Principles of Interferometry
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Lecture 3

= radio astronomical system

= heterodyne receivers

= low-noise amplifiers

= system noise performance

= data sampling/representation
= Fourier transformation



a basic system

relate the voltages measured at the
receiver system to the antenna temperature

alternating current (AC) sy | detector input power ~ 10° W
P — I\T ’ AI/ . Th)’b
Tsys = 20 K, Av 50 MHz

\ P=1410"W
direct current (DC) ~108 amplification / gain
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after all its just listening to radio

the most used setup
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need to stay in the linear regime



A typical receiver tries to down-convert the “sky signal” or “Radio poxs (] S5
Frequency” (or RF) to a lower, “Intermediate Frequency” (or IF) signal

The reasons for doing this include: (i) signal losses (e.g. in cables) typically go
as frequency?; (ii) it is much easier to mainpulate the signal (e.g. amplify, filter,
delay, sample/process/digitise it) at lower frequencies.
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We use so-called “heterodyne” systems to mix the RF signal with a pure, monochromatic
frequency tone, known as a Local Oscillator (or LO).
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Consider an RF signal in a band centred on frequency vrerand an LO with frequency vio, these
can be represented as two sine waves with angular frequencies w and wo:

ViF = VrrVLo ~ stn(wt)sin(w,t) = 1/2(cos(w — w,)t + cos(w + w,)t)
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mixer — frequency down conversion |.

The higher frequency component (“sum

frequency” VRrt+VLO) is usually removed by a

filter that is included in the LO electronics.

Hence the process of down-conversion, takes [ESI=RRVoJol=Ig (oSN oF=Tgl0
a band with centre frequency vrr and converts @8 = et efde e
it to a lower (difference) frequency, vrr-vLo.

The mixer signal products preserves the

noise characteristics of the input RF (sky)
signal, but they contain an arbitrary phase-
shift due to the unknown phase of the LO.

Usually there will be several mixers and
frequency conversions in a receiver
system. Eventually one edge of the
frequency band reaches 0 Hz, known as a
“base-band” or “video” signal.
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At high frequencies (e.g. millimetre
wavelengths), down-conversion occurs
before amplification.
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low noise amplifier

we have covered that already
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bandpass filter
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low noise amplifier

we have covered that already
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detector I.

Since radio astronomy signals have the characteristics of white noise,
the voltage induced in the receiver output alternates positively and
negatively about zero volts. Any measurement of the Voltage
expectation value or time average will read zero (e.g. hooking up a
receiver to a DC voltmeter will not measure any signal).

What is needed is a non-linear device (V,, = AV,?) that will only
measure the passage of the signal in one preferred direction

(either positive or negative) i.e. we must incorporate a semiconductor
diode into our measuring system

alternating current (AC)

v de D I Cathox

direct current (DC)




iIntegrator

capacity needs time t to charge

reads out the capacity




Convolution Fourier Transformation

Convolution theorem
F(f*g) = F(f) F(g)



heterodyne receiver |

Fourier transformation
convolution theorem in action
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broad band IF signal |

time dependent voltage U(t)

frequency dependent voltage U(v)

Continuum measurement
Power(t) ~ |U?(7)]

signal

Line measurement :;2
Power(v) ~ |U%(v)| /

Ohz freqUENCY we——




how to get P(v) = [U2(v)] |
- apprgach 1 - Hardware
d

Theoretically

filters split signal into channels
feed each channel into detector



FFT speotrometer
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> Instantaneous bandwidth: 0.1 — 1.8 GHz

> Spectral resolution @ 1.5 GHz: 212 kHz
> Calibration- and aging free digital processing

B.Klein MMIC 2010

FPGA — Field-Programmable Gate Array



recap what we measure |.
In a single dish

it

heterodyne receiver

Base Band spectrum in v per integration time t

note usually the integration time will be defined as t



Theoretically

auto correlation function

1 +T

R(t) = TIEI;C o7 |, U(t)U(t + 7)dt
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old style hardware to shift the data

Clock tuder




clipper - quantisation 1 bit (0O or 1)




Original signal ——
Quantised (8 bit)
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Sensitivity loss

8 bit: 0.1%

4 bit: 1.3%

2 bit: 12%
36%
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If we sample twice per cycle time
(period) we get a saw-tooth wave that
is becoming a good approximation to a
sinusoid.

For lossless digitisation we must
sample the signal at least twice per
cycle time.

If we sample once per cycle time
(period) we would consider the signal
to have a constant amplitude.

Reconstructed
o

Nyquist’s sampling theorem states that for a limited bandwidth signal with maximum frequency fmax,
the equally spaced sampling frequency f; must be greater than twice the maximum frequency fmax,
i.e.fs > 2 fnax in order for the signal to be uniquely reconstructed without aliasing.

The frequency 2fmax is called the Nyquist sampling rate.

e.g. If a reciever system provides a baseband signal of 20 MHz, the signal must be sampled 40Eé times per second.
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digital data

Cross-correlation  Autocorrelation
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using the signal from different antennas
we build an interferometer



Correlator

Correlator platform overview

Development effort required

Correlator
capacity per
hardware $$
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Figure 1.4 (a) Schematic diagram of the Michelson-Pease stellar interferometer. The incom-
ing rays are guided into the telescope aperture by mirvors m to m, of which the outer pair
define the two apertures of the interferometer. Rays a) and b, (raverse equal paths o the eye-
piece at which the image is formed, but rays a; and b, which approach at an angle 6 to the
instrumental axis, traverse paths that differ by a distance A. (b) The intensity of the image as a
function of position angle in a direction parallel to the spacing of the interferometer apertures.
The solid line shows the fringe profiles for an unresolved star (Vi = 1.0), and the broken line
is for a partially resolved star for which Vi = 0.5.

solid line
unresolved

dashed line
resolved



aperture synthesis

mix the signal from all the telescope that they are in phase




