
1 Introduction 

I.I The role of radio observations in astronomy 
The data give for the coordina tes of the region from which the disturbance comes, 
a right ascension of 18 hours a nd declination of - I 0°. 

Karl G. Jansky 

Jansky's discovery of radio emission from the Milky Way is now seen as the birth 
of the new science of radio astronomy. Most astronomers remained unaware of this 
momentous event for at least the next decade, and its full significance only became 
apparent with the major discoveries in the 1950s and 1960s of the 21 cm hydrogen 
line, the quasars, the pulsars and the cosmic microwave background. These are now 
fully assimilated into astronomy, and radio is now regarded as one among the several 
tools available to astronomers in their pu rsuit of the astrophysics of our Galaxy, or of 
neutron stars, or black holes or cosmology. Nevertheless, radio as tronomy has its own 
distinctive character, not least in its techniques and the particular expertise which they 
demand. It also has several fields of application in which it is uniquely useful: there is 
no other way of exploring the cosmic microwave background, it allows spectroscopic 
investiga tion of molecular clouds in the Milky Way and it revea ls a previously unseen 
Universe through the synchrotron emission of high-energy particles in stars, galaxies 
and quasa rs. 

The history of this development is outlined at the end of this book in Append ix C. 
Our purpose in the main text is to set out those parts of astrophysics and observational 
techniques which are particularly appropriate in radio astronomy, so that the subject 
may be fully available to all astronomers and to physicists with a wide range of 
backgrounds. There is, throughout all radio astronomy, a close relation with other 
observational wavebands, and we shall acknowledge, for example, the necessity of 
using optically measured redshifts for distances of quasars and the components of 
gravita tional lenses, and the need to bring together the X-ray and radio observations 
to obtain a coherent picture of neutron stars in our Galaxy. 

The Milky Way, our Galaxy, which is the origin of the radio noise first observed 
by Jansky, is a complex assembly of stars of widely varying ages, embedded in 
an interstellar medi11111, or ISM, of ion ized and neutral gas, itself displaying a grea t 
diversity and complexity throughout the electromagnetic spectrum. Optical as tronomy 
primarily addresses the surfaces of the stars, or nearby gas ionized by those stars; 
the temperatures bring thermal radiation natura lly into the visible range. The ISM is 
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partly composed of interstellar dust particles, which a bsorb radiation in the visible part 
o f the spectrum, severely restricting the optical astronomer's view in the galactic plane 
(although the absorption effects a re small when the observing direction lies far from 
the pla ne of the Milky Way). X-ray astronomy deals with much hotter regions, such 
as the million-degree ionized gas which is found in such diverse places as the solar 
corona a nd the centres of clusters of galaxies. Infrared astronomy studies relatively cool 
regions, where thermal radiation from the dust component of the ISM is a prominent 
featu re ; wa rmer regions are also studied , where the therma l radia tion from star-forming 
regions is also strong. Radio ast ronomy, using much longer wavelengths, addresses a 
broad ra nge of phenomena, including the thermal radiation from the 21 cm line of 
neut ra l hydrogen, which can be found in a wide varie ty of thermal regimes, a nd the 
therma l radiation from a wide varie ty of molecular lines, coming from dense, extremely 
cold gas concentrations tha t are found within the ISM. The radio noise discovered 
by Jansky belongs to a n entirely different physical regime; it comes from charged 
particles, usua lly electrons, with very high energies, moving at rela tivistic velocities in 
the magnetic fields of the ISM. This regime of sy11chrorro11 radia tion also accounts for 
the intense radio emission from quasars and o ther interesting objects in the Universe. 
Synchrotron radiation, a lthough it can generate rad ia tion up to X-ray a nd beyond, 
is a part icula rly prominent long-waveleng th phenomenon, g iving radio astronomy a 
unique role in the investiga tion of some of the most energetic objects in the Universe. 

The methods of the radio astronomer often appear to be quite different from those 
of the optical astronomer, but there is the same aim in all of astronomy, from the 
rad io to the X-ray domain. Nature presents us with a distribution of brightness on the 
sky, and it is the task of the astronomer to deduce, from this brightness distribution of 
electromagnetic radiat ion, what the radia ting sources are, and what physical processes 
are acting. The distinguishing feature of a radio telescope is that the radia tion energy 
gathered by the instrument is not measured immediately, a process known as detection 
in radio termino logy. Instead, the radiation is a mplified a nd manipulated coherently, 
preserving its wave-like character, before it is fina lly detected. T he instrumental goals 
of the rad io astronomer - obtaining a la rger collecting area, greater angular resolution 
a nd more sensitive detectors, are otherwise the same as they a re fo r all the astronomical 
disciplines. 

To illustrate the relat ion between radio a nd o ther astronomies, the energy flu x of 
electromagnetic radiation arriving at the earth's surface from the cosmos is plo tted 
in Figure 1.1. The frequency scale runs from the standard rad io broadcast band 
to the X-ray region, and the atmospheric windows are indica ted schematically. The 
optical window is seen to be rela tively narrow, blocked at the ultraviolet end by 
ozone abso rption and at still sho rter wavelengths by oxygen and nitrogen, while a t 
the infrared end the principa l absorbing agents are wa ter vapour and carbon d ioxide. 
The high frequency blockage is so complete that ultraviolet and X-ray work must be 
carried out above the atmosphere. There are occasional windows in the atmosphere 
at infra red frequencies, a llowing observations to be made from high, dry mountain 
sites, but for the most part the observations must be taken from airpla nes, balloons, 
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Fig. I.I. The electromagnetic spectrum, showing the wavelength range of the ·windows'. The 
radio range is limited by the ionosphere at wavelengths greater than a few metres, a nd by 
atmospheric absorption al wavelengths shorter tha n about 2 cm. 

or sate ll ites, depend ing on the part icula r spectra l region. It is easy to see tha t there is 
a great stre tch of spectrum at the radio end that has re la tively lit tle trouble wit h the 
a tmosphere. It is a lso obvious why, before Jansky's discovery, there was no reason to 
expect much of interest in the radio spectrum ; if stars were the principal sources of 
radiation, very little radio emissio n could be expected. The maximum radia tio n from 
even the coolest of the known sta rs fa lls at visible o r infrared wavelengths, a nd their 
contribution to the radio end of the spectrum is almost negligible. The slow response 
to J ansky's discovery is understandable bo th in te rms of technical difficulty a nd lack 
of expecta tion. 

T he names of the vario us radio ba nds a re indica ted in Figure I. I : HF (below 
30 MHz), VH F (30-300 MHz), UHF (300-1000 MHz), microwaves (1000- 30000 
MHz), mill imetre-wave, and sub-mi ll imetre-wave. Certain microwave bands acquired 
particular names: L-band (:=::: 20 cm), S-band (::::: 10 cm), X-band 3 cm), Ku-band 
(sometimes U-band, 2 cm), and K-band (::::: l cm). The na mes o f the microwave 
bands are roo ted in history, like the s, p, d sta tes of a to ms; they a re common ly met 
with in practice. 

t .2 Thermal and non-thermal processes 
D uring the pioneering stage o f radio astronomy, as a wide range o f celestia l objt:(;Ls 
turned o ut to be detecta ble in the radio spectrum, the two broad classes of emitte r 
became clearly distinguished. A l centimetric wavelengths the radio emissio n fro m the 
Sun, as observed by Southworth (see Append ix C), could be understood as a thermal 
process, wi th an associa ted temperatu re. The term 1e111perature implies that there is 
some approximatio n to a n equilibrium, or quasi-equilibrium, conditio n in the em itting 
medium ; in this case the medium is the ionized solar a tmosphere. The mechanism 
of generat ion is e lectron- io n collisions, in which the radia tio n is known as j i·ee-:fi"ee 
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e1111ss1011 or bremss1rahlung. At metre wavelengths, however, the outbursts of very 
powerful solar radiation observed by Hey (Appendix C) could not be understood as 
the result of an equilibrium process. The distinction was therefore made between 
thermal and non-thermal processes, a distinction already familiar in other branches of 
physics. Many of the most dramatic sources of radio noise, such as the supernova 
remnants Cassiopeia A and the Crab Nebula, the radio galaxies M87 and Cygnus A, 
and the metre-wave backgrounds from our own Milky Way Galaxy, are non-thermal 
in nature. 

Nevertheless, for practical reasons the term 'temperature' was adopted in a variety 
of contexts, following practices that had been used widely in physics research during 
the 1940s. Within a system, ind ividual components can exhibit different temperatures. 
In a plasma excited by a strong radio-frequency field, for example, the electron 
and ion components of the gas may each show velocity distributions that can be 
approximated by Maxwell- Boltzmann distributions, but at quite different temperatures. 
Each component is in a state of approximate thermal equilibrium, but the systems are 
weakly coupled and derive their excita ti on fro m different energy sources. One can 
speak, therefore, of two values of kinetic temperature, the electron temperature and the 
ion remperature. 

A two-state system such as the ground state of the hydrogen atom, in which the 
proton and electron spins can be either parallel or antiparallel, can be used as a simple 
and illuminating example of how the temperature concept can be generalized. Given an 
ensemble of identical two-state systems at temperature Ts, the mean relative population 
of the two states, ( 112/11 1), is given by the Boltzmann distribution 

112 (- ) = exp(-€/kT5 ) 
111 

( I. I) 

where the energy separation € corresponds to a photon energy hv. The relationship 
can be inverted, however : for any given average ra tio of populat ions, there is a 
corresponding value of the temperature, defined by Equation ( I. I). This defines the 
state t.emperature, Ts. 

The state temperature need not be positive. When (112/ 11 1) is greater than l , Equation 
(I. I) requires a negative sta te temperature, and this is precisely the condition for maser 
or laser action to occur. Whereas a resonant photon bea m traversing a medium at a 
posit ive state temperature suffers absorbtion, it will be ampli fied if the sta te temperature 
is negative. Na turally occu rring masers are common in astrophysics, particularl y in 
star-forming regions and in the atmospheres of red giants. These are treated in Chapters 
7 and 9. The population inversion is maintained by a pumping mechanism, which can 
either be radiative or collisional, but whose action may be to fill the upper sta te faster 
than the lower state, or to populate both sta tes, but wit h the lower sta te being drained 
of population more rapidly. 

Atomic and molecular systems almost always have a large number of bound states, 
and one can associate a state temperature with each pair of states. If the system is 
in a state of thermal equilibrium, all these temperatures wi ll be the same. The case 
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of blackbody radiation, which is an example o f a system with a conti nuum of energy 
states, is treated in Chapter 2 and the idea of brightness temperature is introduced. In 
brief, this assigns to an emitte r of radiation a t frequency v the temperature that it 
would have to have if it were a black bod y. This need no t correspond to a physical 
temperature, and the powerful non-thermal emitters exhibit brightness temperatures 
that can exceed 1012 K. Conversely, a thermal source of radiation need not have a 
brightness temperature that is constant over a wide spectrum and equal to the physical 
temperature; the varia tio n of brightness temperature with frequency will be determined 
by the equation of radiative transfer, introduced in Chapter 7. 

The temperature concept is a lso ex tended to the p ract ice o f receiver measurement. 
An ideal am plifier sho uld add as litt le noise as possible to the system, although the 
laws o f quantum mechan ics p revent an amplifier from being entire ly noise-free. The 
tota l excess no ise is described as the system noise temperature; the definition arises from 
the propert ies of a resistor as a noise generato r. Every physical resistance generates 
noise, because o f thermal fluc tuations in the sea of conduction electro ns, and the noise 
power per unit bandwidth that can be extracted from the resistor is proportional to 
its temperature. The excess noise o bserved wi th a ny radio astronomy receiver can 
be described by sta ting what temperature a resistive load would have to have, when 
connected to the input, to generate the o bserved no ise. T his turns out to be an entirely 
practical way to describe the system, because the faint continuum radio signals that 
one deals with a re most conveniently calibrated by using as a reference the continuum 
noise generated by a hot (or cold ) resistive load. 

1.3 Radiation processes and radio observations 

The use of thermodynamic concepts has more than a fo rmal value. General propert ies 
of radia tion processes and genera l theorems about a ntennas and receivers can be 
deduced fro m thermodynamic considerations. In a blackbody enclosure, where the 
radia tion is in eq uilibriu m with a ll ma tter in the enclosure, there is no need to specify 
any details of emission o r absorp tion processes. The best practical exa mple in radio 
astronomy is the cosmic microwave background radiat ion, which is the predominant 
source of the sky brightness a t wavelengths in the region o f 1 cm. Th is is specified 
completely by the temperat ure 2.7 K, from which the intensity over a wide range of 
wavelengths can be calculated. No radiation process need be invoked in the calculation ; 
the radia tion was origina lly in equilib rium with matter in an early stage of cosmic 
evolu tio n, a nd has p reserved its blackbody spectrum in the subsequent expansio n and 
cooling. 

The sky a t lo ng radio wavelengths is, however, very much brighter than is expected 
from the cosmic background a lo ne; its brightness temperature a t 10 m wavelength 
(30 MHz) exceeds 100000 K. This radiation o rig inates in h igh-energy electrons in the 
Galaxy, which radia te p redominantly at lo ng wavelengths, with a spectrum that is 
completely different fro m that o f a blackbody. T his brings in an immediate cross-
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disciplinary contact wit h the study o f cosmic rays, a connection that might have 
been thought unlikely because o f the low energies o f radio photons. The relevance 
of radio observa tions to high-energy phenomena has continued, since the radio a nd 
X-ray observat io ns o f act ive galactic nuclei a nd quasars have close rela ti onsh ips to 
o ne a no ther. One might note that there is a complementarity with optical observations 
as well ; regio ns of high X-ray and radio luminosity tend to be fai nt optically, since 
the effective temperatures are so extreme that the matter is often highly io nized. 
Nevertheless, the optical observatio ns a re essential to understanding what types of 
object are the sources o f emission, and to put the radio observat ions into a physical 
and astrophysical context. 

Observations do not ta ke place as an abstract process, a nd the diligent observer wi ll 
have a knowledge of the characteristics o f the instrument that is being used to take 
the data. With this familiarity, advantage can be taken of new and unexpected uses 
of an instrument, and caution can be exercised in interpre ting data that may contain 
instrumentally induced fl aws. The basic properties o f radio telescopes a re summarized 
in C hapter 4, fo llowed by ex positio ns of interferometry a nd aperture synthesis in 
Cha pters 5 a nd 6. Both single-aperture telescopes and synthesis arrays a re in intensive 
use, a nd the language of Fourier tra nsforms is a ppropriate to both kinds o f instrument. 
It will be obvio us that Fourier transform methods have wide applications lo nearly 
a ll fie lds of science a nd technology, including radiation processes, antenna theory and, 
especially, aperture-synthesis interferometry. Most readers will be fam iliar, to a greater 
o r lesser extent, with the Fourier transform; as a n aid to the memory, Append ix A 
summa rizes its basic properties a nd applications. 

A careful observer will a lways be aware that the statistical significance of a resu lt 
must be evaluated. In radio astrono my, one is nea rly always looking for signals in 
the p resence of noise, and Chapter 3 gives a n exposition of the properties of random 
no ise. Here, too, Fourier methods are essentia l, bo th in radiometry and spectroscopy. 

T he propagatio n of radio waves through ste lla r a tmospheres, the interstella r medium 
a nd the terrestria l a tmosphere differs in some important ways fro m the more familia r 
optical case. In C ha pter 7 we deal wi th radia tive tra nsfer, leading to a brief exposition 
of maser actio n, and with the various effects of refraction in the io nized ste llar medium. 
These effects a rc pa rt o f the too ls o f radio astronomy, giving access to such diverse 
quantities as the dynamics o f gas mo tions close to a n active galac tic nucleus and the 
configuration o f the magnetic field o f o ur G alaxy. 

Chapters 8- 15 show how these various radio techniques have provided new insights 
into the astrophysics o f ste llar a tmospheres, neu tron stars, galaxies a nd quasars, and 
have given access to some o f the most fundamental aspects o f cosmology. 

In the final chapter, the connectio ns between the methods of o ptica l, infra red, 
and radio as trono my are summarized. As technology has ad vanced, it has become 
increasingly evident that there a re exact analogies between n•.:arly all the radio and 
optical devices. The major practical difference is tha t, whereas in the radio domain 
the no ise tha t must be overcome is generated by the detecting equipment itself a nd 
no t by the source, a t optical wavelengths a large part o f the noise is sho1 noise arising 
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from the discrete cha racter of photons. There are additiona l sources of no ise in the 
pho ton detectors a nd the sky background contributes noise photons as well. Infra red 
technology occupies a middle ground, with pho ton noise domina ting in some insta nces, 
while (except for the absence of amplifiers) the no ise discussion resembles the rad io 
case. Except for the differences in treating the no ise sta tistics in the various regimes, 
however, there is remarkable convergence in the three technologies. The object o f 
study, the universe, requires a broad-spectrum approach, embracing the spectrum 
from kilometre-wavelength radio signals to the space-based methods of X-ray a nd 
gamma-ray astronomy. 



2 Radio telescopes as antennas 

All telescopes - radio, optical, and X-ray - couple the radiation from the Universe 
to the astronomer's measuring devices. This Universe is presented to us through 
measurements of intensity and state of polarization as a function of frequency, angu la r 
position and time. In this chapter we set out the characteristics of antennas which link 
the output of a radio telescope to the incoming radiation and to its source. 

When the radiation is effectively unpolarized, only the incoming energy flux is mea-
sured, and this proves to be sufficient for most of astronomy. Polarization is, however, 
particularly important in many radio observations; the outstand ing example is radio 
emission from pulsars, which may be effectively I 00% polarized. A complete specifi-
cation of a polarized radio signal needs a set of Stokes parameters, of which the total 
flu x is the first. Generalization to the full set of Stokes parameters can be made easily 
when the need arises. 

The instantaneous values of the intensity va ry randomly because of the intrinsically 
stochastic radiation processes, and also because the real world is constantly agita ted 
by quantum fluctuations. Further fluctuations may arise from extraneous signals added 
by nature and by man. The measurement process consists of estimating average values 
for these quantities, and the behaviour of the Universe is inferred from those estimates. 
The device that measures the received power, the input circuitry, radio receiver and 
power measuring device, is a radiometer. 

2. 1 Effective area, beamwidth and power gain 

An antenna ca n be treated either as a receiving device, gathering the incoming rad ia tion 
field and conducting the electrical signals to the output terminals, or as a tra nsmitting 
system, launching electromagnetic waves outward. The two cases are equivalent because 
of time reversibility: the solutions of Maxwell's equations are val id when time is 
reversed. The concept of the power gain of an a ntenna, which arises in transmission, is 
therefore closely related to that of effective area, which applies to reception. 

When an antenna, or any telescope for that matter, is used in the receiving mode, 
it is natural to think of it as a receiving area, intercepting a flu x S, and yielding a 
received power P ree· The effective area Acrr is di rectionally dependent, and is a fu nction 
of direction n, measured with respect to the antenna axis (generally the direction no of 
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maximum response) so that 

(2. 1) 

The range of directions over which the effective area is large is the antenna beam111idth ; 
from the laws of diffraction the beamwidth of an antenna with characteristic size D is 
of order i,/ D. 

As a transmitter, the same antenna would have a power gain G(k) in a direction ii 
which is the ra tio of the radia ted power flux S(k) that would be measured at some large 
distance, compared to the power flux from a hypothetical isotropic radiator, measured 
at the same distance. For a transmitter power P1, 

S(ii ) = G(ii)P1r 
4nr2 

Conservation of energy requires that 

{ G(ii)d2Q = 4n 
1411 

(2.2) 

(2.3) 

Most antennas concentrate the radiation into a single principal beam of solid angle Q0. 

For order-of-magnitude calculat ions, therefore, this cond ition can be approximated by 

G = 4n/ Q0 (2.4) 

Simila rly, since the single principal beam will have a width }./ D, it follows that the 
effective area Acff is proportional to the gain : 

(2.5) 

This relat ion is exact, as shown in Section 2.2 below. 

2.2 Antenna temperature 

Figure 2. l shows an antenna that is enclosed by a black body at temperature T. Its 
output terminals are connected to a transmission line, termina ted by a matched load, a 
resistor having the same impedance as the line. If the transmission line and resistor are 
thermally isolated from the outside world, the second law of thermodynamics requires 
that they will have to reach an equilibrium temperature T that is identical to the 
blackbody tempera ture. Furthermore, the same radio frequency power density P,. for 
any narrow band dv at frequency v must fl ow in both directions along the transmission 
li ne. T his appl ies whatever the termination of the li ne, whether it is a resistor, another 
antenna or an infinite transmission line at temperature T. The radiat ion density 11 1• in 
the black body is described by the Planck distribution 

8nhv3 1 
u,.dv = el11· / kT - I dv (2.6) 
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Fig. 2.1. An antenna enclosed by a black body at temperature T. 

In terms of the specific intensity B,. (flu x per frequency interval per solid angle, defined 
and discussed in Section 3.2) 

2hv3 1 
B.dv = -,- 1 /kT l dv c- e"' -

(2.7) 

In the derivation of the Planck fo rmula one calculates the mode density between v 
and v + dv in a cavity and associates an average energy with each mode. In rad io 
astronomy the Rayleigh- Jeans (RJ) approximation that the frequency lies well below 
the Planck maximum usually applies, so that 

B.dv = (2kT j ).2)dv (2.8) 

It becomes important to use the full Planck formula at short radio wavelengths and 
at low tempera tures. For example, if T = 2.73 K as in the microwave background, 
hv/ k T = I at v = 6 x 1010 Hz, that is, at 5 mm wavelength. The spectrum of the 
microwave background radiation (Chapter 14) is in fact a beautiful fi t to the full 
law, wi th a peak at 1.8 mm; the derived temperature of the cosmic background is 
2.726 ± 0.010 K. 

The corresponding derivation fo r the noise power flowing in a single-mode trans-
mission line connected to a black body at temperature T leads to the one-dimensional 
analogue of the Planck law 

hv 
P,.dv = 1 / k T dv e 11• • -1 

In the RJ approximation this reduces to 

P,,dv = kTdv 

(2.9) 

(2.1 0) 

showing aga in that, within a given narrow band, noise power is proportional to 
temperature. We shall use the RJ approximation free ly except where explicit recognition 
of quantum effects is required. 

We ca n now use a more precise argument fo r Equation (2.5) to re late antenna gain 
and effective area. In Figure 2.1 let the antenna have an isotropic gain pat tern, i.e. it 
has a constant gain of unity in a ll directions, and its effective area is also constant and 
independent of direction. The antenna is bathed in a radia tion field of specific intensity 
B,. and the power density that it gat hers in and del ivers to its output will be (dividing 
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by 2 since an antenna can deliver radiation in only one polarization to a given output 
port): 

(2.11 ) 

This, by the second law of thermodynamics, must equal the power flow in one direction 
in the transmission line from the matched load at tem perature T to the antenna port. 
Using Equation (2.10): 

4n 
k Td v = )_2 kT Acrrdv (2. 12) 

and, since the gain of the isotropic antenna is unity, it follows that for any antenna 
l2 

Acrr = 4n G (2.13) 

This relation must be valid for any direction fi. 
These considerations lead to the convenient concept of antenna temperature, Ta, 

which is the temperature that a resistor would have if it were to generate the same 
power density at frequency v that is observed to be coming from the antenna port. 
Note that the definition is not restricted to blackbody conditions : one considers only 
the narrow band of frequencies in which the measurement is made. The power density 
received from the radio source need not be that of a black body either, for the same 
reason . 

This leads to another usefu l concept, the brightness temperature, Tb, which is the 
temperature at which a black body would have to be in order to duplicate the observed 
specific intensity of an object a t frequency v. As in the case of antenna temperature, 
this has an operational convenience, since black bodies and resistive loads at a well-
determined temperature are the measurement standards. 

The antenna temperature obviously depends on the brightness temperature in the 
beam of the antenna, and this may vary wi thin the beam. This may have a large effect 
on system noise, as, for example, if the Sun were to occupy part of the telescope beam. 
At short wavelengths the brightness temperature of the Sun is in the range 6000-10 000 
K, so that a serious degradation may occur even if the Sun is in the near sidelobes of 
the antenna pattern. 

The process of measurement is schematized in Figure 2.2, which shows a simplified 
radiometric system that compares the antenna temperature to the temperature of a 
reference resistor. In such a system, the antenna temperature is often a key parameter 
which determines the sensit ivity of a radioastronomical measurement, since it is the 
source of the output noise in a ny ideal receiver. In practice, for the system in Figure 2.2, 
there will be some loss in the transmission line to the receiver, and extra noise will be 
generated by the receive r. If the line is at temperature T1, and the signal is attenuated 
by a fraction <X, then in the ideal case of matched antenna and line the antenna 
temperature becomes 

(2.14) 
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F ig. 2.2. A simple radiomete r ; the e ffect of line a tte nua tio n. 

The to tal system noise at the input of the receiver in effect includes the noise 
generated in the receiver itself; by a simple extension, the total may be specified as 
a system noise te111perawre. For exam ple, the system noise temperature of a receiver 
system at 5 G Hz, connected to a radio telescope directed towards the Milky Way, 
migh t be 30 K, of which 10 K would be the brightness temperature of the sky, 15 
K the receiver noise and 5 K the noise due to loss in the transmission line from the 
antenna to the receiver. 

2.3 Electromagnetic waves 

Radio astronomy observations ult imately consist of measuring the energy received from 
a distant source (as do all astronomical observa tions), but before the radio energy is 
measured (the process is usually called detect ion), the electromagnetic wave properties 
arc retained and operated on. An electromagnetic wave has both amplitude and phase 
and, in the detection process, which takes the square of the amplitude, the phase 
info rmation is lost. In radio astronomy, when the radio telescope gathers the incoming 
waves, it transforms them to electrica l signals on a transmission line, and these can be 
amplified, shifted to different frequency bands, a nd cross-correlated with other radio 
frequency signals. By these means, even after detection, the relative phase properties 
of the incoming electromagnetic waves can be inferred (the ways in which these radio 
techniques are applicable to optical astronomy are discussed briefly in Chapter 16). 

In free space, the propagation of electromagnetic waves is governed by the wave 
equation; fo r the electric field this is 

vio = _.!._ ait 
c2 at2 (2.15) 

The magnetic field, obeying a similar equation, lies perpendici.1lar to the electric fie ld, 
with the cross-product 8 x ff,j determini ng the direction of the propagation, ii. If a 
plasma is present, a term (4n / c)aj /at must be added to the right-hand side of Equation 
(2. 15), giving rise to interesting phenomena, discussed further in Chapter 7. 
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Fig. 2.3. Electric and magnetic fields in a linearly polarized wave. 

The electromagnetic wave equation has a rich set of solutions, and simplifying 
principles are needed. Near the source, Equation (2. 15) requires spherical waves, 
but ast ronomical sources are at great distances, and the cu rvature of the wavefront 
is negligible. This means that plane waves are a sufficiently good approximation, 
and monochromatic transverse waves, propagating in the z-direction with inverse 
wavelength k = 1/ ), and frequency v, will take the form 

C(x, y) = M'ocos(2nv1 - 2nkz + </>) (2.16) 

or, in complex notation, with cffo to contain the phase, 

8'(x, y) = 38'0 exp (i2n( vt - kz )) (2.1 7) 

The vector a lies in the xy-plane, perpendicular to the direction of the propagation, 
and is parallel to $, as illustrated in Figure 2.3. This defines the polarization direction: 
if a has a constant orientation as the wave propagates, the wave is linearly polarized, 
with a plane of polarization defined by the electric field. The general polarization case 
is discussed in Section 2.4. 

The requirement that a plane wave should be a sufficiently good approximation to 
a spherical wave can be put in quantitative terms. Consider a telescope aperture of 
dimension d, receiving waves with radius of curvature R, as shown in Figure (2.4). 
If the depth s of the chord d is sufficiently small compared to the wavelength },, the 
plane-wave approximation is a good one. In this case, the instrument is making a 
measurement in the far field domain. 

Conventionally, if the chord has a depth s < ),/2, this sets the far field distance Rrr, 
and the sagitta approximation for the depth of a chord gives the condition 

(d/ 2)2 
Rrr - _-

1. 
(2.1 8) 

When space is not empty, and there is an index of refraction 11, the plane-wave 
propagation of Equation (2.17) becomes 

$ = a$o exp(i2n(vl - knz)) (2.19) 
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d 

Fig. 2.4. The far field domain. If R > d2/ 2)., the wavefront is plane within ),/2. 

When the index of refraction vanes from place to place, an in itia lly plane wave 
will develop a curved wavefront, and if the va ria tions in index of refraction are 
sufficiently rapid, solving the propagation problem ca n become difficult, unless su itable 
approximations can be used. When the curvature of the wavefront is sufficient ly small, 
the Eikona/ representation is usually applicable. In this familiar approximation, the 
electromagnetic waves a re described by ray paths perpendicular to the wavefront, a 
representation well known as geometrical optics. The distinction between the regimes of 
geometrical optics and wave optics is an important one. For example, at the bounda ry 
of the receiving aperture of a radio telescope, or of any astronomical telescope, there 
is a sharp discontinuity, and the phenomenon of diffraction results. This presents 
a central problem for a ll radio telescopes, since the diffraction limitations of fi ni te 
apertures determine the achievable angular resolution : Chapters 5 and 6 describe the 
methods of wave optics that are used to solve the angular resolution problem. 

The geometric optics approximation has, nevertheless, a wide range of applicability. 
In addition to its usefulness in describing the propagation of radiation through an .,,. 
inhomogeneous medium of gently varying index of refraction, the approximation holds 
at sharp interfaces, provided that the interface is not sharply curved on the scale of 
a wavelength. The phenomenon of scint illat ion is a particularly illuminating (and 
important) case to consider, both for radio and optical observations. The Earth's 
a tmosphere is inhomogeneous and time-varying, and the quasi-plane light wave from a 
star undergoes distortions of two kinds. The wavefront is tilted locally, and this means 
that the apparent position of the sta r shifts; the star jitters rapidly with time, degrading 
the image. In this case, the Eikonal approximation holds. It may happen, however, 
that the wavefront distortion across the aperture may be so complex that a simple tilt 
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canno t be used as a description. In this event , which is more severe the larger the 
te lescope, a full wave description is needed. In radio astrono my, the most d ramatic 
scintilla tion effects are seen a t lo nger wavelengths, where the ionospheric plasma, the 
interpla neta ry p lasma and the interstellar medium a ll induce measurable effects. These 
are discussed mo re fully in Chapter 7. 

2.4 Polarization: the Stokes parameters 

The simple, linearly polarized wave illustrated in Figure 2.3 is only a special case that 
must be generalized since cosmic radio sources can exhibit o ther forms of polariza t io n. 
They can be partially po la rized, or unpola rized , and a systematic descriptio n of the 
po lariza tion sta te is necessary. Equatio n (2. 17) can be written in a mo re general form, 
in which the a mplitude is expressed in terms of separate complex amplitudes <fx and 
8y : 

8 (z , t) = (x6"x + y6"r)exp (i2n:(v1 -kz)) (2.20) 

As usual, the real pa rt of <ff is taken fo r the physical q ua ntity. Figure 2.5 shows how 
such a wave develops in space, when it is circula rly pola rized. 

The polarization of the wave is determined by the a mplitudes a nd phases of Cx and 
Cy. Fo r general values o f these co mponents, the projectio n o f if o n a given (x,y)-pla ne 
erected at a fixed value of z will describe a n ellipse in time, a nd the propagatio n field 
amplitude describes an elliptical helical locus in the direction of propagatio n along 
the z azis. The limiting cases are circular polarization, with 6" rota ting while retaining 
constant a mplitude, a nd linear polarization, in which the ellipse degenerates to a stra ight 
line. The genera l e lliptical case is, of course, defined as elliptical polarization. There 
o nce were differences in convention between physicists a nd electrical engineers, but the 
terminology was fi na lly regularized when the Internationa l Astro no mical Unio n (IAU) 
adopted the IEEE convention tha t the plane o f po la riza tion was the pla ne of the electric 
field, and defi ned right-hand circular po lariza tion as the case when the electrical vector, 
in a fixed plane perpendicular to the ray, ro ta tes in a clockwise directio n when viewed 
in the direction of propagation. A right-hand circula rly polarized wave is schematized 
in Figure 2.5 (note that a t any instan t the vecto r traces a left-h and helix in space). 

The definition o f the plane o f polariza tion, likewise, is variable in the litera ture, 
since optical conventio n o nce defined the plane o f r!J as the plane of polarizat ion. The 
IAU has now adopted the radio conventio n that <ff defines the pla ne o f pola riza tio n, 
and this usage is now general. These conventio ns are now uniformly agreed upon by 
astrono mers and electrical engineers, but care sho uld be ta ken in reading the older 
lite rature. 

The Stokes parameters describe the sta te of polariza tio n in a convenient a nd general 
way. Consider a mo nochroma tic, elliptically po la rized pla ne wave, with the electric 
vec to r describ ing the ellipse shown in Figure 2.6, tilted with respect to the origina l 
(x, y)-axes by an a ngle 1..· T he x - and y-components o f 6" will have a mplitudes <ffx 
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Fig. 2.5. A right-hand circularly polarized wave al an instant of time. The tip of the electric 
vector fo llows an anticlockwise screw . 

... 

Fig. 2.6. A monochromatic elliptically polarized wave. The tip of the electric vector e traces an 
ellipse; it may be regarded as the sum o f two quadrature phased components on the major and 
minor axes, or two components 8x and lfy. 

and oy, wi th the phase of the y-component leading the x-component for right-hand 
elliptical polarization (propagating into the plane of the diagram). The field can be 
described in terms of base vectors aligned with the major and min or axes of the ellipse, 
transforming <ffx and Cy to Ca and <ff1J, respectively, with Ca leading <ffb by n / 2. These 
can then be written in terms of a single amplitude <ffo and a parameter f3: 

6'11 = Co cos fl; cf,, = - Co sin fl (2.21) 

The parameter fl specifies the character of the polarization, with fl = 0 describing a 
plane polarized wave. Circular polarization results when fl = ±n/4, where the positive 
sign defines right-hand polarization (corresponding to the phase convention that cffa 

leads cfh by n/ 2). The parameter fl , the orientation angle z, and the amplitude Co 
(together with a phase angle that has no relevance for the present discussion) specify 
completely the state of a plane monochromatic wave. The Stokes parameters I , Q, U 
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and V are then defined by the expressions 

I 
Q 

6'6 
6'2 cos 2/3 cos ? ·1 0 - 1. 

u - c5 cos 2/3 sin 2x 
V - 8'6 sin 2/3 
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(2.22) 

ll is clear that I must be proportional to the total energy flux. Since fJ is the 
parameter in Equation (2.21) that determines the axial ratio of the ellipse, V must be 
the ellipticity parameter; V = 0 describes linear polarization, and V /t6 =+I describes 
the right-hand polarization. Thus QI U specifies the orienta tion of the ellipse. 

The Stokes parameters can also be expressed in terms of the x- and y-components 
of <ff, written as two complex amplitudes <B'x and t'r · These are, with their phases 
explicitly shown, 

(2.23) 

and since one phase is arbitrary, one can wi th a Jillie manipulat ion rewrite the Stokes 
parameters of Equations (2.22) in terms of the real amplitudes ox and IS'r, and their 
relative phase Ii</> = </>1 - <1>2: 

g; + O"J, 
Q = 2 8'2 @x- )' 
u 28'x6"y cosli</> (2.24) 
v U x8'y sinli</> 

Since the wave is described by two component ampli tudes and by their relative phase 
angle, three parameters in all , the four Stokes parameters of a monochromatic wave 
must be related. One sees from Equations (2.23) and (2.24) that the relation is 

12 = Q1 + u 2 + v 2 (2.25) 

Cosmic radio sources emit broad-band, partially pola rized radiation. In a monochro-
matic wave, described by the Stokes parameters above, the amplitudes and rela tive 
phase of two orthogonal components are constan t, but, for a source of radio noise, 
the amplitudes and phases nuct uate. The monochromatic definit ions of the Stokes pa-
rameters must therefore be generalized for the radio astronomy case as time averages 
wi thin a narrow frequency interval d11 • 

The relations (2.22) defi ning the Stokes parameters can also be manipulated to give 
1 to I 

si n 2/3 
v 

(2.26) 
Q 

tan 21. 
u 

(2.27) 
Q 
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Cosmic radio sources frequently have complicated pola rization distribut ions and the 
Stokes parameters are generally used to label the maps tha t a re derived from the 
data sets observed in various pola riza tions. The monochromatic definitions need to 
be generalized, since real sources are broad-ba nd a nd only partially polarized. In a 
monochromatic wave the amplitudes and relative phase of two orthogonal components 
a re constant. In an assemblage of incoherent sources the amplitudes and relative phases 
fluctua te in time ; over a ba nd dv the phase and amplitude will in general change in a 
characteristic time t = I / dv. The time-averaged Stokes pa rameters for a b road-band 
source of radiation are now written 

I ,, 
Q,, 
u,. 
v., 

(c; + 
( 2 2) CX - 0")' 
(U xCy cosfl.¢ ) 

(UxCy sinfl.¢) (2.28) 

The four Stokes parameters a re now seen to give a complete description of the radiat ion 
field. The specific intensity / ,. can be pa rtially polarized, with the partial pola rizat ion 
being linear, circular o r elliptical, and four parameters are necessary a nd sufficient. For 
completely unpolarized radiation, / ,. is the specific intensity, with Q,., U,, a nd V,. all 
zero. 

Radio telescopes usua lly take measurements in two orthogona l po la rizations, and 
when these are perpendicular linea r po la riza tions, the set o f Equations (2.28) are of 
the relevant form ; no te tha t both the powers a nd the cross-power products must be 
taken (cf. C hapters 3 and 5). When the o rthogonal polarizations a re the right-ha nd 
and left-hand circularly polarized pair, the power products and the Stokes parameters 
a re rela ted by 

[ 
(RR. ) 
(LR.) 

(RL" ) ] = [ I + V 
(LL" ) Q - iU 

Q+ iU] 
I -V 

(2.29) 

The forma lism carries over to the aperture-synthesis mapping process d iscussed in 
Cha pter 6. By taking the full set o f cross-power products, the cosmic radio sources can 
be mapped in pola rization as well as brightness. 
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The world we live in is a restless one. The laws of qua ntum mechanics a nd the second 
law of thermodynamics d ictate that the accuracy of a ll observa tions will be limited 
by the fundamenta l fluctua tions that a re generally known as noise. For the radio 
ast ronomer, bo th the cosmic signal and the noise generated by the enviro nment have 
a Gaussian character. T he detected signa l is the sum of both, and the problem is 
to distinguish the as tronomical noise signa l from the in terfering noise that is a lways 
present. A radiometer is the device that carries out that task. 

The signal- to-no ise ratio that is achieved in a radiometer depends o n the duration r 
of the observation and on the bandwidth B of the detect ing system. The measurement 
may be of signal power a t an antenna, o r of its spectrum, o r of a cross-correlatio n 
in a n interferometer ; in all these the signal-to-noise ra tio is limited by a system no ise 
which is compounded fro m sky background no ise and receiver noise. The longer the 
averaging time, the better the est imate of the system noise, but an uncertainty always 
remains. T his fundamental uncertainty canno t be less than the system noise, reduced 
by the facto r (Br) 112• 

In this chapter we a nalyse the waveform a nd spectrum of noise, pa rticularly noting 
the effect of the limited bandwidth and duration that a re inherent in any observations. 
We then set out the principles of radiometers, which measure no ise power, spectrometers, 
and the cross-correlation radiometers used in in terferometers. 

3. 1 Gaussian random noise 

Rayleigh showed that the sum of an infinite assemblage o f osci lla tors, with ra ndom 
freq uency and phase, could be described statistically, having the form of a Gaussian 
distribution, and Gaussian rt1ndo111 noise is the most commo n form met wi th in practice. 
The accuracy of radio measurements will depend upo n the sta tistical properties of 
voltage amplitude v(t) ; the no ise power P(t ) will be propo rt ional to the sq uare o f the 
amplitude, and for much of this discussio n the units can be chosen so that P = v2. 

Formally, in most cases, v(t) is a stationary random variable; its sta tistical propert ies 
will no t depend on the epoch, but they wi ll depend on the particular characteristics of 
the system. The probability that the va lue o f v(t) will fall between v and v + dv is the 
probability density fr111ction &'(v); th is must be no rmalized so that its integra l is unity. 
(Note the disti nction from probability distrilmtion fr111ction, which is the probability that 
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v(1 ) will take on a value less than v.) For a given probability density function, three 
quantities will have particular interest: the mean value (v}, the mean square value (v2) 

of v(1) over a given interval and the autocorrelation R(r) of v(t) (see Appendix A). 
For Gaussian random noise. the probability density function is 

I v2 
&'(v) = -- exp(- - ) 

(J J2ii 2(J2 
(3. 1) 

The signal amplitude has an equal probability of being positive or negative, and its 
mean value is zero. The power is the mean value of v(1)2 and, for the given probability 
density, it is (J. The time sequence, v( t), would ordinarily be regarded as a highly 
pathological function since it is neither continuous nor difTerentiable, but the analysis 
requires integration, not differentiation, and the integrals can be evaluated. 

The power spectrum of a random noise signal may be obtained from the autocor-
relation of its ampli tude by Fourier transform (see Appendix A: the Wiener- Kinchin 
theorem). In the real world, the observer can only estimate the signal power. or its 
autocorrelation by evaluation over a finite timespan T, so one arrives at an estimate 
of the power spectrum ; the estimate becomes more precise as T increases. The au-
tocorrelation R(r) is defined by the product of v(t) with itself, shi fted by a lag r and 
integrated over all time. For the present, fi nite case 

j t+T / 2 
R1:r(t) = 11(11)v(1 1 + r)d1 1 

t-T/ 2 
(3.2) 

where the subscript 1, T indicates that the integration extends over an interval T , 
centred on time r. The estimated power spectrum, for a given epoch and averaging 
time, is the Fourier transform of the autocorrelation: 

(3.3) 

In the limit of T going to infinity, the relation converges to 

S(v) R(r) (3.4) 

The spectrum of Gaussian noise is evaluated easily by inspecting Equation (3.3) 
for the cases of zero and non-zero time lag. When r is non-zero the integral goes to 
zero since v(l ) is completely uncorrelated from one instant to the next. When r = 0, 
however, the integral tends towards the mean square deviation, (u2} . For a sufficien tly 
long integration time, therefore, the autUl.:urrcla tiun is a c5 -function for a Gaussian 
random signal. Let t = 0 (the noise is stationary and the result should converge to the 
same answer fo r a ny epoch): 

lim R(t) = (J
2<5(t) (for v(t ) Ga ussian) 

T-oo 
(3.5) 

The Fourier transform of the <5 -function is a consta nt, from which it fo llows that 
Gaussian noise has a flat power spectrum wit h a power spectral density equal to the 
square of the standard deviation u of the probability density. When the signal has 
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Fig. 3.1. A linear receiver. 

gone through a band-limiting filter, Equation (3.5) no longer holds; this case is trea ted 
in the next sect ion. 

A flat power spectrum is often cal led a white spectrum, from the colo ur analogy. Its 
quality has been noticed by nearly everyone who has heard the hiss from a radio that 
is not tuned to a station ; the hiss conta ins a ll audio frequencies, with no noticeable 
tonality. 

3.2 Band-limited noise 

The response of a radio receiver, wi th its finite bandwidth, to a noise signal can now 
be examined. The receiver a mplifies the input signal, and conta ins filters tha t define 
the bandpass. A good receiver should be linear, which means tha t it amplifies signals 
within the bandpass faithfully, with no disto rtion. A linear receiver, in its simplest 
form, can be represented as a combination of ideal amplifier and a passive jilter t hat 
a ttenuates frequencies o utside the bandpass, as illustrated in Figu re 3. l. The input 
signal amplitude, v;(t), is amplified to become v1(t) at the input of the filte r (t he signa l 
amplitude is designated by its associated voltage, but the current i(t) could equally 
well be used ). The fi lte r mod ifies the spect rum o f the signal, yielding an output signal 
v2(t) t hat is amplified further to give an o utput a mplitude v0 (1). The functions need 
not be separa ted as shown in the d iagram, but in present practice they often a re 
distinct elements. The power gain G(v) of a receiver is a function of frequency, but its 
basic properties can often be summarized by its effective gain, G, and its bandwid th, 
8. The simple receive r in Figure 3. 1 is shown with an input load of impedance Z; 
a nd an o utput load Z 0 . T he input voltage v; (r) comes from a source that could be a 
radio antenna or a signal generator ; the maximum transfer o f power from source lo 
amplifier will occur when the source impedance is matched to the input impedance 
of the a mplifier ; matched impedances occur when o ne is the complex conjugate of tht: 
other. Ordinarily, one tries lo obtain impedances that are purely resis tive, or at least 
have as small an imaginary component as possible. When o ne remembers that power 
is voltage squa red d ivided by the resis tance, it follows that the squa re of the ra tio of 
o utput and input voltages will give the power gain on ly when the ma tched impedances 
al input a nd output are equal; in general 

(3.6) 
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The usual unit of power gain is the decibel, abbreviated db a nd defined as ten times the 
log10 of the power ratio. A power gain of 10 is therefore 10 db, of JOO it is 20 db, and 
so forth. Il is worth noting that, for the logarithmic magnitude scale that astronomers 
have used since the time of Hipparcos (but defined quantita tively much more recently), 
I magnitude is exactly 4 db. 

The complete description of the receiver must recognize, however, that a sinusoidal 
signal will not only be amplified, bul its phase will be shi fted as well. The phase shift is 
usually frequency dependent, and so the increase in signal amplitude will be a complex 
function of the frequency. The complete description of the receiver, therefore, is given 
by the I .fi111c1 ion H ( v) 

V0 (v) = H( v)V;(v) (3.7) 

where H(v) is complex, to express the phase shift (note the convention of contrasting 
the frequency and time domains by using upper-case and lower-case symbols for the 
Fourier transform pairs). 

The transfer function has an easily recognized property: its Fou rier transform '1(1) 
is the response of the receiver lo a <5-funclion at the input. This can be seen by noting 
that, if V0 (11) = V;(v), H (v) must be unity, and its Fourier transform is a <5 -function. 
Therefore, it follows that 

V0 (1) = h(L) if Vj(I) = 0(1) (3.8) 

One sees immediately that, for a pure noise signal, with no correlation from one instant 
of time to the next, the receiver imposes a finite correlation time, since h(1) will be 
ex tended in time if its transfer function H( v) has a finite bandwidth. The phenomenon 
of a pulse being stretched in time, possibly with oscillations, is generally referred to as 
ri11gi11g. 

An example of the response of a fi lter to an impulse 0(1) is shown in Figure 3.2. This 
filter is a singly tuned RLC fi lter (an inductance L and a capacitance C, with damping 
resistance R, with associated resonant frequency vo and damping coefficient Q). This 
response shows strong ringing, which dies out in a ti me of order I/ B = Q/ vo. This is 
a property of a ll receivers; the ringing time always being of the order of I/ B. 

3.3 Detection and integration 

A simplified block diagram of a radio astronomy system is shown in Figure 3.4. The 
response of the receiver to its own random noise, and to the ra ndom noise signal from 
the radio telescope, is still a random quantity, but with persistence in time of the order 
of 1/ B, as the preceding section has shown. Two examples of filtered whi te noise are 
shown in Figure 3.3, the first being relatively broad-band with a bandwidth of ha lf 
the centre frequency, while the second example shows the output for a narrow-band 
filter with the bandwidth only one-tenth of v0 . The greater correlation in time for 
the narrow-band case is easily recognized. Nevertheless, the signal is st ill a random 
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Fig. 3.2. Impulse response of an RLC filter. 
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b 

Fig. 3.3. Filtered white noise : (a) broad-band and (b) narrow-band. 

variable, a nd a measurement of its power, taking an average over some averaging time 
r, is o nly a n estima te o f the true value, with a n associated uncerta inty. First, the output 
a mpli tude must be converted to power, which is propo rt io nal to the square of the 
amplitude . The signal must, therefore, be multiplied by itself, in a square-law device, 
usually known as a detector. This can be realized in many ways, and is often a simple 
diode, wi th associa ted filters to p revent the radio frequency signal from proceeding o n 
a nd possibly interfering with the following ci rcuitry. The output o f the detecto r is still 
a Auctuating qua ntity, a nd so a time average o f the power must be ta ken. 
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A n averaging ci rcuit can take many forms, but in present-day practice it is likely to 
be an integrato r of some sort, integrating the sig nal power for a time r, and giving an 
average power readout (P ) that is an estimate of the signal power across the band: 

1

1+T/ 2 1 1+T/ 2 
(P) = Pd(t)dt = (vo(1))2d t (3.9) 

1- T/ 2 1- T/ 2 

In this expression, the instantaneous power Pd(I) measured by the detector is the 
square o f the output amplitude v0 (1) a t the output port of the receiver. Figure 3.4 
gives a block diagram of the basic components. A detailed treatment of the squaring 
process, and the resu lt ing character of the detected signa l, can be found in tex tbooks 
such as that by Ro hl fs and Wilson. The resulting power spectrum o bserved at the 
detector o utput is 

(3.10) 

The first term on the rig ht-hand side, the zero-lag term, would give the average power 
for a white no ise signal, but the noise signal has been passed through a fi lte r that 
induces correla tion in the output signal. T he second term expresses that fact. The 
uncertain ty in the final measurement can now be specified. The equivalent temperatu re 
is a natural unit o f power density, since the power density is a lmost a lways measured 
wi th respect to the equivalen t temperature T cq o f a n input load. This means that T cq 

can be a function o f frequency across the receiver band, a ltho ugh in many applications 
its mean value across the band is sufficient. T he order o f magni tude of the measurement 
accuracy can be estimated from the observation that there is correla tion in the p re-
detection (post-filte red) signal fo r a time of about I/ B. There are, therefore, about 
B independent measurements per unit time. If the detected signal is integrated for 
time t , a total o f about Br independent measurements of the filtered noise signal will 
have been made. Since the input noise is random, the relative uncertain ty, !:,. T , in the 
measurement of the no ise temperature, T5, a t the input of the detector, will be 

(3.11) 
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3.4 Radiometer principles 

As seen in Figure 3.4, the no ise signa l, ei ther from an antenna or a dummy load, passes 
to the receiver through a network tha t allows the radiometer to be calibrated, usually 
in temperature units. The receiver may incorporate a mixer o r f requency converter that 
shifts the initial frequency ba nd (centred at vo} up or down in frequency, but otherwise 
preserves the signal; a local oscillator injects a pure sinusoid a t frequency v10 and the 
resulting intermediate frequency ba nd is a t ei ther the sum o r difference frequency. A 
receiver of this type, that transla tes the input signa l band to an in termediate frequency, 
is called a heterodyne receiver. The receiver ou tput is de tected and integrated, and 
the results are read out, usually by a computer which reco rds them o n tape or 
disk. 

T he signa l from the antenna, v3 (t}, passes through a calibration network. There has 
usually been a primary calib ra tion, using a well-ma tched resistive load in a therma l 
bath at a well-determined temperature. This a llows one to inject a precisely known 
Gaussian no ise signal, identical in character to the no ise from the antenna. By this 
procedure, o ne measures the antenna temperature directly in units of temperature, and 
thus the utility of using temperature as a unit of power spectral density is clear. A 
switch may allow the thermal load to be switched in directly, as shown in the diagram, 
although the switching may be carried out by physically disconnecting the a ntenna 
and plugging in the thermal load in its place. A third technique, covering the antenna 
o r the antenna feed comple tely wi th an a bsorbing enclosure at a known temperature, 
is sometimes used. Usually (but not a lways) sources of known flux are available in the 
sky, and these can a lso be used for calibratio n (but their calibratio n, a t some earlier 
time, wi ll have been carried out with reference lo a thermal load). In the prima ry 
calibration process, it is impo rtant that both the antenna and the thermal load should 
be well matched to the receiver, presenting the same impeda nce. 

The secondary calibrator a llows one to inject a noise signal directly into the receiver, 
thus providing a rela tive calibratio n of the system at frequent in tervals. The no ise 
is usually generated by a gas discharge tube or a back-biased diode. Both of these 
have a high effec tive noise temperature, of the o rder of 10 000 K, and the signal must 
be a ttenua ted to bring it down to a value tha t is close to the noise temperature o f 
the signals being measured. This is usually accomplished by using a 20 db or 30 db 
direct io na l coupler, thus leaking o nly I or 0.1 % of the calibration signal into the 
receiver. Frequently, there is an adjustable a ttenuator as well which allows one to 
adjust the calibration level to the most convenient value. 

With this simple radiometer, the detected output for a given bandwidth and inte-
gratio n time will have a rela tive uncertainty given by Equatio n (3. 11). The system 
temperature, T5 , the quantity estima ted by the radiometer, is the sum of several con-
tributions. The contributio n to antenna temperature by the celestia l source, Tc, is 
the object of the measurement, but there are additio nal contributions to the antenna 
temperature. These include radiation from the atmosphere, from sources of noise in the 
sidelobes, and fro m losses in the antenna structure itself, lumped together in a single 
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term Tr. In addition, there is extraneous noise produced within the receiver itself, Tn, 
giving a total system temperature 

(3. 12) 

A measurement might consist of moving on and off the source, noting the change in 
T5 , calibrating the change by turning the secondary calibrator on and off and, at some 
point, calibra ting the secondary calibra tor wi th respect to the primary calibrator. The 
noise fluctu ations contribute to the measurement uncertainty ; a good measurement 
usually requires an integration time long enough to give a signal-to-noise ra tio of 
at least Ser. There are circumstances where this is not sufficient, and the number of 
degrees of freedom can require a higher ra tio. A lOcr result is reliable in nearly all 
experiments. 

Referring again to the receive r in the radio as tronomy system illustrated in Figure 3.4,, 
the signal from the ca libration network becomes the input signal to the receiver, Vi(t), 
passing fi rst through a low-noise preamplifier. This necessarily adds noise in the form 
of an excess noise temperatu re, T 11 , and the preamplifie r design is aimed a t adding as 
little noise as possible. (An absolute lower limit, T11 > hv/ k, is imposed by the laws of 
quantum mechanics.) After further amplification, the signal goes to a mixer, where it 
is multiplied by the local oscillator signal. The multiplier itself can be as simple as a 
diode, which has a non-linear response to the applied signals. It is the second-order 
term that performs the multiplication; it is the task of the designer to make sure that 
undesirable effects of higher order are negligible. The product of two sinusoids at 
frequencies vo and v1 0 creates upper and lower sidebands, a t frequencies vo ± 1110 , and 
one of these is chosen as the intermediate-frequency band ; a fi lter rejects the unwanted 
signals. In an actual receiver there will be several fi lters, dist ributed throughout the 
system but, since the system should be linear, the diagram lumps their total effect in to 
one filter with a transfer function Hr(v). There is usually a n adjustable attenuator 
somewhere in the system to set the output to an optimum level; this may be before or 
after the mixer. 

Frequently, there is more than one stage of freq uency conversion, and more than 
one intermediate freq uency. The fi nal conversion can even be to a band whose lower 
edge is close to zero frequency, when it is genera lly known as video or baseband. 
Th is is rout inely done when the fo ll owing stage is an autocorrela tion spectrometer; 
for broad-band radiometry the fi nal intermediate frequency is usually a t some tens or 
hundreds of megahertz. The loca l oscilla tor (or osci lla tors) must be stable. In current 
prac tice, the local oscilla tor is generated by a stable crys tal oscillator or by a frequency 
synthesizer that uses a frequency reference source of high stability, such as an a tomic 
frequency standard. 

Whatever the exact configurat ion may be, the output signal v0 (c) passes to the 
detector, which, if not a true square-law device, should at least have an output that 
has a known relation to the power of the input signal. The average at time £0 , lasting 
fo r the integra tion time r, is read out to the storage device. 
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Fig. 3.5. Typical antenna and receiver tempera tures. In many radio telescopes High Elect ron 
Mobil ity Transistors (HEMTs) cooled to 20 K provide receiver temperatures comparable with 
or below the sky background ; some receivers use Field Effect Transistors (FETs) either cooled 
or a t room temperature. Above 100 GHz, SIS junction mixers are best. 

3.5 Radiometers in practice 

The basic radiometer described in the preceding section has been used on radio 
telescopes, but when one is trying to detect weak signals, the gain of the receiver has 
to be exceptionally stable, since the total system temperature may be many orders of 
magnitude greater than the contribution of the source being studied. If the gain is 
changing significantly on a timescale comparable to the time to move the radio telescope 
on and off the source, a meaningful measurement may be impossible. Nevertheless, 
receiver stability can be achieved, and a discussion of the elementary radiometer 
ill ustrates the practical problems. Some comments on orders-of-magnitude are in order. 
The power spectral density from the antenna system will be k Ta , and Ta may be a few 
tens of degrees in typical cases. Figure 3.5 summarizes typical antenna temperatures 
as a function of frequency; at low frequencies, the intense galactic background noise 
predominates, and as the frequency increases, the antenna temperature decreases. At 
centimetre wavelengths, radiation from the atmosphere and stray radiation from the 
ground are the dominant noise sources unless one is observing an intense source such 
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as the sun. At millimetre wavelengths, radiation from water vapo ur and oxygen in 
the atmosphere cause the antenna temperature to rise drama tically (note the effects at 
line frequencies such as the water line at 22.3 G H z and the extensive oxygen complex 
a t 55- 60 GHz). At submillimetre wavelengths, absorptio n by water vapour becomes 
increasingly severe, and high, dry observing sites are required (see Figure 7.4). With 
some interruptions, observations at favourable sites are fea sible to 460 GHz (0.65 mm); 
there are windows at 460-510, 620-720, a nd 790-9 10 GHz, but thereafter, except for a 
few dim windows, the a tmosphere is effect ively o paque until the 20pm infra red window 
is reached. 

In the centimetre wavelength region, 5 GHz (6 cm) for example, a carefully designed 
antenna wi ll have an ext raneous temperature of the order of 15- 20 K. The preamplifier 
wi ll add its excess noise. Figure 3.5 shows typical values of T11 with current practice, 
a nd o ne can expect tha t a modern 5 G Hz HEMT cooled preamplifier will have an 
excess noise temperature o f 20-30 K. The to tal system temperature, therefore, might be 
of the order of 30-50 K, although it can be less if care is taken. A typical bandwidth 
would be in the range 50-100 MHz (it could be as much as I GHz), so for these 
nominal numbers the total system noise power, kTB, would be about 5 x 10- 14 watts, 
o r 133 db below a watt (dbW). In most systems, o ne would like to have a power level 
of 1- 10 mW presented to the detector, and one would therefore want a to tal gain o f 
about 110 db. Typically, there might be an 80 db gain before the first conversion, 
a loss of 10 db in the mixer and gain-setting attenuato r and ano ther 40 db gain in 
the remaining stages. Superconductor- insulator- superconductor (SIS) mixers are used 
above 100 GHz. 

The random noise appearing at the output of an ideal radiometer, which we shall 
assume has been calibrated in units of temperature, will necessarily fluctua te, with an 
nns uncertainty given by Equation (3.11 ). The power density received by a n antenna 
of effective a rea A, observing a n unpolarized radio source of flux S, will be SA / 2 (the 
factor 2 appears because only o ne polariza tio n ca n be observed by a single radiometer). 
When this power is expressed in units of antenna temperature, the limiting rms flu x 
sensitivity for a po int source, !lS , is 

!lS = 2kT11 

Ajii! 
(3. 13) 

One sees, therefore, that the quotient T11 / A is a measure of the sensitivity of a radio .,. 
telescope system. 

Given a to tal system temperature of 50 Kand a bandwidth of 100 M H z, an averaging 
time o f l s would result in a n rms uncertain ty o f 5 mK for a given measurement by the 
fundamental relation, Equation (3. 11 ). T his is only one part in 104 of the system noise, 
so the fractional gain stability must be much better, despite the to ta l gain of about 110 
db ( 1011 ). T his is difficult to attain in practice, and it is often necessary to use a switching 
radiometer, usually known as a Dicke radiometer after the inventor, Robert Dicke. 

A simplified block diagram of a Dicke radiometer is given in Figure 3.6. There 
are two key differences from the system shown in Figure 3.4. A comparison switch 
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is interposed between the calibra tion network and the receiver, switching rapidly 
between the signal v;(t) and a reference load generating a noise signal Vr(t). In 
addition, the detector is replaced by a lock-in amplifier, also known as a phase-sensitive 
detector. The switched input signal to the receiver is illustrated as a function of 
time in Figure 3.6, together with the associated power. The power envelope will be 
a square wave with an amplitude that is proportional to the difference between Ta 
and T,. If this squa re wave has a given phase when Ta > T,, its phase will be 
reversed when Ta < T,. The function of the lock-in amplifier is to give a signal 
tha t is proportional to the modula tion a mplitude, but whose sign reflects the two 
possible phase conditions. When Ta = Tr, the o utput o f the lock-in amplifier will 
be zero. When this condition is approximately met, the measurement of the flux 
from a weak source will be relatively insensitive to gain fluctuations, although thermal 
noise fluctuations will still be present as an unavoidable limit to the accuracy of 
measurement. 

A small price is paid for this ad vantage: the antenna temperature is only being 
measured for half of the time. This means that the rela tive accuracy of measuring 
either the antenna temperature o r the reference load temperature will be degraded by 
a factor of J2 and, since the difference between two uncorrelated random variables is 
being taken, there is a further loss in accuracy of j2. The net fractional accuracy of 
the measurement, therefore, is 

(3.14) 

Despite the loss in accuracy by a factor of 2, the greater sta bility of measurement is 
o ftentimes worth the price. 

There a re a number o f ways of constructing a lock-in amplifier, but functionally o ne 
simply takes the product o f the detected signal wi th the reference squa re wave that 
drives the comparison switch, as shown in Figure 3.6. 

In order to take full advantage o f the inherent stabili ty of the Dicke radiometer, the 
antenna and load temperatures sho uld be nearly equal. When this is no t possible, the 
gain of the recei ver can be modula ted synchronously to give a null output when o ne 
is not observing a source. One should note tha t the measurement o f a discrete source 
is rela tively straightforwa rd, since it is a relat ive measurement, but when an extended 
source such as the galact ic background is being measured, an absolute measurement 
must be ca rried out. In such a case, one starts by replacing the a ntenna by a dummy 
load at a known temperature, a nd measuring the difference in temperature between 
it and the reference load. T he antenna itself is then substituted for the dummy load , 
a nd the difference signal is measured. A careful measurement is not carried o ut easily; 
the switches may be asymmetric, o r the loads may no t present the same impeda nce 
to the receiver. Measurements a t very low temperatures are especially difficult and 
demanding ; the ultima te test is the measurement o f the cosmic microwave background 
(CM B), discussed in Chapter 14. 
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Fig. 3.7. Rad io spect rometers : (a) using a bank of narrow-band filters; (b) digital autocorrelation 
system. The longest delay 11C5t is approximately equivalent to (c51')- 1• 

3.6 Spectrometry 

The broad continuum spectrum of a radio source is usually determined by making 
point-by-point flu x measurements at as many frequencies as possible, using the entire 
instantaneous bandwidth of the receiver fo r each measurement. When the power 
spectrum includes spectral lines, however, such a procedure would be time-consuming 
and imprecise. When the receiver bandpass contains one or more spectral lines, 
whose detailed profiles are the object of study, a multichannel approach covering a 
large fract io n of the bandpass is greatly to be preferred. The most direct approach, 
illustrated in Figure 3.7(a), is to have a la rge number of narrow-band fi lters in parallel, 
each with its own detector or phase-sensitive detector, measuring the flux in discrete 
bins. The individua l outputs can be po lled by the data-acquisition computer, which 
accumulates and sto res the data. Usually there is a buffer amplifier in front of each 
filte r to guarantee that there will be no cross-talk between channels. In the diagram, 
each fi lter is tuned to a separate frequency, but sometimes the filters are identica l, with 
each channel having its own loca l oscillator and mixer. In this type o f multicha nnel 
receiver, o ne can reconfigure the filter array, tuning groups of filters to individual lines 
in the spectrum, or spacing the channels more broadly when searching for a line whose 
frequency is only approximately known. 

Although multichannel spectrometers are in common use, pa rticularly in the 
millimetre-wave ba nds where the line profiles a re broad, the a111ocorre/a1io11 spec1ro111e1er 
is more commonly met with. Its operating principle is based on the Wiener- Khinchin 
theorem: the Fourier transform of the a utocorrelatio n of a stationary random varia ble 
gives an estimator of its power spectrum, Equation (3.3). This can be done in hardware, 
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with the block diagram shown in Figure 3.7(b). The operations can be carried out by 
analogue methods, using acousto-optical devices, but digital autocorrelation spectrom-
eters are more commonly met with. These have the desirable characteristic that the 
entire band is analysed at the same time, and the practical advantage of using flexible 
and convenient digital components. There are special features of digital spectrometers, 
however, that the user must be aware of. 

The simplest form of a digital autocorrelation spectrometer relies upon two basic 
concepts: the Nyquist sampling criterion and the van Yleck digital approximation. 
The Nyquist criterion states that a signal coming from a receiver of bandwidth B 
can be completely represented by discrete samples taken at the Nyquist frequency, 
2B. When the sam pling is digital and the noise signal obeys Gaussian statistics, the 
relative power spectrum can be deduced even if only the sign of the signal amplitude 
is measured. This surprising result, in which the noise signal is represented by a 
string of one-bit samples, is known as the van Vleck quantization approximation. The 
total noise power in the band can be determined by a separate measurement, thus 
restoring the spectrum from a relative to an absolute basis. One-bit quantization of 
the signal also degrades the signal-to-noise ratio, which is only 2/ n that of an ideal 
correlator, but this is often a small price to pay for the great simplici ty of one-bit signal 
handling. 

As digital technology has progressed, more complex digital circuits have been devel-
oped, and digital spectrometers that use two-bit representa tions of the signal amplitude 
are now in use. The two bits represent the sign of the signal and whether its ab-
solu te value exceeds a number that is very nearly the rms level of the noise signal. 
This means that there are four possible signal levels, and the two-bit system is some-
times called a four-level system. The degradation of the signal-to-noise ratio is less 
than that of the one-bit system; the value achieved is 0.88 that of an ideal corre-
lator. A larger number of bits can be used ; a three-bit representation would give 
8 levels of quantisation, and a value of 0.95 for the signal-to-noise quality factor. 
One can see that, for most radio astronomy applications, the point of diminish-
ing returns is being reached, since the complexity of the digital circuitry increases 
rapidly, and most modern systems give an option of one-bit or two-bit quantiza-
tion. 

A digital autocorrelation spectrometer is schematized in Figure 3.7(b). The receiver 
output, v0 (1) has been converted to video frequencies (baseband) and goes to a digitizer .,, 
that samples the input signal at the Nyquist frequency, producing a series of binary 
packets, each representing the amplitude Vj of the video signal at an instant of time 
t j . ff there are N separate lags bt, 2bt, ... , Nbt, the initial signal is multiplied by 
each of the delayed signals (including a zero-lag multiplication, the signal multiplied 
by itself), to give a total of N + 1 outputs. The output numbers are read out at the 
clock rate (the Nyquist frequency 2B) and the results are accumulated in counters. The 
accumulated totals are read out a t a more leisurely rate by a computer that carries out 
the longer-term accumulation. One therefore assembles a set of N + 1 estimates of the 
discrete correlation function R,, , each a set of M samples of the signal (equivalent to 
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an integra tio n time M Dt): 

LJ:, v(tj)v(tj + nDt) 
R,, = 

M (3. 15) 

Note that division by M is necessary to no rmalize R,, properly. The fin ite estimate of 
the autocorrelation must a lso be corrected fo r the bit quant iza tion in o rder to arrive 
at a true equivalent to R1.r(r ) in Equation (3.2). Yan Vleck showed that the corrected 
autocorrela tio n R,1.c, for one-bit quantization o f Gaussian noise, is 

. [ 7r ( 1 )] R11.c =R(O)s111 2R,, (3. 16) 

Most of the time, the signal under stud y is small compared to the total system noise, 
which means that R,, is small compared to I. Usually, therefore, 

R - R<I) 
11,C -.,, 11 (3. 17) 

The continuo us Fourier t ransform that was used in Section 3.1 to give Equa tion 
(3.3) must now be replaced by a discrete Fourier transform (O FT), o perating on the 
corrected autocorrela tion: 

(3. 18) 

T he power spectrum Sk is now a discre te set o f N + I values, but if there are a sufficient 
number o f lags, the resu lt will be a representation of the spectrum. There is a caveat, 
however, arising fro m the finite number of lags, that is, the fi ni te time over which the 
autocorrela tion is evaluated. This means that the spectrum Sk is logically equivalent to 
scanning the input spectrum with a fi lter whose ba ndpass is the Fourier transform of 
the lag window. The discre te Fourier t ra nsform weights a ll lags equally in calcula ting 
the values of Sk, which means that the t rue autocorrelation is multiplied by a ga ting 
function n (r) whose Fourier transform is a sine-functio n. This generates rela tively high 
sidelobcs (about 22% of the peak) for every line; in e ITect, the filter is ringing. A ltho ugh 
a ll the info rmation in the spectrum is p resent, the appearance of such a spectrum can 
be confusing. Recall that the solution for excessive sidelobe levels in a radio telescope 
is to ta per the illumina tion of the a perture ; similarly, o ne applies a weighting function 
to the autocorrelation tha t ta pers the lags; several cho ices of weighting function a re 
in use. Using integrals instead of sums to make the weighting procedure mo re easily 
recognized (although sums are used in digital systems), the calculation amounts to 

Rw(r) = w(r') ® R(r' ) 

The weighting func tio n is frequently the raised cosine, o r Hanning functi on 

IVM(r' ) = I + cos(2nr') 

(3. 19) 

(3.20) 

This reduces the frequency resolut ion to 60% of the sine-function value, but the 
spu rious responses are reduced from 22% to 2.6%. 

The concept of determining a power spectrum by autocorrelating the signal a mpli-
tude. whi le it is a powerful and generally used technique, has to be understood more 
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thoroughly than straightforward multichannel spectrometers. O ne must beware, in par-
ticular, of the complica tions int roduced by non-Gaussian signals, such as man-made 
interference. The radio astronomer must also consider the choices of quantization and 
lag weighting and their effects on signal-to -no ise ra tio, referred to above. 

3.7 Cross-correlation radiometry: interferometry 
1 n Section 5. 1 we shall introduce the concept of cross-correlating a pair of signals 
x(t) and y(t) as a function of rela tive time delay r, to form the cross-correlation 
function Rx.J'(r), and its Fourier dual, the cross-spectrum power density Sx.y(r). When 
an interferometer observes a continuum source, the instrumental time delay r; is chosen 
to compensate the geometrical time delay rg for a phase centre that (one hopes) is 
centred on the source, as described in Section 5.1. If the object being observed is a 
spectral-line source (the hydrogen dist ribution in a galaxy, o r a complex of molecular 
masers, for example), the time delay can be varied a bout the phase centre, and the 
resul ting collection of cross-co rrelations will contain the spectra l information. T hus, 
a set of interferometer visibilities from an aperture synthesis array can be processed 
as a three-dimensional Fourier synthesis, with each data po int being described by 
interferometer baseline coordinates (11, v, w). The two-dimensional transform of the 
11, v-plane data g ives the angular dist ribution of the souce brightness, and a transform 
of the time-delayed data sets gives the varia tion in frequency. Note that the time-delay 
operation is equivalent to taking data in the w-direct ion, perpendicula r to the uv-planc 
(refer to Equa tion (5.19)). For this reason, the set of cross-spectra l products Sq.•• 
derived by Fourier transforming the three-dimensional cross-correla tion Rx.y(11, v, r) is 
commonly referred to as a data wbe. 

The noise limita tions of an interferometer can be derived from considerations similar 
to those outlined earl ier. For an integration time- bandwidth product Br, the rms 
uncertain ty depends upon the technique used to derive the fringe a mplitude. The cross-
correla tion method gives the best possible signal-to-noise ratio ; if the two elements of 
the interferometer have system noise temperatures Tn, and Tnl' a nd the a ntennas have 
effective areas A1 and A1, therms fluctua tions in power correspond to an uncertainty 
in the equivalent point-source Hux 

flS.q = 2k Tn, Tn1 

2A1A2Br 
(3.21) 

This can be compared to the sing le-dish radiometry equi valent, given 111 Equa tion 
(3. 12), and it is seen that the system temperature a nd effective area are replaced by the 
geometric means of these quantit ies for the interferometer pair. The extra factor of J2 
appears because the cross-correla tion process is comparing the values of the rad iation 
field at two different places in space. There is an additional to tal-power term that is, 
in effect, an autocorrelation term fo r each antenna, and a to ta l-power radiometer has 
a peak response that includes this term, avoiding the J2 loss. This does not mean 
that a to tal-power interferometer would be better, however, for two reasons. Firstly, 
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the to ta l-power interferometer has serious practical disadvantages, as no ted in Sectio n 
3.5 and, secondly, it is no t the instanta neous total power that is desired, but the fringe 
visibility. No technique gives a better signa l-to-noise ra tio than cross-correla tion in 
de termining the fringe visibility, as noted above. 

In present-day practice, the cross-correla tio n opera tio n is carried out digitally. Equa-
tio n (3. 15) generalizes to 

I M 
R x1·.11 = M L Vx( Tj)Vr(t j + nbt) 

j = I 

(3.22) 

Most commonly, the collection of discrete correlatio ns is usually transformed to a 
uniform grid , giving a source cube R(u;, Vj. r,,) which can be Fourier transformed to a 
data cube S(x;, .\lj. vk). The later operations of data manipulation and self-calibra tio n 
are carried out on these discre te data sets. Note that this gives spectrum informa tion, 
in addit ion to angula r structure. 


