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Collecting radio signals



Nyquist theorem and noise Temperature 

A resistor (even without current) at a certain temperature T
produces noise power:      

If we could connect the resistor to the telescope (without any loss)
then we’d be able to measure the telescope temperature

A radio telescope is about measuring noises/temperatures
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At low frequencies ν k T/h, the specific intensity B≪
ν
 of blackbody radiation in three 

dimensions (solid curve) is proportional to ν2. Its one-dimensional analog, the spectral 
power density of noise generated by a resistor (dashed curve), is proportional to ν0 . 
Quantization causes the sharp exponential cutoffs of both curves at high frequencies.
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Collecting radio signals

An antenna is a passive device that converts electromagnetic radiation in space into 
electrical currents in conductors or vice versa, depending on whether it is being used for 
receiving or for transmitting, respectively. 

Radio telescopes are receiving antennas, and radar telescopes are also transmitting 
antennas. It is often easier to calculate the properties of transmitting antennas and to 
measure the properties of receiving antennas. 

The reciprocity theorem states that most characteristics of a transmitting antenna (e.g., its 
radiation pattern) are unchanged when that antenna is used for receiving, so any analysis 
of a transmitting antenna can be applied to a receiving antenna used in radio astronomy, 
and any measurement of a receiving antenna can be applied to that antenna when used 
for transmitting. 

The two cases are equivalent because of time reversibility: 

the solutions of Maxwell’s equations are valid when time is reversed!
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The Parkes 64-m telescope, Australia
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The feed can illuminate the aperture antenna with a 
sine wave of fixed frequency ν=ω/(2 π) and electric 
field strength g (x) that varies across the aperture. 

The illumination induces currents in the reflector. The 
currents will vary with both position and time:

I g (x) exp (-i ω t)∝

Huygens’s principle asserts that the aperture can 
be treated as a collection of small elements which 
act individually as small antennas.

The field from each element extending 
from x to x+d x is:

d f g (x) exp (-i 2 π r (x)/λ)r (x) d x,∝

The electric-field pattern f (l) of an aperture antenna is the Fourier transform of the electric field 
distribution g (u) illuminating that aperture

I g (x) exp (-i ω t)∝

with l≡sinθ (far field approximation) and u≡x/λ
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P(θ,φ,ν) = A(θ,φ,ν) I(θ,φ,ν) Δν ΔΩ

effective collecting area A(ν,θ,φ) [m2]

on-axis response 
  A0 = η A

η = aperture efficiency

Normalized pattern
(primary beam) 

A(ν,θ,φ) = A(ν,θ,φ)/A0

Beam solid angle
ΩA= ∫∫ A(ν,θ,φ) dΩ all sky

A0 ΩA = λ2 

λ = wavelength,   ν = frequency 
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 Collecting radio signals – calibrating a telescope

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

hot  = absorbing material (300 K)
cold = soaked in liquid nitrogen (77 K)

problem is that we do not know Aeff in general 
for a horn antenna Aeff can be calculated analytically
now we can relate source flux density with antenna temperature

receiver system needs to be linear



receiver system needs to be linear

hot  = absorbing material (300 K)
cold = soaked in liquid nitrogen (77 K)

antenna temperature for another telescope

known flux density of the source can 
be used to calibrate other telescope

S
0
 =

Collecting radio signals – calibrating a telescope



With the known parameters of a telescope we can simply
bootstrap the flux densities of sources to be measured. 

All we need is a calibration source not too far away from 
the target source:

  S
target 

= S
cal
/U

cal
   U

target

Target voltageCalibrator voltage

Calibrator flux density Target flux density

Collecting radio signals – calibrating a telescope
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(with T
A
 << T

sys
)



When Penzias & Wilson made         
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Collecting radio signals

The simplest possible radiometer: 

– filters the broadband noise coming from the telescope 

– multiplies the filtered voltage by itself (square-law detection) 

– smooths the detected voltage, and measures the smoothed voltage. 

The function of the detector is to convert the noise voltage, which has zero mean, 
to noise power, which is proportional to the square of voltagee



Collecting radio signals

The voltage output V (t) of the filter with center 
frequency ν

RF
 and bandwidth Δ ν<ν

RF
 is a sinusoid 

with frequency ν
RF

 whose envelope (dashed 
curves) fluctuates on timescales (Δ ν)-1>(ν

RF
)-1



Collecting radio signals

The output voltage V
o
 of a square-law detector is 

proportional to the square of the input voltage. It is 
always positive, so its mean (DC, or zero-frequency 
component) is positive and proportional to the input 
power. The high frequency (ν≈2 ν

RF
) fluctuations add 

no information about the source and are filtered out 
in the next stage.

For a narrowband input voltage V
i
≈cos (2 π ν

RF
 t) at frequency ν

RF
, the detector output voltage would be Vo cos∝ 2 (2 π ν

RF
 t) 

=  [1+cos (4 π ν
RF

 t)]/2, a function whose mean value is proportional to the average power of the input signal.



Collecting radio signals

The upper plot shows the output voltage V
o
 of a square-law 

detector whose input is Gaussian noise. 

The output voltage histogram is peaked sharply near zero 
and has a long positive tail. The mean detected voltage 
V⟨

o
 equals the mean squared input voltage, and the rms of ⟩

the detected voltage distribution is 21/2 V⟨
o
⟩
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The upper plot shows the output voltage V
o
 of a square-law 

detector whose input is Gaussian noise. 

The output voltage histogram is peaked sharply near zero 
and has a long positive tail. The mean detected voltage 
V⟨

o
 equals the mean squared input voltage, and the rms of ⟩

the detected voltage distribution is 21/2 V⟨
o
⟩

The rapidly varying component at frequencies near 2 ν
RF

 and its 
envelope vary on timescales that are normally much shorter than 
the timescales on which the average signal power Δ T varies. 

The unwanted rapid variations can be suppressed by taking the 
arithmetic mean of the detected envelope over some timescale 
τ (Δ ν)≫ -1 by integrating or averaging the detector output. 
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s



Collecting radio signals

N =  Δ ν  τ  = 50 samples N =  Δ ν  τ  = 200 samples

Δ ν  τ > 108

Δ T  5×10∼ -4 T
s

The weakest detectable signals T
A 
(= Δ T) 

only have to be a few times the output rms 
σ

T
 given by the radiometer equation and 

not several times the total system noise T
s



• The simple device just described defines a ‘total power radio telescope’.  

• Conceptually simple – power in, power out.  

• But the angular resolution of a single antenna is limited by diffraction to:                   (radians)

• In ‘practical’ units:      

• For arcsecond resolution, we need km-scale antennas, which are obviously impractical.  

• We seek a method to ‘synthesize’ a large aperture by combining signals collected by 
separated small apertures.  

Interferometry for the faint of heart
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SPT@220GHz

GBT
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• Replacing a single large telescope by a collection of small telescopes filling the large one

• Signals received by telescopes are combined by pairs

• Each antenna pair (baseline) measures a Fourier component of the source brightness 
distribution (visibility)

• Given sufficient number of measurements the source brightness distribution can be obtained 
by Fourier inversion

Interferometry for the faint of heart



Interferometry for the faint of heart

The correlator output amplitude V2/2 is proportional to the flux density S 
of the point source multiplied by (A1 A2)1/2, where A1 and A2 are the 
effective collecting areas of the two antennas. Notice that the time-
averaged response R of a multiplying interferometer is zero: there is no 
DC output.

The correlator output voltage R=(V2/2) cos (ω τg) varies sinusoidally as the 
Earth’s rotation changes the source direction relative to the baseline 
vector. These sinusoids are called fringes, and the fringe phase depends 
on θ and is an exquisite measure of the source position.

A two-element interferometer is sensitive to only one Fourier component 
of the sky brightness distribution: the component with angular period 
λ/(b sin θ). The response R is that sinusoid multiplied by the product 
of the voltage patterns of the individual antennas. Normally the two 
antennas are identical, so this product is the power pattern of the 
individual antennas and is called the primary beam of the 
interferometer. The primary beam is usually a Gaussian much wider 
than a fringe period.



Interferometry for the faint of heart

–  We want to increase the number of antennae to measure possibly             
    many physical scales

–  In order to describe slightly extended sources we need a complex             
    correlator to be able to treat at the same time the symmetric and anti-       
    symmetric parts (cos-even plus sin-odd parts)

–  Finite bandwidths and averaging times (to increase sensitivity) 

–  Earth-Rotation Aperture Synthesis 

–  Interferometers in Three Dimensions
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Interferometry for the faint of heart

The instantaneous point-source responses of interferometers with 
overall projected length b and two, three, or four antennas distributed 
as shown are indicated by the thick curves.

 

The synthesized main beam of the four-element interferometer is nearly 
Gaussian with angular resolution θ≈λ/b, but the sidelobes are still significant 
and there is a broad negative “bowl” caused by the lack of spacings shorter 
than the diameter of an individual antenna.

Thus the synthesized beam is sometimes called the dirty beam. The 
instantaneous dirty beam of the multielement interferometer is the 
arithmetic mean of the individual responses of its component two-element 
interferometers. 

The individual responses of the three two-element interferometers 
comprising the three-element interferometer and of the six two-element 
interferometers comprising the four-element interferometer are plotted as 
thin curves. 



'Synthesize' a large aperture by combining signals collected by separated antennas

It measures the interference pattern produced by the two apertures, which is related to 
the source brightness

2 antennas: projected baseline length B (distance between antennas)
plays the role of D in the resolution, i.e. Δθ∼λ/B

Interferometry for the faint of heart



N antennas : N(N-1)/2 baselines

Resolution:  

        = maximum projected baseline

Interferometry for the faint of heart

                    



u(k)

v
(k

)

An array with N antennas 

will have N(N-1)/2 baselines

and each baseline will measure a visibility 
 for each frequency channel   and 
for each integration time

(Earth rotation helps covering the uv plane)

Interferometry for the faint of heart



5 Antennas, 1 min observing

The better we sample the uv plane, the better we can recover the true brightness of your target
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6 Antennas, 1 min observing
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The better we sample the uv plane, the better we can recover the true brightness of your target



7 Antennas, 1 min observing

Interferometry for the faint of heart

The better we sample the uv plane, the better we can recover the true brightness of your target



7 Antennas, 10 min observing

Interferometry for the faint of heart

The better we sample the uv plane, the better we can recover the true brightness of your target



7 Antennas, 3 hours observing

Interferometry for the faint of heart

The better we sample the uv plane, the better we can recover the true brightness of your target



7 Antennas, 8 hours observing

Interferometry for the faint of heart

The better we sample the uv plane, the better we can recover the true brightness of your target



FOV

Resolution

Maximum scale 

Sensitivity  =

≃ λ
D

≃ λ
Bma x

≃ λ
Bmin

T s y s
A e f f √N (N−1)Δ ν τ

RELEVANT QUANTITIES IN INTERFEROMETRY
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This is how a 12” uniform source in the sky is mapped 
by a uv coverage producing a 3” resolution imaging

Interferometry for the faint of heart

     FT imaging is not like direct imaging!



This is how the same 12” source in the sky is mapped by
a uv coverage producing a 0.3” resolution imaging
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This is how the same 12” source in the sky is mapped by
a uv coverage producing a 0.3” resolution imaging

?
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This is how the same 12” source in the sky is mapped by
a uv coverage producing a 0.3” resolution imaging

Smoothing cannot help 
FT imaging if the relevant 
fourier components are 
not sampled at all

The source is lost 
irretrievably!

We’d have waisted 
telescope time :(((

?

Interferometry for the faint of heart

     FT imaging is not like direct imaging!



Synthesis array (Fourier Transform imaging) is `blind' 
to structures on angular scales both smaller and larger 
than the range of fringe spacings given by the antenna 
distribution, i.e., the array configuration.

FOV

Resolution

Maximum scale 

Sensitivity  =

≃ λ
D

≃ λ
Bma x

≃ λ
Bmin

T s y s
A e f f √N (N−1)Δ ν τ

RELEVANT QUANTITIES IN INTERFEROMETRY
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