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Outline — Lectures 3 and 4

» Antennas, antenna arrays & detectors

o Antenna gain & radiation patterns
o Antenna arrays: Sparse phased arrays vs. modern interferometers
o Detectors & correlators

» Non-ideal effects in radio measurements
o Noise & noise temperature

o Amplitude and phase errors
o Corrections/calibrations

All lectures to be found at: http://wave.asu.cas.cz/barta/lectures/radioastronomy



http://wave.asu.cas.cz/barta/lectures/radioastronomy

Antennas, antenna arrays and detectors




Radio astronomy: Why is everything so big?
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Antenna aperture / antenna gain: Sensitivity
Antenna primary/main beam & side lobes: Spatial resolution




Antennas & detectors
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{a) Dipole Antenna Model (b) Dipole 3D Radiation Pattern
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Simplest antennas: dipoles / dipole arrays




Antennas & detectors




Antennas & detectors

| RT5 Ondrejov, 10m : R T O e Effelsberg, ~100m

-

(partly) movable parabolic dishes - ‘universal’

ST antennas

Arecibo, ~500m




Velké misy — single-dish prijimace

U Operating frequencies: 70 — 3000MHz

U Science: Neutral hydrogen maps,
pulsars, VLBI, chemistry, FRBs,
exoplanets, SETI,...

U 2016 — 2019: Commissioning &
Science Verification; Oct 2019+:

FAST, ~500m Science operation

(FAST webpage)



https://fast.bao.ac.cn/

Beyond the SD technical limitations:
Antenna arrays

Nahrada jedné obfi antény soustavou mnoha antén:
Radiova interferometrie

Fourierovské zobrazovani /

Fazované anténni rady

+ pfimé scanovani Uzkym
svazkem soustavy
(historicky pristup)

Aperturni syntéza
(moderni metoda)




Antennas & detectors

Interferometric arrays

Nobeyama




Priklady modernich AS systému
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Modern AS systems — Multi-frequency imaging / spectral cubes
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D. Garry, G. Nitta: E-OVSA
CESRA 2019 presentations



https://meetings.aip.de/cesra2019

Antennas & detectors

VertexRSI: 264 panels spanning 8 rings with 12 (rings 1 and 2), 24 (rings 3 and 4), and 48 (rings 5 through
8) individual panels which are ronghly a half-meter-square in area.

AEM: 120 panels spanning 5 rings with 8 (ring 1}, 16 (ring 2), and 32 (rings 3 through 5) individual panels
which are roughly one-meter-square in area.

Melco 12 m: 205 panels spanning 7 rings with 5 (ring 1), 20 (rings 2 and 3). and 40 (rings 4 through 7}
individual panels which are roughly one-meter-square in area.

Melco T m: 38 panels spanning 5 rings with 4 (ring 1), 12 (ring 2), and 24 {rings 3 through 5) panels which
are each roughly one-meter-square in area.

Figure A.1: The four different ALMA Antenna designs: Vertex 12 m, MELC(O 12 m, AEM 12 m, and MELCQ
7 m (from left to right).




Antennas & detectors

Parabolic dish: Primary beam forming
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Antennas & detectors
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Antennas & detectors

Normalized Power Response of Idealized ALMA 12—m Antenna ot 350 GHz

(uniform illumination assumed)
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Antennas & detectors

Heterodyne — Block scheme

RF RF IF Amplifier Audio
YFilter Amplifier Mixer & Filter  Demodulator Amplifier

>




Antennas & detectors: Mixers & down-conversion

Antenna

RF filter

IMixer input

Mixer output |— IF . ——IF —|

-

IF f—

IF filter .

i
IF filter ¢
output fﬂ

Heterodyne — working principle

Frequency down-conversion




Antennas & detectors: Mixers & down-conversion
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Antennas & detectors: Mixers & down-conversion
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Antennas & detectors: Mixers & down-conversion
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Antennas & detectors: Mixers & down-conversion




Antennas & detectors: Mixers & down-conversion

Heterodyne — working principle

Frequency down-conversion

Mixed (down-converted/IF) signals:
Required for DSP — digital spectroscopy,

interferometry

Antenna
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Bolometry/radiometry: P~E2over some band
- Square-Law Detector (SQLD)
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Antennas & detectors
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Priklad: ALMA — cesta signalu
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Antennas & detectors
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Antennas & detectors

Interferometric correlator
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Antennas & detectors

More on detectors/correlators shall come
specifically for each radioastronomical
method (e.g., spectro-polarimetry, aperture
synthesis,...).
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Interferometers & correlators: heavy HPC business...

(mald) Cast korelatoru ALMA @AOS




Trends: Multi-feed arrays — ,CCDs" for radio astronomy

Sigle-feed:
FoV je dano Sirkou svazku
jedné antény (ALMA 12m: ~ I'@1006Hz).
VEétsi pole se mosaikuji.

Multi-feed:
Zveétseni FoV, zrychleni mosaikovani

(see ALMA Development Workshop 2019
on-line proceedings)

A '
x ),)f’/ ‘ Millimeter wavelength
I’ Large format
\ ) for future single-dish telescopes
Single beam B,

demonstration

Phased muIti-array@ASKP

compactamay  Aplikace i v mm/sub-mm oblasti

Sub-millimeter wavelength for interferometers



http://www.eso.org/sci/meetings/2019/ALMADevel2019/program.html

Trends 2: Increasing sensitivity & resolution

(see ALMA Development Workshop 2019
on-line proceedings)

Wiring layer —--!
: Superconducting AI/N b ~
Dielectric —» | : -— -—‘7 electrodes Alox

Nb/Al

Tunnel barrier Substrate

MANCHESTER

SIGNAL AND DATA TRANSPORT

Australia

St 12-Jun-08 WD24, Gmm 25, OkY x 1%k 3um

O Supravodivé detektory,
nanotechnologie

O VySSi frekvence (THz pasmo)

O VeétsSi observatore / VLBI sité:
Mezikontinentalni, v budoucnu
pravdépodobné i v kosmu

SKA1 _Mid 350 MHz - 14 GHz SKA1 Low 50-350 MHz
64 MeerKAT dishes 131,000 aperture array dipole
133 SKA1 dishes. 512 stations of 256 antennas



http://www.eso.org/sci/meetings/2019/ALMADevel2019/program.html

Trends 3: DSP technology now affordable for small & middle-size observatories

Spektrografy/spektro-polarimetry postavené jako Software-Defined Radio
Ondrejov Solar hi-Cadence Automated Radio Spectrograph(s) / OSCARS



https://www.mdpi.com/2079-9292/8/8/861

No-ideal (d)effects and their mitigation:
Basics of radio data calibration




Non-ideal effects - intro to calibration

Concept of ,antenna temperature®
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Pmt = 'Da + 'Dsys =5 Tmt = Ta + Tsys | — Non-ideal contribution: ,System temperature”

Tsys = Tbg + Tsky + Tspm' + Tioss + Tcal + T

T'hg = Noise contribution from microwave and galactic backgrounds

Tk, = Noise contribution from atmospheric emission

T'spi = Noise contribution due to ground radiation (spillover and scattering)
T 15 = noise contribution due to losses in feed

Tca1 = noise contribution due to injected noise

T = receiver noise temperature




Non-ideal effects - intro to calibration
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Non-ideal effects - intro to calibration
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Non-ideal effects - intro to calibration

Sensitivity: The minimum flux density (bright. temperature) we can detect above the noise (Tsys)
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Non-ideal effects - intro to calibration

Tsys decomposition @ VLA
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Non-ideal effects — intro to calibration

Sys

Pr =G B+P

Gain: complex number in general, including wave-phase shifts

Methods of calibration
» Absolute: Hot and ambient loads — noise generators (heated resistors noise diode, ...)

» Relative: Scaled to an (celestial) object with known radio brightness — calibrator
Typical radio flux calibrators: Quasars, solar system objects (planets & their moons)

More detailed description of calibration procedures shall come specifically for each
radioastronomical method (e.g., spectroscopy, interferometry,...).




Non-ideal effects — intro to calibration

Methods of calibration
» Absolute: Hot and ambient loads — noise generators (heated resistors noise diode, ...)

» Relative: Scaled to an (celestial) object with known radio brightness — calibrator
Typical radio flux calibrators: Quasars, solar system objects (planets & their moons)

Example: ALMA
calibration devices

More detailed description of calibration procedures shall come specifically for each
radioastronomical method (e.g., spectroscopy, interferometry,...).
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Take-home message

Q

Radioastronomical systems are quite a large — the reasons are hunt for (1) higher SNR (needs big
antenna area) and (2) resolution.

The single-dish instruments have technical limit to antenna size, so far fully movable antennas are
~100m in diameter and lilely will not grow. The largest “stationary” aperture currently is FAST (~500m).
Problem can be overcome by constructing antenna arrays: Interferometry / aperture synthesis. There are
two ways how to combine the signals: (1) analog addition and (2) DSP + correlations.

Working with high frequency signals is cumbersome: The solution is in mixing with the LO signals (mixer,
downconversion, IF).

Trends tend to the multi-feed arrays (even phased), cooled superconductor detectors, higher frequencies
and longer baselines (VLBI).

Instrument, atmosphere and man-made interference “pollute” the signal: In amplitude, phase, spectral
characteristics and polarization. In order to mitigate those issues, a careful calibration of the data is
necessary. l.e. comparison of the measured signal with that expected by observing the “source” (celestial
or artificial inserted into the signal path) with known properties.
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