are blind to the
uniform background

Visibility amplitude

0.8

0.6
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Baseline Length (wavelengths)

Interferometer response to mean sky brightness falls off on baselines

exceeding a wavelength!

Interferometers are also blind to receiver noise, atmosphere radiation,

ground radiation!




Time variation in the measured electric field

If the source in monochromatic
Emission is at a single frequency
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The measured electric field is

a sine wave over time with

constant amplitude.




If the source emission is
over a narrow band

4>
Frequency

The measured electric field is
a sine wave over time with
slowly varying amplitude.




If the source emission is
over a wide band
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Wider the band, more quickly does the
amplitude of the received field vary with time

Emission Spectrum Received waveform Received field amplitude

Bandwidth defines a cohérence length cz for the
Frequency amplitude of the received field amplitude




Depending on the source angular size and bandwidth:
the EM field on the ground has a spatial-temporal

coherence

SCIENCERROTOLIBRA

N

(A/O)

C/(Av)

Coherence scale is (A/0) parallel to the
wave front from the source, and
depends on the angular size of the
source.

Coherence scale is c/(Av) along the line
of sight to the source = perpendicular to
the wave front, and depends on the
bandwidth of the source emission.



Depending on the source angular size and bandwidth:
the EM field on the ground has a spatial-temporal

coherence

(A/O)

Interferometers measure the
mutual coherence of the EM
o/hv) field in space and time.

Which is a measure of the
- structure of the emission in
W N angular scale and frequency.
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Wide-field interferometer arrays

'Long Wavelength Array (LWA) Measure the coherence properties of the
field on the ground corresponding to

emission from the entire visible sky

And can image the whole sky at every
instant!
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Interferometers made of Aperture Arrays
and Reflector Arrays

measure the coherence between the EM
fields averaged over two regions of space

=> antenna apertures




Reflector antennas of the Compact Array

add the electric fields
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Amplitude — ../data/CA01_13.PS

The OPTICS — shapes of the reflector
surfaces and the design of the antenna
element at the focus (FEED HORN) —

decide the weighting of the addition in fields
over the ground.
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Fourier Transform of the weighting of the EM field over the aperture
- PRIMARY BEAM

Weighting in the addition of field over the antenna surface
decides
the sensitivity over the sky
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Interferometers made of Aperture Arrays
and Reflector Arrays

measure the coherence between the EM fields
averaged over two regions of space = antenna
apertures.

Because of the weighted
averaging of fields on the

extended apertures,

These interferometers
measure the mutual
coherence in fields arising
exclusively from the region of
the primary beam.




Single source of flux density S+ in the boresight of an
antenna
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Source of flux density S, along the boresights of
two antennas
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In terms of theAEM\ flelds

Partial coherence
__‘;tween the fields at the

Product of the voltage waveforms is a measure of the
mutual coherence of the fields on tl antenna surfaces




Uncertainty in P,
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This is the measurement uncertainty in
the real and imaginary parts of the
complex product




Most often:
power due to the source
IS very much less than

power due to the receiver noise + b.g. sky + atm + gnd

Sensitivity of an interferometer
improves with

lower receiver+atm+gnd noise,

better antenna and sampler efficiency,
wider bandwidth and observing time




Last Slide

Assume 22 m antennas with 60% efficiency:

[A 1 Jy source gives 4000 times less power compared to your hand covering
the antenna!]

Assume 3K background and 25 K receiver noise

[Only if the antenna is pointed at a 350 Jy source will the power from the
source equal the noise power from the background sky and receiver]

Modern Synthesis telescopes image sources with 10 udy flux density and operate
with GHz bandwidths. Assume Av = 4 GHz and the operating frequency 10 GHz.

[The digital signals from the antenna are sampled every 0.125 ns, and a
source photon arrives at the antenna only once every million samples]

Every photon from the source is buried in 35 million photons
from the receiver and background sky: modern
interferometers + software can make images of these sources!



