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Radio Telescopes / Antennas

Radio photons are too wimpy to do very much - we cannot usually 
detect individual photons.

e.g. optical photons of 600 nm => 2 eV or 20000 Kelvin (hv/kT) 
e.g. radio photons of 1 m => 0.000001 eV or 0.012 Kelvin 

Photon counting in the radio is not usually an option, we must think 
classically in terms of measuring the source electric field etc. 

i.e. measure the voltage oscillations induced in a conductor (antenna) 
by the incoming EM-wave



Types of antenna or antenna arrays:
 
Wavelength > ~1 metre: simple wire antennas can be used... 

E-field of incoming radiation sets up currents in the antenna ==> voltages 
can be measured across a resistor.  
N.B. any antenna is only sensitive to one polarisation (current is induced by 
field that is parallel to dipole length). 
The simplest antenna is the half-wave dipole … The gain can be improved 
by combining together the output of several dipoles arranged in an array. 

Radio Telescopes / Antennas



Effective area can also be increased by (for example) using a Yagi antenna. 
Parasitic antennas direct the wave towards the dipole. Log-periodic antennas are 
suitable as receptors of broad-band signals. 

The gain of a single dipole can be 
greatly improved by combining 
together the output of many dipoles 
arranged in an array: 

Radio Telescopes / Antennas



e.g. LOFAR



e.g. LOFAR



In parabolic telescopes incoming EM-wave electric field oscillations 
induce voltage oscillations at the antenna focus, in a device called 
a feed. 
Radio sources are so far away the incoming signals can be 
assumed to be plane waves. 
At cm and mm wavelengths, parabolic collectors are usually 
optimal for focusing the incoming plane- waves at the focus - 
where the feed is placed. 
Nowadays, Paraboloids (dishes) are used at high frequencies and 
Dipole arrays at low frequencies - the boundary between antenna 
arrays and dishes is around 300 MHz. As technology advances, 
that boundary will probably shift towards higher frequencies ~ 1 
GHz…

focusing emission
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Requirement to have light striking the dish and reflecting arrive at the same point in 
phase leads naturally to parabolic dishes.

Generally, ask that a ray along the axis reaches the a spot (f) at the same time as a 
reflected ray (dashed line), thus all rays arrive in phase with one another.

focusing emission: paraboloid dishes



Typically the f/D (“f over D”) ratio of a radio telescope 
is about 0.5. e.g. the WSRT antennas. This typical 
value also ensures a rigid structure. This is very 
different from the optical!

The focal length, f is given by: 

f = D2/16c 

parabolic reflector



A parabaloid dish collects rays at the focus in phase without dependence on frequency, 
so that switching frequencies is just changing instrumentation (actual antenna) at the 
focus.

The focal ratio (focus length / diameter ~ f/D) is a semi-free parameter. Typically small (so 
dishes are deep) in radio for structural reasons (note contrast with optical).

Note that rays are in focus over an area ~ (f/D)2 – so a small focal ratio means small focal 
area (focal plane) to work with. This limits instrumentation suite (especially arrays).

In practice a secondary reflector is more 
common than a receiver at the focus of the dish 

:

focusing emission: paraboloid dishes



When is it okay to think about light as arriving at the telescope in a single 
plane wave perpendicular to the dish?

Define the deviation from the “far field” (parallel) approximation in terms of 
the difference in path length between the center and edge of the dish (Δ).

Solve for Δ in terms of distance (R) and dish 
diameter (D). 

Imposing the somewhat arbitrary 
condition of no more than 1/16 

of a wavelength:

E.g., (see ERA) this works out to ~2,000 km for the GBT at 1 cm.

far-field approximation
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CHAPTER 3

Figure 3.7: The spherical wave emitted by a point source at distance R deviates from a
plane by � at the edge of an aperture of diameter D.

only requires changing the feed antenna and receiver located at the focal point, not building
a whole new radio telescope.

3.2.2 The Far-field Distance

How far away must a point source be for the received waves to satisfy the assumption that
they are nearly planar across the reflector? The answer depends on both the wavelength
� and the reflector diameter D. Figure 3.7 shows the spherical wave emitted by a point
source a finite distance R from a flat aperture, an imaginary circular hole that covers the
reflector. It could be located at the plane z = h shown in Figure 3.6, for example. The
maximum departure � from a plane wave occurs at the edge of the aperture. The far-field
distance R↵ is somewhat arbitrarily defined by requiring that � < �/16. At the aperture
edge, the Pythagorean theorem gives

R2 = (R��)2 +
✓

D

2

◆2

. (3.62)

Thus

R =
�
2

+
D2

8�
. (3.63)

In the limit �⌧ D, �/2⌧ D2/(8�) and

R ⇡ D2

8�
. (3.64)

Given the � = �/16 criterion, the far-field distance is

R↵ ⇡
2D2

�
(3.65)
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The aperture of a telescope is a plane through which all rays incident on a 
telescope pass (in phase in the far field approximation just discussed).

Beam pattern of a telescope: the power gain as a function of position on the 
sky. 
Note the reciprocity theorem: this is both the pattern of power that would be 
transmitted by the telescope (in an active mode) and the sensitivity of the 
telescope (in passive mode) to power on the sky.

Illustration of the 
associated aperture (top) 

for a circular parabolic 
reflector.

apertures and beams



When considering the properties 
of a radio astronomy antenna its 
often useful to think in terms of it 
transmitting (rather than 
receiving). 

Two theorems... 
- Reciprocity theorem: 
Performance of an antenna when 
collecting radiation from a point 
source at infinity may be studied 
by considering its properties as a 
transmitter: 
- Far-field pattern (the antenna’s 
“beam”) is the Fourier Transform 
of aperture plane electric field 
distribution: 

Radio Telescopes / Antennas



The use of Fourier transforms in radio astronomy is ubiquitous. In the 19th 
Century, Baron Fourier noticed that its possible to create some very complicated 
signals by summing up very simple sine and cosine waves of various amplitudes 
and frequencies: 

We can also view the same signals in the frequency domain (z-axis): 

Fourier Transforms



Basically, the idea is that any function can be expressed as the sum of a series 
of sines and cosines of varying amplitude and phase. 
In other words, f(t) can be built up from the spectral distribution F(v) which is the 
power at frequency v. 
See “The Fourier Transform and its applications” by Ronald Bracewell. 
The fourier transform of a function e.g. f is often denoted as F (f) and the 
inverse is F-1 (f). 

FT from the time domain to the frequency domain: 

Fourier Transforms



Fourier Transforms



Fourier transform of a Gaussian is a Gaussian. Broad goes to 
narrow in the Fourier plane. A big dish gives a narrow beam, e.g.

Fourier Transforms

A general thing about FTs to keep in mind, is that a function which is 
wide in one domain is narrow in the other, and vice-versa.



Fourier Transforms



Fourier Transforms



The response of a uniformly illuminated circle is the “Airy Pattern”.

response of one antenna



The response of a uniformly illuminated circular parabolic antenna of 25-metre 
diameter, at a frequency of 1 GHz 

response of one antenna



We motivated the parabaloid dish shape, but how good does the dish need 
to be in practice?

An uneven dish surface will induce variations in the the path length that 
cause light to arrive out of phase.

Zoom in of the dish

Light that bounces 
from here will 
travel a shorter 

distance

Light that bounces 
from here will 
travel a longer 

distance

Just looking at this sketch you can see that the path length variations will move light out of 
phase, since the mapping between phase and distance depends on the wavelength the 
precision to which the dish must be polished relative to the wavelength. 

how good does reflector have to be?



The efficiency as a function of accuracy in units of wavelength 
(derivation see ERA):

ERA quotes a common effective cutoff of σ ~ λ/16 for a dish to 
operate effectively at a particular wavelength. At this precision 
the efficiency is ~ 0.54. 

how good does reflector have to be?



example: LMT ‘50m’



performance



Different types of mount: 
Modern antennas are mostly alt-az (rotate around 2-axes) because they are 
cheaper to build and well-balanced mechanically (important for large, heavy 
telescopes). 

different mounts



different mounts

Polar mount rotates around 1-
axis. 
Disadvantage of Polar mount: 
heavy counterweights, harder to 
build
Disadvantage of alt-az telescopes 
is that the orientation of the 
telescope beam changes (rotates) 
as the source moves across the 
sky (see left). This needs to be 
corrected for in software e.g. for 
polarisation measurements.

also: changing bright sources pass 
through sidelobes!





counterweight!



reflector types



reflector types



• prime focus - can be used across full frequency range of antenna 
but access to receiver is restricted 
•  Cassegrain (and other non-prime focus e.g. Naysmith and 
waveguide) provide good access to receivers but low-frequency 
receivers become impractically large and must be placed at prime 
focus. 
• Off-axis Cassegrain (e.g.VLA antennas) enables frequency 
flexibility; receivers located in a circle can be quickly rotated to the 
focus. However, the assymetry of the offset optics introduces nasty 
polarisation characteristics that can limit imaging results. 

reflector types



reflector types



The VLA uses a rotating turret to position each of its feeds (receivers) 
slightly off-axis. Leads to some calibration problems. 

off-Gregorian



Offset gregorian has no blockage of the aperture. 

A good example of this system includes the Green Bank Telescope (GBT): 

blockage of aperture



inauguration took place on May 12, 1971

50 years of Effelsberg



A parabaloid dish collects rays at the focus in phase without dependence on frequency, 
so that switching frequencies is just changing instrumentation (actual antenna) at the 
focus.

The focal ratio (focus length / diameter ~ f/D) is a semi-free parameter. Typically small (so 
dishes are deep) in radio for structural reasons (note contrast with optical).

Note that rays are in focus over an area ~ (f/D)2 – so a small focal ratio means small focal 
area (focal plane) to work with. This limits instrumentation suite (especially arrays).

In practice a secondary reflector is more 
common than a receiver at the focus of the dish 

:

focusing emission: paraboloid dishes



homology



The Jodrell Bank Mark 2 telescope 
(1964).Was considered to be a 
prototype of the then planned giant 300-
metre MkIV. The aperture is elliptical - 
the idea was that a 300-metre would 
require an elliptical surface in order to 
reduce the height of the structure off the 
ground. 

less conventional reflector types



The off-axis cylinder 
radio telescope at 
Ooty. India (1970). 
Cylinders are 
cheaper to build than 
paraboloids but have 
non- symmetrical 
beam patterns. 

less conventional reflector types



Instead of building a large 
paraboloid the Kraus antenna 
employs (sub-) sections of a 
parabolic surface. To steer the 
beam the reflector needs to be 
tilted

less conventional reflector types



Big Ear telescope

Big Ear Telescope



Big Ear’s ‘Wow!’ signal (SETI)

never confirmed…

https://en.wikipedia.org/wiki/Wow!_signal



Ratan-600


600m diameter!

RATAN-600



RATAN-600



RATAN-600



Horn antennas: 

extremely broad-band, good aperture efficiency, and the sidelobes are 
so minimal that hardly any thermal energy is picked up from the ground.
Consequently it is an ideal radio telescope for accurate measurements 
of low levels of weak background radiation. 
A famous example is the horn antenna located at Bell Telephone 
Laboratories in Holmdel, New Jersey, used by Penzias and Wilson to 
detect the relic radiation of the big bang. 
Horn antennas have many practical applications - they are used in short-
range radar systems, e.g. the hand- held radar “guns” used by police to 
measure the speeds of approaching or retreating vehicles. 

horn antenna

The reflecting “ear” reflects the incoming 
radio waves towards a horn or bare dipole. 



The Bell Telephone Laboratories horn in Holmdel, New Jersey. 

Note the rotation axis that permits the horn to be directed at different points in the sky. 

horn antenna



horn antenna

(later used to detect CMB)



spherical vs parabolic mirror 



By having a moving secondary a spherical reflector can be pointed in different 
(but still somewhat limited) directions on the sky. 
Note that only part of the total surface area is useable for any given direction - for 
Arecibo the effective parabolic area typically available is about 2/3 of the physical 
area. 

a spherical mirror 



Typically,  such a telescope 
can track a specific source 
for 2-3 hours. However the 
declination range is 
restricted.

different sky positions with spherical mirror 



The 305-m Arecibo telescope is fixed in the ground. A spherical reflector is therefore employed:

Northern cross (Bologna) 

Arecibo LV�WKH�largest radio telescope in the world

Arecibo - 300m spherical telescope



The large secondary feeds a tertiary reflector which in turn feeds a receiver 
room that has a broad range of receivers.: 

Arecibo - HUGE (and heavy) receiver cabin



Hurricane Maria 2017







900 tons



900 tons

150 m



Arecibo - before…



Arecibo - first cables coming down…



Arecibo - first cables coming down…





Arecibo - decommissioning before collapse



Arecibo - after the collapse



Arecibo - after the collapse



Green Bank - 300 foot - metal fatigue





FAST - the biggest radio telescope





Arecibo

FAST

Ratan-600

size comparison



https://arxiv.org/pdf/1105.3794.pdf

“the supporting structure should enable the surface formation of a 
paraboloid from a sphere in real time through active control. 

Fortunately, the peak deviation of the paraboloid of revolution from 
the spherical surface is only about 0.67m [5] across the illuminated 

aperture of about 300 m”

FAST - the biggest radio telescope



FAST - the biggest radio telescope



FAST - the biggest radio telescope

focus cabin: only 3 tons!

(note: Arecibo: 900 tons)



FAST - the biggest radio telescope



large radio telescopes - challenges



active surface at the Green Bank telescope



how big can a telescope be?



antenna pointing errors



antenna servos speeds



antenna examples



weight of one(!) ALMA antenna ~100 tons!



https://www.eso.org/public/teles-instr/alma/antennas/


