RA basics, noise, measurements ...

Essential Radio Astronomy:
J. J. Condon and S. M. Ransom
http://www.cv.nrao.edu/course/astr534/ERA.shtml

http://www.naic.edu/~astro/sdss5/

Single Dish Radio Astronomy, ASPCS 278
J. D. Kraus: Radio Astronomy

K. Rohlfs and T. L. Wilson: Tools of Radio Astronomy


http://www.naic.edu/~astro/sdss5/

Pioneers of radio astronomy

Karl Jansky Grote Reber
1833 1938

Frank Ghigo: Fourth NAIC-NRAO School, July 2007



M82: starburst galaxy with a superwind
Radio spectrum: thermal + non-thermal

Photo: NASA, ESA and Hubble Heritage Team
Spectrum: Condon, 1992, ARA&A, 30, 575
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GBT: Extanded Emlission in Orian V0LA: Compact Emission in Orion Core

Declination {J2000)
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GBT + VLA
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05'35"30" 24 18 12 05"
Right Ascension (J2000)

Orion nebula (HII region): GBT + VLA

Slide from J. J. Condon, NAIC/NRAO School, 2003



A 408-MHz all-sky continuum survey

Haslam, Salter, Stoffel and Wilson 1982, A&AS, 47, 1




Revision: antenna fundamentals

Antenna: device for converting electromagnetic radiation in to
currents (receiving) or vice versa (radiating)

in radio astronomy we use antennas for receiving radiation

A simple antenna: two collinear conductors driven at the gap by
a current source (transmitter)

Essential Radio Astronomy: J. . Condon and S. M. Ransom
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The coordinate system used to describe the radiation from a short dipole.



I Revision: antenna fundamentals

Power pattern: angular distribution

of radiated power, usually P o sin®f

normalised to unity at the peak

dipole: power pattern similar
to that of an accelerated charge

all the charges in the dipole are

being accelerated along one
short line

Essential Radio Astronomy: J. J. Condon and S. M. Ransom



Minor
lobes

Main lobe axis
{ or bore sight)

=

0dB —

- Main lobe \
—3dB
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Beam width
between first

aulls (BWFN) Beam solid angle .QA= J] Pn ( 6: (D)d 'Q
dn

(steradians)

A
Aipew D

Antenna beam pattern or power pattern

J. D. Kraus: Radio Astronomy
F. D. Ghigo: Fourth NAIC-NRAO School, July 2007



Some definitions and relations

Main beam efficiency, € Antenna theorem
2
Q, 0 A
M AT
Q, A,

'3

Aperture efficiency, €, A

_ e _
Effective aperture, A, £gp™ A 2 ap~ ¢ pat € surf € block € ohmic
Geometric aperture, A, g

F. D. Ghigo: Fourth NAIC-NRAO School, July 2007



Detected power (W, watts) from a resistor R
at temperature T (kelvin) over bandwidth B(Hz)

Power W, detected in a radio telescope

w,=—AS
Due to a source of flux density S a=3ASE
power as equivalent temperature. p) kTA
Antenna Temperature T, S= y
Effective Aperture A, e

F. Ghigo: Fourth NAIC-NRAO school, July 2007



Basic Radio Telescope

BASIC Hﬁ.ﬂ_llﬂ TELESCOPE

FRONT END — CONTROL COMPUTER — i

_ETSTEH CONTROL
Positions helescops
Directs observing
Monitors receiving mystems
SR AND

[T sack Exp DATA COLLECTION

isplays i
‘ Furthai amplifies Lﬂﬂuﬂll;?: —

signal until sirong Raecords while obssratior: i
enough 10 be onalyzed ore in progress J

MAGNETIC TAPE

all components inside and more thorough onal-

focal point whers
i dotted line ore in the

|
'1
i
radic Woves 1o : | Stores raw date for later
|
|
|

TELESCOPE

REFLECTOR B ANTENNA ELECTRONICS

ierse huur, 1985, Slide set producad by the Asiromomical Society of the Pacific, slide &1,




— Antenna pattern

Transmission line

antenna ...~
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e
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Kraus: Radio Astronomy and Frank Ghigo, Fourth NAIC-NRAO School, July 2007



Apirrtun: leCrilitiom Dbl puallinu

o) L)
Aperture Illumination Function TR = Gl “\f\//.'\ :
i
Beam Pattern ® G ,/ \
e

A gaussian aperture illumination
gives a gaussian beam:;

i
€ pat™0. 7 Aﬂp

Foraus, 1966, Fiph-9, p. 168,

Frank Ghigo: Fourth NAIC-NRAO School, July 2007



Gain(K/Jy) for the GBT

2KT , T, e, A_ _ |
- " G—S— ;’kg G(K/]y)=2.84 €

e

S

2 — 3z% wmn Measued Sodfae= T
-1
Including atmospheric absorption: 5
2hT,
5= 2 e
e | Effect of surface efficiency
_i él S I |I|: R Ell:l I 3I:| I I 1< I

R L R

Frank Ghigo: Fourth NAIC-NRAO School, July 2007



Power Received:

Pooclv) = 1/2 A, / (8, 0) Po(6,0) d0 wattsHz
(2

Effective Area ” . .
Source Antenna Pattern

Power Received in bandwidth Av :

Av /2
P, :/ Pr..(v) dv watts
—Av/2

For thermal sources (Planck's Law):

2hi° i

c? hu[kT(8,9) — 1 watts m_2 ster™ ! Hz !
€ P)

IF(Q: (P) =




I,(8,0) = 2kT (8, )/ \°

Substituting, this gives the following
Rayleigh-Jeans approximation:

P, =

kA
Aze / T(Q:‘P) Pn(ea‘.f’) dQ watts Hz !
Q



Antenna Temperature

Power available at terminal of a resistor:
W = kT wattsHz ™!

Replace the antenna with a matched resistor at a
physical temperature that gives the same response:

P, = kT4 wattsHz™!
Ag
and Ty = —<= T'(0, ) Pul8,p) dS2
A2 Jq
1
= — T(Q; 99) Pﬂ(gi (1‘9) dQ
04 Jo

T,is defined as the ANTENNA TEMPERATURE.

Mike Davis: Fourth NAIC-NRAO School, July 2007



Flux Density

Spectral flux density for a discrete source
(one with a clear boundary):

/ 1,(0, o) d  watts m? Hz !

sQurce

Observed Flux Density:

/ L(B,p) P,(0,p) d0 wattsm™2 Hz ™!

SOUrce

This is < S depending on the size of the source.

Mike Davis: Fourth NAIC-NRAO School, July 2007



Large Source:
So = I1,(0, ¢) /Pn({?, ) dQl = L,(0,0) Q4 wattsm 2 Hz !

Small Source

P,(0,0) f 1,(6, o) d

source

f L(0,¢) dQ wattsm™? Hz ™!

sSOUrce

S =5

|

Mike Davis: Fourth NAIC-NRAO School, July 2007



The standard unit of spectral flux density
in radio astronomy is the Jansky:

1 Jy = 10726 watts m—2 Hz 1

From earlier equations:

P, = kTy=1/24. S, wattsHz ™!

which gives:

Ta/So; = A, 107%2%/2k Kelvins/Jy

An effective aperture of 2760 m? is required
to give a sensitivity of 1.0 K/Jy.

Mike Davis: Fourth NAIC-NRAO School, July 2007
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The Sun in three Imaginary photos taken from a long distance (left), medium distance (center),
and short distance (right) would have a constant brightness but increasing angular size.

Brightness of a source (Sun) does not depend
on the distance
Flux density of a source (Sun) depends
inversely on the square of its distance

Image from Essential Radio Astronomy: J. J. Condon and S. M. Ransom



Radio continuum and line emission

Celestial radio emission can be subdivided into two main

spectral categories:

|. Broadband or Continuum Emission.
Typical examples: (a) planetary surfaces, (b) HII
regions, () the Cosmic Microwave Background &
(d) those Galactic and extragalactic sources that
emit via the synchrotron process.

Fluy
}I'll'llfr
i

e -

L]

" i 4‘; F"T"'"l ':q'"“:'r

Chris Salter: NAIC-NRAO School, July 2005

2. Line emission due to low-energy transitions within
atoms and molecules in space.
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{unpublished )



The antenna output voiltage produced by an astronomical continuwm source vares rapidly on short
time scales, but the longer-term average power Is steady.

The purpose of the simplest total-power radiometer is to measure the timed-averaged power
of this noise in some wel-defined radio frequency (RF) range

Radio emission from a celestial source is essentially random noise;
nearly indistinguishable from noise generated by a warm resistor
Normally this noise is also stationary; its time-averaged power does
not change during the course of the observations.
Instantaneous power produced by the source varies erratically on
time scales as short as the inverse of the receiver bandwidth

Essential Radio Astronomy: J. J. Condon and S. M. Ransom



P
Tﬂf

(3F1)

where k= 1.38 x 10~ Joule K~! is the Beltzmann constant.
The conceptually simplest radiometer consists of three stages in serles:

(1} an ideal (lossless) bandpass fiffter that passes input noise only in the desired frequency range,
(2} an ideal sguare-law detector whose output voltage is proportional to the square of its input
volage; that is, its output voltage is proportional to its input power,

(3) and a signal averager or integrator that smoocthes cut the rapidly fluctuating detector output.

®

deleclor ouTpet

The simplest radiometer filters the broadband noise coming from the telescope, multiplies the

signal voltage by itself (square-law detection), and smoothes the detected voltage, which can be
read by a meter as shown.

Essential Radio Astronomy: J. J. Condon and S.M. Ransom



The temperature equivalent to the total noise power from all sources referenced to the input of an
Ideal receiver input s called the system noise temperature:

Tin =Ty T ATuwe + T+ T + Trom + - |(3F2)

The contributions listed explickly in Equation 3F2 are T,  2.73 K from the cosmic microwave
background, ATiome from the astronomical source being observed, T, from atmospheric
emission in the telescope beam, Ty, - to account for radiation that the feed picks up in
directions beyond the edge of the reflector, and Ty, to represent the noise power generated by
the recelver kself, referenced to the recelver input. The desired signal AT, pue was written with a
A to emphastize that it Is usually much smaller than the total system noise: ATy € Tip. For
example, in the v4; ~2 4.85 GHz sky survey made with the 300-foot telescope, the system noise
was Tips = 60 K, but the faintest sources detected contributed only ATl % 0.01 K.

Contribution from the Milky Way galaxy and the CMB changes

greatly with frequency. At 38 MHz T Gal ~10**4 — 10**5 K.
At 327 MHz T _Gal ~ 20 to 2000 K, and negligible above ~5 GHz

At higher frequencies, contribution from the CMB dominates.

Essential Radio Astronomy: J. J. Condon and S. M. Ransom,;
Chris Salter: NAIC-NRAO School; July 2005



After passing through an input fiker of width Awge < vy the noise signal is no longer completely
random; it becomes more like a sine wave of frequency == vy, whose amplitude envelope is
modulated (varies) on time scales At =~ (Avgy) ™" > v . The poskive and negative envelopes are

similar so long as Avgp < vyp.

Y 7 e Al

The nolse voltage output of a filter with center frequency vy and bandwidth Auygy Is a sinusold
with frequency vy whose envelope fluctuates on time scales (Avgg) ™' > (vge)

Since the input filker does not pass signak with zero frequency (DC), the time-averaged voltage is
nearly zero. However, the average power at the fiter output is not zero; it is

P PAwgye

The filter gutput is sent to a square-law detecter, a device whose output voltage is proportional to
the square of the input voltage, which in tum is propertional to the input power. The detector

Essential Radio Astronomy: J. J. Condon and S. M. Ransom



The scanning time between half-power points was thus ~ (.3 s.

VJ = 0.3 s

C

A point source appears as a Gaussian with FWHM duration 0.3 s In the recelver output.

The data were integrated and sampled every 7 = 0.1 s, 50 there were =2 3 samples per haf-power
beamwidth. A subset of the samples taken from one recelver during one scan cevering the
declination range § = —2° to § = +73° Is shown.

Essential Radio Astronomy: J. J. Condon and S. M. Ransom
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The intensity scale has been calibrated in Kelvins, and the large mean T, =2 60 K has been
subtracted. By far the biggest time-dependent signal {spanning a range of about 1 K) ks caused by
ground radiation entering the prime-focus feed via leakage through the reflector mesh and
spillover. Fortunately, this unwanted ground signal varies smoothly with telescope elevation, so
subtracting a short (about 40 arcmin long) running-median baseline takes out the spillover signal
without removing compact radio sources, The outputs from all 14 receiver channels (7 beams x 2
polarizations/beam) after baseline subtraction are shown in the next viewgraph. Only now are the
faint radio sources visible above the noise fluctuations.

Essential Radio Astronomy: J. J. Condon and S. M. Ransom
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Data from afl 14 recelvers after subtraction of running-median baselines. Souwces appear as
spikes In both polarization channefs (R and L) of one or iwo beams. Interference Is usually visible
in alf 14 recelvers simultanepusly.

The rms nolse observed is consistent with the prediction of the total-power radiometer equation:
Teps BOK

£ g = 0.008 K
VBuger  4/6x 108Hz x 0.1s

Ty

Essential Radio Astronomy: J. J. Condon and S. M. Ransom
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Note that the cutput of a total-power receiver scales in proportion to the overal gain & of the

recelver:
P, = GkTyy
I G isn't perfectly constant, the change in putput
AP, = AGKT .y

caused by a gain fluctuation AG produces a change

which is indistinguishable from a comparable change AT in the system noise temperature
produced by an astronomical source. Since gain fluctuations and input noise fluctuations are
independent random processes, their varfances (the variance is the square of the rms) add, and
the total receiver output luctuation becomes:

ﬂfolll= nnhs+aé
1 AG
ai“_ﬁ“[ﬂMT+(?)1

The practical total-power radipmeter equation Is thus:

ﬂT%i}F[ﬁ + (ﬂ_é?)’]‘f” (3F4)

Clearly, gain fluctuations will significantly degrade the sensitivity unless
A 1
(€)= Vanm
G Avgypr

For example, the 5 GHz receiver used to make the sky survey with the 300-foot telescope had
Avgp =~ 6 x 10*°Hz and 7 =2 0.1 s, s0 the fractional gain fluctuations on time scakes up to a few
seconds (the me to scan one baseline length) had to satisfy
AG 1
— &
G ~Bx10°Hz x0.1s

=13 x 10~

Essential Radio Astronomy: i
J.J. Condon and S.M. Ransom This ts dificult to achleve In practice.
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Block diagram of a beamswitching differential radiometer.

I the system temperatures are T} and T5 in the two positions of the switch, then the receiver
output is propertional to T} — T, <2 T} and the effect of gain fluctuations is only

AG AG

Likewise, the atmospheric emission in two neary overapping beams through the troposphere is
nearly the same, so most of the tropospheric luctuations cancel out. The main drawback with
Dicke switching is that the receiver output fluctuations, relative to the source signal in a single
beam, are doubled, so the radipmeter equation for a Dicke switching recelver is:

27,
or=——2 | (3F5)

v/ Avget

Essential Radio Astronomy: J. J. Condon and S. M. Ransom



Few actual radiometers are this simple. Nearly all practical radiometers are superheterodyne
receivers, in which a mixer mutiplies the RF signal by a sine wave of frequency 11, generated by
a local oscillator. The product of two sine waves contains the sum and difference frequency
components

2sin( 2] X sin(2rvngt) = cos{2{n — vy)t] — conf2(uno + el

The difference frequency s called the intermediate frequency (IF). The advantages of
superheterpdyne recelvers include doing most of the amplification at lower frequencies
(4@ < vgp), which is usually easier, and precise control of the vy range covered via tuning only

 Long cables less lossy at lower frequencies (nowadays one
uses optical optical fibres
« Fear of positive feedback causing receiver oscillations
 If nu_LO can be varied over a wide range, a standard fixed
frequency IF chain can service a wide range of front ends

Essential Radio Astonomy: J. J. Condon and S. M. Ransom
Chris Salter: NAIC-NRAO School; July 2005



the local pscillator so that back-end devices following the untuned IF amplifier, multichanne| filter
banks or digkal spectrometers for example, can operate over fixed frequency ranges.

o fived-fiequen
backends 3 7

RE amg If awg: j)IF :ﬂln"?’é

-

Tunable \ﬂ ca)
25¢ 'lﬂnj'!r

Block diagram of a simple superheterodyne receiver. Oniy the local oscillator Is tuned to change
the observing frequency range.

Essential Radio Astronomy: J. J. Condon and S. M. Ransom



Determining T, e

(ON — OFF)/OFF

[(Tsource + Teverything else) B (Teverything else)]/ Teverything else

o.aqE T T 1 T T T [ 1 T — T T T [ T T T 1
a1 ]

o.ons— ]

or

ouabc |||

—0.20E

=081 A TR RN TN NS NN SR SR NN L1 R TR NN T N R N SR
i SC0 12380 1500 2000 2800

channeal

K. O'Neil: NAIC-NRAO School, 2003



Determining T, ce

(ON — OFF)/OFF

[(Tsourc:e * Teverything else) B (TEverything else)]l TEuerything else

source

Result =
system

Units are % * System Temperature

Need to determine system temperature to
calibrate data

K. O'Neil: NAIC-NRAO School, 2003



Determining T,

Noise Diodes

Inlfen | uer

Receiver

K. O'Neil: NAIC-NRAO School, 2003

CH.A

Monitor,
IF/LO, etc
System

CH.B




Determining T,

Noise Diodes

T/ Teys = (ON — OFF)/OFF

Tiode/ Tsys OI'I — Off) / Off

Tsys = Td iode * Off/ (On - Oﬁ)

K. O'Neil: NAIC-NRAO School, 2003



Determining Ty

Noise Diodes - Considerations
* Frequency dependence

st K]
I
e

Y |
o .
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1 L L L 1 L L
1.E 1.2

1.1 1.2 1.1
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Lab measurements of the GET L-Band calibration diode, taken from work of M. Stennes & T. Dunbrack - Febmuary 14, 2002

K. O'Neil: NAIC-NRAO School, 2003



Noise Diodes - Considerations
* Frequency dependence

* Time stability

K. O'Neil: NAIC-NRAO School, 2003

Determining Ty
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Determining T

source
(ON = OFF)
Tsource = OFF Tsystem
A
Blank Sky or other From diodes, Hot/Cold

loads, etc.

Telescope response has not been accounted for!

K. O'Neil: NAIC-NRAO School, 2003




Determining T

source
(ON — OFF) 1
Teowce = —OFF  Tostem GAIN
Theoretical,
or
Blank Sky or other Observational

From diodes, Hot/Cold
loads, etc.

K. O'Neil: NAIC-NRAO School, 2003



Other Issues:
Pointing

OFFSET ~30% BEAMWIDTH

v

GAIN 100% ®

GAIN 40% ,\/ -

Results in reduction of telescope gain
Typically can be corrected in software

K. O'Neil: NAIC-NRAO School; 2003



Other Issues:

Focus
Well Focused  Poorly Focused
Beam Beam

h

Results in reduction of telescope gain
Corrected mechanically

K. O'Neil: NAIC-NRAO School; 2003



* Allows in extraneous or
unexpected radiation

» Can result in false detections,
over-estimates of flux,
incorrect gain determination

« Solution is to fully understand
side lobes

K. O'Neil: NAIC-NRAO School; 2003

Other Issues:
Side Lobes*®

+

Beam \/—\



mapping
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How far apart should we place our scans (and how often should
We sample along a scan) in order to lose no information which
our telescope is capable of passing?

Chris Salter: NAIC-NRAO School, July 2005
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mapping
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The SNR 3C10 imaged
at 10.7 GHz by
horizontal scans (top)
and basket-weaving
(bottom)

Slide from J. J. Condon,
NAIC-NRAO school, 2003



confusion

P [
e

ke

Profile of 45 deg sq near the North Galactic Pole imaged with
12 arcmin resolution at 1.4 Ghz. The strongest
source seen has a flux density of ~1.5 Jy.

J. J. Condon, NAIC-NRAO school, 2003



confusion
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NVSS (45 arcsec) in gray scale and GB6 (12 arcmin) in contours
shows source blending. Lowest contour: 45 mJy/beam

J.J. Condon: NAIC-NRAO School, 2003
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J.J. Condon: NAIC-NRAO School, 2003
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408-MHz all-sky image: Haslam, Salter, Stoffel, Wilson 1982




