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Chapter 1
Introduction and Historical Review

The subject of this book can be broadly described as the principles of radio
interferometry applied to the measurement of natural radio signals from cosmic
sources. The uses of such measurements lie mainly within the domains of astro-
physics, astrometry, and geodesy. As an introduction, we consider in this chapter
the applications of the technique, some basic terms and concepts, and the historical
development of the instruments and their uses.

The fundamental concept of this book is that the image, or intensity distribution,
of a source has a Fourier transform that is the two-point correlation function of the
electric field, whose components can be directly measured by an interferometer.
This Fourier transform is normally called the fringe visibility function, which in
general is a complex quantity. The basic formulation of this principle is called the
van Cittert—Zernike theorem (see Chap. 15), derived in the 1930s in the context
of optics but not widely appreciated by radio astronomers until the publication
of the well-known textbook Principles of Optics by Born and Wolf (1959). The
techniques of radio interferometry developed from those of the Michelson stellar
interferometer without specific knowledge of the van Cittert—Zernike theorem.
Many of the principles of interferometry have counterparts in the field of X-ray
crystallography (see Beevers and Lipson 1985).

1.1 Applications of Radio Interferometry

Radio interferometers and synthesis arrays, which are basically ensembles of two-
element interferometers, are used to make measurements of the fine angular detail
in the radio emission from the sky. The angular resolution of a single radio
antenna is insufficient for many astronomical purposes. Practical considerations
limit the resolution to a few tens of arcseconds. For example, the beamwidth of
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a 100-m-diameter antenna at 7-mm wavelength is approximately 17”. In the optical
range, the diffraction limit of large telescopes (diameter ~ 8 m) is about 0.015”, but
the angular resolution achievable from the ground by conventional techniques (i.e.,
without adaptive optics) is limited to about 0.5” by turbulence in the troposphere.
For progress in astronomy, it is particularly important to measure the positions of
radio sources with sufficient accuracy to allow identification with objects detected
in the optical and other parts of the electromagnetic spectrum [see, for example,
Kellermann (2013)]. It is also very important to be able to measure parameters such
as intensity, polarization, and frequency spectrum with similar angular resolution in
both the radio and optical domains. Radio interferometry enables such studies to be
made.

Precise measurement of the angular positions of stars and other cosmic objects
is the concern of astrometry. This includes the study of the small changes in
celestial positions attributable to the parallax introduced by the Earth’s orbital
motion, as well as those resulting from the intrinsic motions of the objects. Such
measurements are an essential step in the establishment of the distance scale of
the Universe. Astrometric measurements have also provided a means to test the
general theory of relativity and to establish the dynamical parameters of the solar
system. In making astrometric measurements, it is essential to establish a reference
frame for celestial positions. A frame based on extremely distant high-mass objects
as position references is close to ideal. Radio measurements of distant, compact,
extragalactic sources presently offer the best prospects for the establishment of such
a system. Radio techniques provide an accuracy of the order of 100 pas or less
for absolute positions and 10 pas or less for the relative positions of objects closely
spaced in angle. Optical measurements of stellar images, as seen through the Earth’s
atmosphere, allow the positions to be determined with a precision of about 50 mas.
However, positions of 10° stars have been measured to an accuracy of ~1 mas with
the Hipparcos satellite (Perryman et al. 1997). The Gaia' mission is expected to
provide the positions of 10? stars to an accuracy of ~10 pas (de Bruijne et al. 2014).

As part of the measurement process, astrometric observations include a deter-
mination of the orientation of the instrument relative to the celestial reference
frame. Ground-based observations therefore provide a measure of the variation of
the orientation parameters for the Earth. In addition to the well-known precession
and nutation of the direction of the axis of rotation, there are irregular shifts of
the Earth’s axis relative to the surface. These shifts, referred to as polar motion,
are attributed to the gravitational effects of the Sun and Moon on the equatorial
bulge of the Earth and to dynamic effects in the Earth’s mantle, crust, oceans, and
atmosphere. The same causes give rise to changes in the angular rotation velocity
of the Earth, which are manifest as corrections that must be applied to the system
of universal time. Measurements of the orientation parameters are important in the
study of the dynamics of the Earth. During the 1970s, it became clear that radio
techniques could provide an accurate measure of these effects, and in the late 1970s,

! An astrometric space observatory of the European Space Agency.
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the first radio programs devoted to the monitoring of universal time and polar motion
were set up jointly by the U.S. Naval Observatory and the U.S. Naval Research
Laboratory, and also by NASA and the National Geodetic Survey. Polar motion
can also be studied with satellites, in particular the Global Positioning System, but
distant radio sources provide the best standard for measurement of Earth rotation.

In addition to revealing angular changes in the motion and orientation of the
Earth, precise interferometer measurements entail an astronomical determination of
the vector spacing between the antennas, which for spacings of ~ 100 km or more
is usually more precise than can be obtained by conventional surveying techniques.
Very-long-baseline interferometry (VLBI) involves antenna spacings of hundreds
or thousands of kilometers, and the uncertainty with which these spacings can be
determined has decreased from a few meters in 1967, when VLBI measurements
were first made, to a few millimeters. Relative motions of widely spaced sites on
separate tectonic plates lie in the range 1-10 cm per year and have been tracked
extensively with VLBI networks. Interferometric techniques have also been applied
to the tracking of vehicles on the lunar surface and the determination of the positions
of spacecraft. In this book, however, we limit our concern mainly to measurements
of natural signals from astronomical objects.

The attainment of the highest angular resolution in the radio domain of the
electromagnetic spectrum results in part from the ease with which radio frequency
(RF) signals can be processed electronically with high precision. The use of the
heterodyne principle to convert received RF signals to a convenient baseband, by
mixing them with a signal from a local oscillator, is essential to this technology.
A block diagram of an idealized standard receiving system (also known as a
radiometer) is shown in Appendix 1.1. Another advantage in the radio domain is that
the phase variations induced by the Earth’s neutral atmosphere are less severe than
at shorter wavelengths. Future technology will provide even higher resolution at
infrared and optical wavelengths from observatories above the Earth’s atmosphere.
However, radio waves will remain of vital importance in astronomy since they reveal
objects that do not radiate in other parts of the spectrum, and they are able to pass
through galactic dust clouds that obscure the view in the optical range.

1.2 Basic Terms and Definitions

This section is written for readers who are unfamiliar with the basics of radio
astronomy. It presents a brief review of some background information that is useful
when approaching the subject of radio interferometry.
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1.2.1 Cosmic Signals

The voltages induced in antennas by radiation from cosmic radio sources are
generally referred to as signals, although they do not contain information in the
usual engineering sense. Such signals are generated by natural processes and almost
universally have the form of Gaussian random noise. That is to say, the voltage as a
function of time at the terminals of a receiving antenna can be described as a series of
very short pulses of random occurrence that combine as a waveform with Gaussian
amplitude distribution. In a bandwidth Av, the envelope of the radio frequency
waveform has the appearance of random variations with timescale of order 1/Av.
For most radio sources (except, for example, pulsars), the characteristics of the
signals are invariant with time, at least on the scale of minutes or hours, the duration
of a typical radio astronomy observation. Gaussian noise of this type is assumed to
be identical in character to the noise voltages generated in resistors and amplifiers
and is sometimes called Johnson noise. Such waveforms are usually assumed to be
stationary and ergodic, that is, ensemble averages and time averages converge to
equal values.

Most of the power is in the form of continuum radiation, the power spectrum
of which shows gradual variation with frequency. For some wideband instruments,
there may be significant variation within the receiver bandwidth. Figure 1.1 shows
continuum spectra of eight different types of radio sources. Radio emission from the
radio galaxy Cygnus A, the supernova remnant Cassiopeia A, and the quasar 3C48
is generated by the synchrotron mechanism [see, e.g., Rybicki and Lightman (1979),
Longair (1992)], in which high-energy electrons in magnetic fields radiate as a result
of their orbital motion. The radiating electrons are generally highly relativistic,
and under these conditions, the radiation emitted by each one is concentrated in
the direction of its instantaneous motion. An observer therefore sees pulses of
radiation from those electrons whose orbital motion lies in, or close to, a plane
containing the observer. The observed polarization of the radiation is mainly linear,
and any circularly polarized component is generally quite small. The overall linear
polarization from a source, however, is seldom large, since it is randomized by the
variation of the direction of the magnetic field within the source and by Faraday
rotation. The power in the electromagnetic pulses from the electrons is concentrated
at harmonics of the orbital frequency, and a continuous distribution of electron
energies results in a continuum radio spectrum. The individual pulses from the
electrons are too numerous to be separable, and the electric field appears as a
continuous Gaussian random process with zero mean. The variation of the spectrum
as a function of frequency is related to the energy distribution of the electrons.
At low frequencies, these spectra turn over due to the effect of self-absorption.
MS?2 is an example of a starburst galaxy. At low frequencies, synchrotron emission
dominates, but at high frequencies, emission from dust grains at a temperature
of about 45K and emissivity of 1.5 dominates. TW Hydrae is a star with a
protoplanetary disk whose emission at radio frequencies is dominated by dust at
a temperature of about 30K and emissivity of 0.5.
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Fig. 1.1 Examples of spectra of eight different types of discrete continuum sources: Cassiopeia A
[supernova remnant, Baars et al. (1977)], Cygnus A [radio galaxy, Baars et al. (1977)],
3C48 [quasar, Kellermann and Pauliny-Toth (1969)], M82 [starburst galaxy, Condon (1992)],
TW Hydrae [protoplanetary disk, Menu et al. (2014)], NGC7207 [planetary nebula, Thompson
(1974)], MWC349A [ionized stellar wind, Harvey et al. (1979)], and Venus [planet, at 9.6”
diameter (opposition), Gurwell et al. (1995)]. For practical purposes, we define the edges of the
radio portion of the electromagnetic spectrum to be set by the limits imposed by ionospheric
reflection at low frequencies (~ 10 MHz) and to atmospheric absorption at high frequencies
(~ 1000 GHz). Some of the data for this table were taken from NASA/IPAC Extragalactic
Database (2013) [One jansky (Jy) = 10726 W m—2 Hz'].

NGC7027, the spectrum of which is shown in Fig. 1.1, is a planetary nebula
within our Galaxy in which the gas is ionized by radiation from a central star. The
radio emission is a thermal process and results from free-free collisions between
unbound electrons and ions within the plasma. At the low-frequency end of the
spectral curve, the nebula is opaque to its own radiation and emits a blackbody
spectrum. As the frequency increases, the absorptivity, and hence the emissivity,
decrease approximately as v~ [see, e.g., Rybicki and Lightman (1979)], where v is
the frequency. This behavior counteracts the v> dependence of the Rayleigh—Jeans
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law, and thus the spectrum becomes nearly flat when the nebula is no longer opaque
to the radiation. Radiation of this type is randomly polarized. MWC349A is an
example of an inhomogeneous ionized gas expanding at constant velocity in a stellar
envelope, which gives rise to a spectral dependence of v%-°.

At millimeter wavelengths, opaque thermal sources such as planetary bodies
become very strong and often serve as calibrators. Venus has a brightness temper-
ature that varies from 700K (the surface temperature) at low frequencies to 250K
(the atmospheric temperature) at high frequencies.

In contrast with continuum radiation, spectral line radiation is generated at
specific frequencies by atomic and molecular processes. A fundamentally important
line is that of neutral atomic hydrogen at 1420.405 MHz, which results from the
transition between two energy levels of the atom, the separation of which is related
to the spin vector of the electron in the magnetic field of the nucleus. The natural
width of the hydrogen line is negligibly small (~ 10~'> Hz), but Doppler shifts
caused by thermal motion of the atoms and large-scale motion of gas clouds spread
the line radiation. The overall Doppler spread within our Galaxy covers several
hundred kilohertz. Information on galactic structure is obtained by comparison of
these velocities with those of models incorporating galactic rotation.

Our Galaxy and others like it also contain large molecular clouds at temperatures
of 10-100 K in which new stars are continually forming. These clouds give rise to
many atomic and molecular transitions in the radio and far-infrared ranges. More
than 4,500 molecular lines from approximately 180 molecular species have been
observed [see Herbst and van Dishoeck (2009)]. Lists of atomic and molecular
lines are given by Jet Propulsion Laboratory (2016), the University of Cologne
(2016), and Splatalogue (2016). For earlier lists, see Lovas et al. (1979) and Lovas
(1992). A few of the more important lines are given in Table 1.1. Note that this
table contains less than 1% of the known lines in the frequency range below 1 THz.
Figure 1.2 shows the spectrum of radiation of many molecular lines from the Orion
Nebula in the bands from 214 to 246 and from 328 to 360 GHz. Although the radio
window in the Earth’s atmosphere ends above ~ 1 THz, sensitive submillimeter-
and millimeter-wavelength arrays can detect such lines as the 2p, 2 = 2p, /2 line
of CII at 1.90054 THz (158 pm), which are Doppler shifted into the radio window
for redshifts (z) greater than ~ 2. Some of the lines, notably those of OH, H,O,
Si0O, and CH3OH, show very intense emission from sources of very small apparent
angular diameter. This emission is generated by a maser process [see, e.g., Reid and
Moran (1988), Elitzur (1992), and Gray (2012)].

The strength of the radio signal received from a discrete source is expressed as
the spectral flux density, or spectral power flux density, and is measured in watts
per square meter per hertz (W m~2 Hz™!). For brevity, astronomers often refer to
this quantity as flux density. The unit of flux density is the jansky (Jy); 1 Jy = 10726
W m™2 Hz™!. It is used for both spectral line and continuum radiation. The measure
of radiation integrated in frequency over a spectral band has units of W m™2 and
is referred to as power flux density. In the standard definition of the IEEE (1977),
power flux density is equal to the time average of the Poynting vector of the wave. In
producing an image of a radio source, the desired quantity is the power flux density
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Table 1.1 Some important radio lines

Chemical name
Deuterium
Hydrogen

Hydroxyl radical
Hydroxyl radical
Hydroxyl radical
Hydroxyl radical
Methyladyne
Hydroxyl radical
Formaldehyde
Hydroxyl radical
Methanol

Helium

Methanol
Formaldehyde
Cyclopropenylidene
Water

Ammonia
Ammonia
Ammonia

Methanol

Silicon monoxide
Silicon monoxide
Carbon monosulfide
Silicon monoxide
Hydrogen cyanide
Formylium
Diazenylium
Carbon monosulfide
Carbon monoxide
Carbon monoxide
Carbon monoxide
Carbon monoxide
Carbon monosulfide
Water

Carbon monoxide
Carbon monosulfide
Water

Carbon monosulfide
Carbon monoxide
Water

Carbon monoxide
Heavy water
Carbon

Water

Ammonia

Carbon monoxide
Carbon monoxide
Carbon

4Strong maser transition.
"High atmospheric opacity (see Fig. 13.14).

Chemical
formula
D

H

OH

OH

OH

OH

CH

OH
H,CO
OH
CH;0H
3Het
CH;0H
H,CO
C3 Hz
H,0
NH;
NH;
NH;
CH;0H
SiOo
SiO0

CS

SiO
HCN
HCO™
NHT
CS

12Cl 80
l3cl60
12Cl 70
IZCIGO
CS
H,0
12¢160
CS
H,0
CS
IZCIGO
H,0
IZCIGO
HDO

H,O
NH3
120160
120160
C

Transition

Sip F=3 =
2S1/2, F=1—0

2173/2, J=3/2, F=1—2
2173/2, J=3/2, F=1—1
2173/2, J=3/2, F=2—2
2173/2, J=3/2, F=2—1
Mp, J=1/2, F=1—1
Mp. J=1/2, F=1—0
110 — 1y, six F transitions
3. J=5/2, F=3—3
5, = 6pAT

2S1/2, F=1—0

20 >34 E
211 = 22, four F transitions
Lio = 1o

616 —> 523, five F transitions

1, 1 = 1, 1, eighteen F transitions
2, 2 — 2, 2, seven F transitions
3, 3 — 3, 3, seven F transitions
6, > 6, E

v=2,J=1—>0
v=1,J=1—>0

J=1—=>0

v=1J=2—1

J =1 — 0, three F transitions

J=1—=>0
J =1— 0, seven F transitions
J=2—->1
J=1—>0
J=1—>0
J =1 — 0, three F transitions
J=1—>0
J=3->2
313 = 2
J=2—>1
J=5—>4
515> 4»
J=7—>6
J=3—->2
414 = 3y
J=4—>3
Lo = Ooo
3P1—>3P0
Lio = 1o
1o = 0o
J=6—>5
J=7—>6
P, =3Py

Frequency
(GHz)
0.327
1.420
1.612%
1.665*
1.667*
1.721*
3.335
4.766*
4.830
6.035%
6.668%
8.665
12.179*
14.488
18.343
22.235%
23.694
23.723
23.870
25.018
42.821*
43.122*
48.991
86.243*
88.632
89.189
93.174
97.981
109.782
110.201
112.359
115.271
146.969
183.310*
230.538
244.936
325.153*
342.883
345.796
380.197°
461.041
464.925
492.162
556.936°
572.498
691.473
806.652
809.340
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Fig. 1.3 Elements of solid H
angle and surface area
illustrating the definition of
intensity. dA is normal to s. "
dQ

emitted per unit solid angle subtended by the radiating surface, which is measured
in units of W m~2 Hz~! sr~!. This quantity is variously referred to as the intensity,
specific intensity, or brightness of the radiation. In radio astronomical imaging, we
can measure the intensity in only two dimensions on the surface of the celestial
sphere, and the measured emission is the component normal to that surface, as seen
by the observer.

In radiation theory, the quantity intensity, or specific intensity, often represented
by I,, is the measure of radiated energy flow per unit area, per unit time, per
unit frequency bandwidth, and per unit solid angle. Thus, in Fig. 1.3, the power
flowing in direction s within solid angle dS2, frequency band dv, and area dA is
I,(s)dS2 dv dA. This can be applied to emission from the surface of a radiating
object, to propagation through a surface in space, or to reception on the surface of
a transducer or detector. The last case applies to reception in an antenna, and the
solid angle then denotes the area of the celestial sphere from which the radiation
emanates. Note that in optical astronomy, the specific intensity is usually defined as
the intensity per unit bandwidth I;, where I; = I,v?/c, and c is the speed of light
[see, e.g., Rybicki and Lightman (1979)].

For thermal radiation from a blackbody, the intensity is related to the physical
temperature T of the radiating matter by the Planck formula, for which

L 2kTv? "

v 2 | e _q | (.1

where k is Boltzmann’s constant, and 4 is Planck’s constant. When hv < kT, we
can use the Rayleigh—Jeans approximation, in which case the expression in the
square brackets is replaced by unity. The Rayleigh—Jeans approximation requires
v (GHz) <« 20 T (K) and is violated at high frequencies and low temperatures
in many situations of interest to radio astronomers. However, for any radiation
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mechanism, a brightness temperature 7 can be defined:

A1,

1 = .
B opp?

1.2)
In the Rayleigh—Jeans domain, the brightness temperature 7 is that of a blackbody
at physical temperature 7T = Tp. In the examples in Fig. 1.1, T is of the order of
10* K for NGC7027 and corresponds to the electron temperature. For Cygnus A and
3C48, Ty is of the order of 10 K or greater and is a measure of the energy density of
the electrons and the magnetic fields, not a physical temperature. As a spectral line
example, T3 for the carbon monoxide (CO) lines from molecular clouds is typically
10-100 K. In this case, Tz is proportional to the excitation temperature associated
with the energy levels of the transition and is related to the temperature and density
of the gas as well as to the temperature of the radiation field.

1.2.2  Source Positions and Nomenclature

The positions of radio sources are measured in the celestial coordinates right
ascension and declination. On the celestial sphere, these quantities are analogous,
respectively, to longitude and latitude on the Earth but tied to the plane of the
Earth’s orbit around the Sun. The zero of right ascension is arbitrarily chosen as the
point at which the Sun crosses the celestial equator (going from negative to positive
declination) on the vernal equinox at the first point of Aries at a given epoch. Posi-
tions of objects in celestial coordinates vary as a result of precession and nutation
of the Earth’s axis of rotation, aberration, and proper motion. These positions are
usually listed for the standard epoch of the year 2000. Former standard epochs were
1950 and 1900. Methods of naming sources have proceeded haphazardly over the
centuries. Important optical catalogs of sources were constructed as numerical lists,
often in order of right ascension. Examples include the Messier catalog of nonstellar
objects (Messier 1781; now containing 110 objects identified as galaxies, nebulae,
and star clusters), the New General Catalog of nonstellar sources (Dreyer 1888;
originally with 7,840 objects, mostly galaxies), and the Henry Draper catalog of
stars (Cannon and Pickering 1924; now with 359,083 entries). The earliest radio
sources were designated by their associated constellation. Hence, Cygnus A is the
strongest source in the constellation of Cygnus. As the radio sky was systematically
surveyed, catalogs appeared such as the third Cambridge catalog (3C), with 471
entries in the original list [Edge et al. (1959), extragalactic sources, e.g., 3C273] and
the Westerhout catalog of 81 sources along the galactic plane [Westerhout (1958);
mostly ionized nebula, e.g., W3].

In 1974, the International Astronomical Union adopted a resolution (Interna-
tional Astronomical Union 1974) to standardize the naming of sources based on
their coordinates in the epoch of 1950 called the 4 + 4 system, in which the first
four characters give the hour and minutes of right ascension (RA); the fifth, the
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sign of the declination (Dec.); and the remaining three, the degrees and tenths
of degrees of declination. For example, the source at RA 01M34m49.83%, Dec.
32°54’20.5” would be designated 0134+329. Note that coordinates were truncated,
not rounded. This system no longer has the accuracy needed to distinguish among
sources. The current recommendation of the IAU Task Group on Astronomical
Designations [International Astronomical Union (2008); see also NASA/IPAC
Extragalactic Database (2013)] recommends the following convention. The source
name begins with an identification acronym followed by a letter to identify the
type of coordinates, followed by the coordinates to requisite accuracy. Examples
of identification acronyms are QSO (quasi-stellar object), PSR (pulsar), and PKS
(Parkes Radio Source). Coordinate identifiers are usually limited to J for epoch
2000, B for epoch 1950, and G for galactic coordinates. Hence, the radio source at
the center of the galaxy M87, also known as NGC4486, contains an active galactic
nucleus (AGN) centered at RA = 12"30M49.42338%, Dec. = 12°23/28.0439”,
which might be designated AGN J1230494233+122328043. It is also well known
by the designations Virgo A and 3C274. Many catalogs of radio sources have
been made, and some of them are described in Sect. 1.3.8. An index of more than
50 catalogs made before 1970, identifying more than 30,000 extragalactic radio
sources, was compiled by Kesteven and Bridle (1971).

An example of a more recent survey is the NRAO VLA Sky Survey (NVSS)
conducted by Condon et al. (1998) using the Very Large Array (VLA) at 1.4 GHz,
which contains approximately 2 x 10° sources (about one source per 100 beam
solid angles). Another important catalog derived from VLBI observations is the
International Celestial Reference Frame (ICRF), which contains 295 sources with
positions accurate to about 40 microarcseconds (Ma et al. 1998; Fey et al. 2015).

1.2.3 Reception of Cosmic Signals

The antennas used most commonly in radio astronomy are of the reflector type
mounted to allow tracking over most of the sky. The exceptions are mainly
instruments designed for meter or longer wavelengths. The collecting area A of a
reflector antenna, for radiation incident in the center of the main beam, is equal to
the geometrical area multiplied by an aperture efficiency factor, which is typically
within the range 0.3-0.8. The received power P4 delivered by the antenna to a
matched load in a bandwidth Av, from a randomly polarized source of flux density
S, assumed to be small compared to the beamwidth, is given by

Py = )SAAv . (1.3)

Note that S is the intensity /, integrated over the solid angle of the source. The factor
; takes account of the fact that the antenna responds to only one-half the power in
the randomly polarized wave. It is often convenient to express random noise power,
P, in terms of an effective temperature 7', as

P=kTAv, (1.4)
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where k is Boltzmann’s constant. In the Rayleigh—Jeans domain, P is equal to the
noise power delivered to a matched load by a resistor at physical temperature T
(Nyquist 1928). In the general case, if we use the Planck formula [Eq. (1.1)], we can
write P = kTpjanck Av, where Tppunck 1s an effective radiation temperature, or noise
temperature, of a load at physical temperature 7, and is given by

hv
Toanck = T kT . 1.5
Planck |:ehv/kT _ 1:| ( )

The noise power in a receiving system (see Appendix 1.1) can be specified in
terms of the system temperature Ts associated with a matched resistive load that
would produce an equal power level in an equivalent noise-free receiver when
connected to the input terminals. Ty is defined as the power available from this
load divided by kAv. In terms of the Planck formula, the relation between Ty and
the physical temperature, T, of such a load is given by replacing Tpjanck by Ts in
Eq. (1.1).

The system temperature consists of two parts: Tk, the receiver temperature,
which represents the internal noise from the receiver components, plus the unwanted
noise incurred from connecting the receiver to the antenna and from the noise
components from the antenna produced by ground radiation, atmospheric emission,
ohmic losses, and other sources.

We reserve the term antenna temperature to refer to the component of the power
received by the antenna that results from a cosmic source under study. The power
received in an antenna from the source is [see Eq. (1.4)]

PAZkTAAl), (16)

and Ty is related to the flux density by Eqgs. (1.3) and (1.6). It is useful to express
this relation as Ty (K) = SA/2k = S (Jy) x A (m?)/2800. Astronomers sometimes
specify the performance of an antenna in terms of janskys per kelvin, that is, the flux
density (in units of 10726 W m™2 Hz™!), of a point source that increases T4 by one
kelvin. Thus, this measure is equal to 2800/A (m?) Jy K™

Another term that may be encountered is the system equivalent flux density,
SEFD, which is an indicator of the combined sensitivity of both an antenna and
receiving system. It is equal to the flux density of a point source in the main beam
of the antenna that would cause the noise power in the receiver to be twice that of
the system noise in the absence of a source. Equating P4 in Eq. (1.3) with kTsAv,
we obtain

2kTs
SEFD = . 1.7)
A
The ratio of the signal power from a source to the noise power in the receiving
amplifier is 74 /Ts. Because of the random nature of the signal and noise, mea-
surements of the power levels made at time intervals separated by (2Av)™! can be
considered independent. A measurement in which the signal level is averaged for
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a time t contains approximately 2Avt independent samples. The signal-to-noise
ratio (SNR), R;pn, at the output of a power-measuring device attached to the receiver
is increased in proportion to the square root of the number of independent samples
and is of the form

T
R = C. "V Avt, (1.8)
Ts

where C is a constant that is greater than or equal to one. This result (derived in
Appendix 1.1) appears to have been first obtained by Dicke (1946) for an analog
system. C = 1 for a simple power-law receiver with a rectangular passband and can
be larger by a factor of ~ 2 for more complicated systems. Typical values of Av
and t are of order 1 GHz and 6 h, which result in a value of 4 x 10° for the factor
(Avt)/2. As a result, it is possible to detect a signal for which the power level is
less than 107 times the system noise. A particularly effective use of long averaging
time is found in the observations with the Cosmic Background Explorer (COBE)
satellite, in which it was possible to measure structure at a brightness temperature
level less than 10~ of the system temperature (Smoot et al. 1990, 1992).

The following calculation may help to illustrate the low energies involved in radio
astronomy. Consider a large radio telescope with a total collecting area of 10* m?
pointed toward a radio source of flux density 1 mJy (= 1073 Jy) and accepting
signals over a bandwidth of 50 MHz. In 10° years, the total energy accepted is
about 107 J (1 erg), which is comparable to a few percent of the kinetic energy in a
single falling snowflake. To detect the source with the same telescope and a system
temperature of 50 K would require an observing time of about 5 min, during which
time the energy received would be about 1071° J.

1.3 Development of Radio Interferometry

1.3.1 Evolution of Synthesis Techniques

This section presents a brief history of interferometry in radio astronomy. As an
introduction, the following list indicates some of the more important steps in the
progress from the Michelson stellar interferometer to the development of multi-
element, synthesis imaging arrays and VLBI:

1. Michelson stellar interferometer. This optical instrument introduced the tech-
nique of using two spaced receiving apertures, and the measurement of fringe
amplitude to determine angular width (1890-1921).

2. First astronomical observations with a two-element radio interferometer. Ryle
and Vonberg (1946), solar observations.

3. Phase-switching interferometer. First implementation of the voltage-multiplying
action of a correlator, which is the device used to combine the signals from two
antennas (1952).
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11.

12.

13.

14.
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. Astronomical calibration. Gradual accumulation during the 1950s and 1960s of

accurate positions for small-diameter radio sources from optical identifications
and other means. Observations of such sources enabled accurate calibration of
interferometer baselines and instrumental phases.

. Early measurements of angular dimensions of sources. Use of variable-baseline

interferometers (~ 1952 onward).

. Solar arrays. Development of multiantenna arrays of centimeter-wavelength

tracking antennas that provided detailed maps and profiles of the solar disk (mid-
1950s onward).

. Arrays of tracking antennas. General movement from meter-wavelength, non-

tracking antennas to centimeter-wavelength, tracking antennas. Development of
multielement arrays with a separate correlator for each baseline (~ 1960s).

. Earth-rotation synthesis. Introduced by Ryle with some precedents from solar

imaging. The development of computers to control receiving systems and
perform Fourier transforms required in imaging was an essential component
(1962).

. Spectral line capability. Introduced into radio interferometry (~ 1962).
. Development of image-processing techniques. Based on phase and amplitude

closure, nonlinear deconvolution and other techniques, as described in Chaps. 10
and 11 (~ 1974 onward).

Very-long-baseline interferometry (VLBI). First observations (1967). Super-
luminal motion in active galactic nuclei discovered (1971). Contemporary
plate motion detected (1986). International Celestial Reference Frame adopted
(1998).

Millimeter-wavelength instruments (~ 100-300 GHz). Major developments
mid-1980s onward.

Orbiting VLBI (OVLBI). U.S. Tracking and Data Relay Satellite System
(TDRSS) experiment (1986—88). VLBI Space Observatory Programme (VSOP)
(1997). RadioAstron (2011).

Submillimeter-wavelength instruments (300 GHz-1 THz). James Clerk
Maxwell Telescope—Caltech Submillimeter Observatory interferometer (1992).
Submillimeter Array of the Smithsonian Astrophysical Observatory (SAO) and
Academia Sinica of Taiwan (2004). Atacama Large Millimeter/submillimeter
Array (ALMA) (2013).

1.3.2 Michelson Interferometer

Interferometric techniques in astronomy date back to the optical work of Michelson
(1890, 1920) and of Michelson and Pease (1921), who were able to obtain
sufficiently fine angular resolution to measure the diameters of some of the nearer
and larger stars such as Arcturus and Betelgeuse. The basic similarity of the theory
of radio and optical radiation fields was recognized early by radio astronomers,
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Fig. 1.4 (a) Schematic diagram of the Michelson—Pease stellar interferometer. The incoming rays
are guided into the telescope aperture by mirrors m; to my, of which the outer pair define the two
apertures of the interferometer. Rays a; and b; traverse equal paths to the eyepiece at which the
image is formed, but rays a, and b,, which approach at an angle 6 to the instrumental axis, traverse
paths that differ by a distance A. (b) The intensity of the image as a function of position angle in
a direction parallel to the spacing of the interferometer apertures. The solid line shows the fringe
profiles for an unresolved star (V3 = 1.0), and the broken line is for a partially resolved star for
which Vi = 0.5.

and optical experience has provided valuable precedents to the theory of radio
interferometry.

As shown in Fig. 1.4, beams of light from a star fall upon two apertures and are
combined in a telescope. The resulting stellar image has a finite width and is shaped
by effects that include atmospheric turbulence, diffraction at the mirrors, and the
bandwidth of the radiation. Maxima in the light intensity resulting from interference
occur at angles 6 for which the difference A in the path lengths from the star to the
point at which the light waves are combined is an integral number of wavelengths
at the effective center of the optical passband. If the angular width of the star is
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small compared with the spacing in 6 between adjacent maxima, the image of the
star is crossed by alternate dark and light bands, known as interference fringes. If,
however, the width of the star is comparable to the spacing between maxima, one
can visualize the resulting image as being formed by the superposition of images
from a series of points across the star. The maxima and minima of the fringes from
different points do not coincide, and the fringe amplitude is attenuated, as shown in
Fig. 1.4b. As a measure of the relative amplitude of the fringes, Michelson defined
the fringe visibility, Vi, as

intensity of maxima - intensity of minima (1.9)
intensity of maxima + intensity of minima

Note that with this definition, the visibility is normalized to unity when the intensity
at the minima is zero, that is, when the width of the star is small compared with
the fringe width. If the fringe visibility is measurably less than unity, the star
is said to be resolved by the interferometer. In their 1921 paper, Michelson and
Pease explained the apparent paradox that their instrument could be used to detect
structure smaller than the seeing limit imposed by atmospheric turbulence. The
fringe pattern, as depicted in Fig. 1.4, moves erratically on time scales of 10-100 ms.
Over long averaging time, the fringes are smoothed out. However, the “jittering”
fringes can be discerned by the human eye, which has a typical response time of
tens of milliseconds.

Let I(I, m) be the two-dimensional intensity of the star, or of a source in the case
of a radio interferometer. (I, m) are coordinates on the sky, with / measured parallel
to the aperture spacing vector and m normal to it. The fringes provide resolution
in a direction parallel to the aperture spacing only. In the orthogonal direction, the
response is simply proportional to the intensity integrated over solid angle. Thus,
the interferometer measures the intensity projected onto the / direction, that is, the
one-dimensional profile 7; (/) given by

L) = /I(l,m)dm. (1.10)

As will be shown in later chapters, the fringe visibility is proportional to the
modulus of the Fourier transform of 7; (/) with respect to the spacing of the apertures
measured in wavelengths. Figure 1.5 shows the integrated profile /; for three simple
models of a star or radio source and the corresponding fringe visibility as a function
of u, the spacing of the interferometer apertures in units of the wavelength. At the
top of the figure is a rectangular pillbox distribution, in the center a circular pillbox,
and at the bottom a circular Gaussian function. The rectangular pillbox represents
a uniformly bright rectangle on the sky with sides parallel to the / and m axes and
width a in the / direction. The circular pillbox represents a uniformly bright circular
disk of diameter a. When projected onto the / axis, the one-dimensional intensity
function /; has a semicircular profile. The Gaussian model is a circularly symmetric
source with Gaussian taper of the intensity from the maximum at the center. The
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Fig. 1.5 The one-dimensional intensity profiles /; (/) for three simple intensity models: (a) left,
a uniform rectangular source; (b) left, a uniform circular source; and (c) left, a circular Gaussian
distribution. The corresponding Michelson visibility functions V), are on the right. / is an angular
variable on the sky, u is the spacing of the receiving apertures measured in wavelengths, and a is the
characteristic angular width of the model. The solid lines in the curves of V), indicate the modulus
of the Fourier transform of 7 (/), and the broken lines indicate negative values of the transform.
See text for further explanation. Models are discussed in more detail in Sect. 10.4.
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intensity is proportional to exp [—4 In 2(1* + m?)/a?], resulting in circular contours
and a diameter a at the half-intensity level. Any slice through the model in a plane
perpendicular to the (/, m) plane has a Gaussian profile with the same half-height
width, a.

Michelson and Pease used mainly the circular disk model to interpret their
observations and determined the stellar diameter by varying the aperture spacing
of the interferometer to locate the first minimum in the visibility function. In the
age before electronic instrumentation, the adjustment of such an instrument and
the visual estimation of V), required great care, since, as described above, the
fringes were not stable but vibrated across the image in a random manner as a result
of atmospheric fluctuations. The published results on stellar diameters measured
with this method were never extended beyond the seven bright stars in Pease’s
(1931) list; for a detailed review see Hanbury Brown (1968). However, the use
of electro-optical techniques now offers much greater instrumental capabilities in
optical interferometry, as discussed in Sect. 17.4.

1.3.3 Early Two-Element Radio Interferometers

In 1946, Ryle and Vonberg constructed a radio interferometer to investigate cosmic
radio emission, which had been discovered and verified by earlier investigators
(Jansky 1933; Reber 1940; Appleton 1945; Southworth 1945). This interferometer
used dipole antenna arrays at 175 MHz, with a baseline (i.e., the spacing between
the antennas) that was variable between 10 and 140 wavelengths (17 and 240 m). A
diagram of such an instrument and the type of record obtained are shown in Fig. 1.6.
In this and most other meter-wavelength interferometers of the 1950s and 1960s, the
antenna beams were pointed in the meridian, and the rotation of the Earth provided
scanning in right ascension.

The receiver in Fig. 1.6 is sensitive to a narrow band of frequencies, and a
simplified analysis of the response of the interferometer can be obtained in terms
of monochromatic signals at the center frequency vg. We consider the signal from
a radio source of very small angular diameter that is sufficiently distant that the
incoming wavefront effectively lies in a plane. Let the signal voltage from the right
antenna in Fig. 1.6 be represented by V sin(27wvof). The longer path length to the
left antenna (as in Fig. 1.4) introduces a time delay t = (D/c)sin 6, where D is
the antenna spacing, 6 is the angular position of the source, and c is the velocity of
light. Thus, the signal from the left antenna is V sin[27wvy(z — 7)]. The detector of
the receiver generates a response proportional to the squared sum of the two signal
voltages:

{Vsin(2mvot) + Vsin[2mvo(r — 7)]}° . (1.11)

The output of the detector is averaged in time, i.e., it contains a lowpass filter
that removes any frequencies greater than a few hertz or tens of hertz, so in
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Fig. 1.6 (a) A simple interferometer, also called an adding interferometer, in which the signals are
combined additively. (b) Record from such an interferometer with east—west antenna spacing. The
ordinate is the total power received, since the voltage from the square-law detector is proportional
to power, and the abscissa is time. The source at the left is Cygnus A and the one at the
right Cassiopeia A. The increase in level near Cygnus A results from the galactic background
radiation, which is concentrated toward the plane of our Galaxy but is completely resolved by the
interferometer fringes. The record is from Ryle (1952). Reproduced with permission of the Royal
Society, London, and the Master and Fellows of Churchill College, Cambridge. © Royal Society.

expanding (1.11), we can ignore the term in the harmonic of 2w vyt. The detector
output,” in terms of the power P, generated by either of the antennas alone, is
therefore

P = Py[1 + cos(2mvg1)] . (1.12)

2For simplicity, in expression (1.11), we added the signal voltages from each antenna. In practice,
such signals must be combined in networks that obey the conservation of power. Thus, if the
signal from each antenna is represented as a voltage source V and characteristic impedance R, the
power available is V2/R. Combining two signals in series can be represented by a voltage 2V and
impedance 2R, giving a power of 2V2/R. In contrast, in free space, the addition of two coherent
electric fields of equal strength quadruples the power. This distinction is important in the discussion
of the sea interferometer (Sect. 1.3.4).
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Because 7 varies only slowly as the Earth rotates, the frequency represented by
cos(2mvy7) is not filtered out. In terms of the source position, 8, we have

2w voD sin 6
P=Py|1+ cos . (1.13)
C

Thus, as the source moves across the sky, P varies between 0 and 2P, as shown
by the sources in Fig. 1.6b. The response is modulated by the beam pattern of the
antennas, of which the maximum is pointed in the meridian. The cosine function in
Eq. (1.13) represents the Fourier component of the source brightness to which the
interferometer responds. The angular width of the fringes is less than the angular
width of the antenna beam by (approximately) the ratio of the width of an antenna
to the baseline D, which in this example is about 1/10. The use of an interferometer
instead of a single antenna results in a corresponding increase in precision in
determining the time of transit of the source. The form of the fringe pattern in
Eq. (1.13) also applies to the Michelson interferometer in Fig. 1.4. In the former case
(radio), the fringes develop as a function of time, while in the latter case (optical),
they appear as a function of position in the pupil plane of the telescope.

1.3.4 Sea Interferometer

A different implementation of interferometry, known as the sea interferometer,
or Lloyd’s mirror interferometer (Bolton and Slee 1953), was provided by a
number of horizon-pointing antennas near Sydney, Australia. These had been
installed for radar during World War II at several coastal locations, at elevations of
60-120 m above the sea. Radiation from sources rising over the eastern horizon
was received both directly and by reflection from the sea, as shown in Fig. 1.7. The
frequencies of the observations were in the range 40-400 MHz, the middle part of
the range being the most satisfactory because of the sensitivity of receivers there
and because of ionospheric effects at lower frequencies and sea roughness at higher
frequencies. The sudden appearance of a rising source was useful in separating
individual sources. Because of the reflected wave, the power received at the peak of
a fringe was four times that for direct reception with the single antenna, and twice
that of an adding interferometer with two of the same antennas (see footnote 2).
Observations of the Sun by McCready et al. (1947) using this system provided the
first published record of interference fringes in radio astronomy. They recognized
that they were measuring a Fourier component of the brightness distribution and
used the term “Fourier synthesis” to describe how an image could be produced
from fringe visibility measurements on many baselines. Observations of the source
Cygnus A by Bolton and Stanley (1948) provided the first positive evidence of the
existence of a discrete nonsolar radio source. Thus, the sea interferometer played
an important part in early radio astronomy, but the effects of the long atmospheric
paths, the roughness of the sea surface, and the difficulty of varying the physical
length of the baseline, which was set by the cliff height, precluded further useful
development.
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Fig. 1.7 (a) Schematic diagram of a sea interferometer. The fringe pattern is similar to that which
would be obtained with the actual receiving antenna and one at the position of its image in the
sea. The reflected ray undergoes a phase change of 180° on reflection and travels an extra distance
A in reaching the receiving antenna. (b) Sea interferometer record of the source Cygnus A at
100 MHz by Bolton and Stanley (1948). The source rose above the horizon at approximately
22"17™. The broken line was inserted to show that the record could be interpreted in terms of a
steady component and a fluctuating component of the source; the fluctuations were later shown to
be of ionospheric origin. The fringe width was approximately 1.0° and the source is unresolved,
that is, its angular width is small in comparison with the fringe width. Part (b) is reprinted by
permission from MacMillan Publishers Ltd.: Nature, 161, 312-313, © 1948.

1.3.5 Phase-Switching Interferometer

A problem with the interferometer systems in both Figs.1.6 and 1.7 is that
in addition to the signal from the source, the output of the receiver contains
components from other sources of noise power such as the galactic background
radiation, thermal noise from the ground picked up in the antenna sidelobes, and
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Fig. 1.8 Phase-switching interferometer. The signal from one antenna is periodically reversed in
phase, indicated here by switching an additional half-wavelength of path into the transmission line.

the noise generated in the amplifiers of the receiver. For all except the few strongest
cosmic sources, the component from the source is several orders of magnitude less
than the total noise power in the receiver. Thus, a large offset has been removed
from the records shown in Figs. 1.6b and 1.7b. This offset is proportional to the
receiver gain, changes in which are difficult to eliminate entirely. The resulting drifts
in the output level degrade the detectability of weak sources and the accuracy of
measurement of the fringes. With the technology of the 1950s, the receiver output
was usually recorded on a paper chart and could be lost when baseline drifts caused
the recorder pen to go off scale.

The introduction of phase switching by Ryle (1952), which removed the
unwanted components of the receiver output, leaving only the fringe oscillations,
was the most important technical improvement in early radio interferometry. If V;
and V, represent the signal voltages from the two antennas, the output from the
simple adding interferometer is proportional to (V; + V,)?. In the phase-switching
system, shown in Fig. 1.8, the phase of one of the signals is periodically reversed,
so the output of the detector alternates between (Vi + V»)? and (V; — V,)2. The
frequency of the switching is a few tens of hertz, and a synchronous detector
takes the difference between the two output terms, which is proportional to V; V5.
Thus, the output of a phase-switching interferometer is the time average of the
product of the signal voltages; that is, it is proportional to the cross-correlation
of the two signals. The circuitry that performs the multiplication and averaging of
the signals in a modern interferometer is known as a correlator: a more general
definition of a correlator will be given later. Comparison with the output of the
system in Fig. 1.6 shows that if the signals from the antennas are multiplied instead
of added and squared, then the constant term within the square brackets in Eq. (1.13)
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Fig. 1.9 Output of a phase-switching interferometer as a function of time, showing the response
to a number of sources. From Ryle (1952). Reproduced with permission of the Royal Society,
London, and the Master and Fellows of Churchill College, Cambridge. © Royal Society.

disappears, and only the cosine term remains. The output consists of the fringe
oscillations only, as shown in Fig. 1.9. The removal of the constant term greatly
reduces the sensitivity to instrumental gain variation, and it becomes practicable
to install amplifiers at the antennas to overcome attenuation in the transmission
lines. This advance resulted in the use of longer antenna spacings and larger arrays.
Most interferometers from about 1950 onward incorporated phase switching, which
provided the earliest means of implementing the multiplying action of a correlator.
With more modern instruments, it is no longer necessary to use phase switching
to obtain the voltage-multiplying action, but it is often included to help eliminate
various instrumental imperfections, as described in Sect. 7.5.

1.3.6 Optical Identifications and Calibration Sources

Interferometer observations by Bolton and Stanley (1948), Ryle and Smith (1948),
Ryle et al. (1950), and others provided evidence of numerous discrete sources.
Identification of the optical counterparts of these required accurate measurement of
radio positions. The principal method then in use for position measurement with
interferometers was to determine the time of transit of the central fringe using
an east—west baseline, and also the frequency of the fringe oscillations, which is
proportional to the cosine of the declination (see Sect. 12.1 for more details). The
measurement of position is only as accurate as the knowledge of the interferometer
fringe pattern, which is determined by the relative locations of the electrical centers
of the antennas. In addition, any inequality in the electrical path lengths in the
cables and amplifiers from the antennas to the point where the signals are combined
introduces an instrumental phase term, which offsets the fringe pattern. Smith
(1952a) obtained positions for four sources with rms errors as small as £20" in right
ascension and +40” in declination and gave a detailed analysis of the accuracy that
was attainable. The optical identification of Cygnus A and Cassiopeia A by Baade
and Minkowski (1954a,b) was a direct result of improved radio positions by Smith
(1951) and Mills (1952). Cygnus A proved to be a distant galaxy and Cassiopeia A
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a supernova remnant, but the interpretation of the optical observations was not fully
understood at the time.

The need for absolute calibration of the antennas and receiving system rapidly
disappeared after a number of compact radio sources were identified with optical
objects. Optical positions accurate to ~ 1” could then be used, and observations of
such sources enabled calibration of interferometer baseline parameters and fringe
phases. Although it cannot be assumed that the radio and optical positions of a
source coincide exactly, the offsets for different sources are randomly oriented.
Thus, errors were reduced as more calibration sources became available. Another
important way of obtaining accurate radio positions during the 1960s and 1970s
was by observation of occultation of sources by the Moon, which is described in
Sect. 17.2.

1.3.7 Early Measurements of Angular Width

Comparison of the angular widths of radio sources with the corresponding dimen-
sions of their optical counterparts helped in some cases to confirm identifications
as well as to provide important data for physical understanding of the emission
processes. In the simplest procedure, measurements of the fringe amplitude are
interpreted in terms of intensity models such as those shown in Fig. 1.5. The peak-
to-peak fringe amplitude for a given spacing normalized to the same quantity when
the source is unresolved provides a measure of the fringe visibility equivalent to the
definition in Eq. (1.9).

Some of the earliest measurements were made by Mills (1953), who used an
interferometer operating at 101 MHz, in which a small transportable array of Yagi
elements could be located at distances up to 10 km from a larger antenna. The signal
from this remote antenna was transmitted back over a radio link, and fringes were
formed. Smith (1952b,c), at Cambridge, England, also measured the variation of
fringe amplitude with antenna spacing but used shorter baselines than Mills and
concentrated on precise measurements of small changes in the fringe amplitude.
Results by both investigators provided angular sizes of a number of the strongest
sources: Cassiopeia A, the Crab Nebula, NGC4486 (Virgo A), and NGC5128
(Centaurus A).

A third early group working on angular widths at the Jodrell Bank Experimental
Station,> England, used a different technique: intensity interferometry (Jennison
and Das Gupta 1953, 1956; Jennison 1994). Hanbury Brown and Twiss (1954)
had shown that if the signals received by two spaced antennas are passed through
square-law detectors, the fluctuations in the intensity that result from the Gaussian
fluctuations in the received field strength are correlated. The degree of correlation

3Later known as the Nuffield Radio Astronomy Laboratories, and since 1999 as the Jodrell Bank
Observatory.
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varies in proportion to the square of the visibility that would be obtained in a
conventional interferometer in which signals are combined before detection. The
intensity interferometer has the advantage that it is not necessary to preserve the
radio-frequency phase of the signals in bringing them to the location at which
they are combined. This simplifies the use of long baselines, which in this case
extended up to 10 km. A VHF radio link was used to transmit the detected signal
from the remote antenna, for measurement of the correlation. The disadvantage of
the intensity interferometer is that it requires a high SNR, and even for Cygnus A
and Cassiopeia A, the two highest flux-density sources in the sky, it was necessary
to construct large arrays of dipoles, which operated at 125 MHz. The intensity
interferometer is discussed further in Sect. 17.1, but it has been of only limited
use in radio astronomy because of its lack of sensitivity.

The most important result of these intensity interferometer measurements was
the discovery that for Cygnus A, the fringe visibility for the east-west intensity
profile falls close to zero and then increases to a secondary maximum as the
antenna spacing is increased. Two symmetric source models were consistent with
the visibility values derived from the measurements. These were a two-component
model in which the phase of the fringes changes by 180° in going through the
minimum, and a three-component model in which the phase does not change. The
intensity interferometer gives no information on the fringe phase, so a subsequent
experiment was made by Jennison and Latham (1959) using conventional interfer-
ometry. Because the instrumental phase of the equipment was not stable enough to
permit calibration, three antennas were used and three sets of fringes for the three
pair combinations were recorded simultaneously. If ¢,,, is the phase of the fringe
pattern for antennas m and n, it is easy to show that at any instant, the combination

123 = P12 + ¢z + P31 (1.14)

is independent of instrumental and atmospheric phase effects and is a measure of
the corresponding combination of fringe phases (Jennison 1958). By moving one
antenna at a time, it was found that the phase does indeed change by approximately
180° at the visibility minimum and therefore that the two-component model in
Fig. 1.10 is the appropriate one. The use of combinations of simultaneous visibility
measurements typified by Eq.(1.14), now referred to as closure relationships,
became important about 20 years later in image-processing techniques. Closure
relationships and the conditions under which they apply are discussed in Sect. 10.3.
They are now integral parts of the self-calibration used in image formation (see
Sect. 11.3).

The results on Cygnus A demonstrated that the simple models of Fig. 1.5 are
not generally satisfactory for representation of radio sources. To determine even the
most basic structure, it is necessary to measure the fringe visibility at spacings well
beyond the first minimum of the visibility function to detect multiple components,
and to make such measurements at a number of position angles across the source.

An early interferometer aimed at achieving high angular resolution with high
sensitivity was developed by Hanbury Brown et al. (1955) at the Jodrell Bank



26 1 Introduction and Historical Review

--e——-—-Sll”-——-a- -r——5|1"—-—a-
30" % V 30"

Fig. 1.10 Two-component model of Cygnus A derived by Jennison and Das Gupta (1953) using
the intensity interferometer. Reprinted by permission from MacMillan Publishers Ltd.: Nature,
172, 996-997, © 1953.

Experimental Station. This interferometer used an offset local oscillator technique
at one antenna that took the place of a phase switch and also enabled the frequency
of the fringe pattern to be slowed down to within the response time of the chart
recorder used to record the output. A radio link was used to bring the signal from
the distant antenna. Three sources were found to have diameters less than 12” using
spacings up to 20 km at 158 MHz observing frequency (Morris et al. 1957). During
the 1960s, this instrument was extended to baselines of up to 134 km to achieve
resolution of less than 1” and greater sensitivity (Elgaroy et al. 1962; Adgie et al.
1965). The program later led to the development of a multielement, radio-linked
interferometer known as the MERLIN array (Thomasson 1986).

1.3.8 Early Survey Interferometers and the Mills Cross

In the mid-1950s, the thrust of much work was toward cataloging larger numbers
of sources with positions of sufficient accuracy to allow optical identification. The
instruments operated mainly at meter wavelengths, where the spectrum was then
much less heavily crowded with manmade emissions. A large interferometer at
Cambridge used four antennas located at the corners of a rectangle 580 m east—
west by 49 m north—-south (Ryle and Hewish 1955). This arrangement provided
both east—west and north—south fringe patterns for measurement of right ascension
and declination.

A different type of survey instrument was developed by Mills et al. (1958) at
Fleurs, near Sydney, consisting of two long, narrow antenna arrays in the form of a
cross, as shown in Fig. 1.11. Each array produced a fan beam, that is, a beam that is
narrow in a plane containing the long axis of the array and wide in the orthogonal
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Fig. 1.11 Simplified diagram
of the Mills cross radio
telescope. The cross-shaped
area represents the apertures
of the two antennas.

L |

l Phase-switching

receiver

direction. The outputs of these two arrays were combined in a phase-switching
receiver, and the voltage-multiplying action produced a power-response pattern
equal to the product of the voltage responses of the two arrays. This combined
response had the form of a narrow pencil beam. The two arrays had a common
electrical center, so there were no interferometer fringes. The arrays were 457 m
long, and the cross produced a beam of width 49 arcmin and approximately circular
cross section at 85.5 MHz. The beam pointed in the meridian and could be steered
in elevation by adjusting the phase of the dipoles in the north—south arm. The sky
survey made with this instrument provided a list of more than 2,200 sources.

A comparison of the source catalogs from the Mills cross with those from the
Cambridge interferometer, which initially operated at §1.5 MHz (Shakeshaft et al.
1955), showed poor agreement between the source lists for a common area of
sky (Mills and Slee 1957). The discrepancy was found to result principally from
the occurrence of source confusion in the Cambridge observations. When two or
more sources are simultaneously present within the antenna beams, they produce
fringe oscillations with slightly different frequencies, resulting from differences in
the source declinations. Maxima in the fringe amplitude, which occur when the
fringe components happen to combine in phase, can mimic responses to sources.
This was a serious problem because the beams of the interferometer antennas were
too wide, a problem that did not arise in the Mills cross, which was designed to
provide the required resolution for accurate positions in the single pencil beam. The
frequency of the Cambridge interferometer was later increased to 159 MHz, thereby
reducing the solid angles of the beams by a factor of four, and a new list of 471
sources was rapidly compiled (Edge et al. 1959). This was the 3C survey (source
numbers, listed in order of right ascension, are preceded by 3C, indicating the
third Cambridge catalog). The revised version of this survey (Bennett 1962, the 3C
catalog) had 328 entries (some additions and deletions) and became a cornerstone of
radio astronomy for the following decade. To avoid confusion problems and errors
in flux-density distributions determined with these types of instruments as well as
single-element telescopes, some astronomers subsequently recommended that the
density of sources cataloged should not, on average, exceed 1 in roughly 20 times
the solid angle of the resolution element of the measurement instrument (Pawsey
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Fig. 1.12 Schematic diagrams of two instruments, in each of which a small antenna is moved
to different positions between successive observations to synthesize the response that would be
obtained with a full aperture corresponding to the rectangle shown by the broken line. The
arrangement of two signal-multiplying correlators producing real (R) and imaginary (/) outputs
is explained in Sect. 6.1.7. Instruments of both types, the T-shaped array (a), and the two-element
interferometer (b), were constructed at the Mullard Radio Astronomy Observatory, Cambridge,
England.

1958; Hazard and Walsh 1959). This criterion depends on the slope of a source
count vs. flux density distribution (Scheuer 1957). For a modern treatment of the
effects of source confusion, see Condon (1974) and Condon et al. (2012).

In the 1960s, a generation of new and larger survey instruments began to appear.
Two such instruments developed at Cambridge are shown in Fig. 1.12. One was
an interferometer with one antenna elongated in the east-west direction and the
other north—south, and the other was a large T-shaped array that had characteristics
similar to those of a cross, as explained in Sect. 5.3.3. In each of these instruments,
the north—south element was not constructed in full, but the response with such
an aperture was synthesized by using a small antenna that was moved in steps to
cover the required aperture; a different position was used for each 24-h scan in right
ascension (Ryle et al. 1959; Ryle and Hewish 1960). The records from the various
positions were combined by computer to synthesize the response with the complete
north—south aperture. An analysis of these instruments is given by Blythe (1957).
The large interferometer produced the 4C (Fourth Cambridge) catalog containing
over 4,800 sources (Gower et al. 1967). At Molonglo in Australia, a larger Mills
cross (Mills et al. 1963) was constructed with arrays 1 mile long, producing a beam
of 2.8-arcmin width at 408 MHz. The development of the Mills cross is described
in papers by Mills and Little (1953), Mills (1963), and Mills et al. (1958, 1963).
Crosses of comparable dimensions located in the Northern Hemisphere included
one at Bologna, Italy (Braccesi et al. 1969), and one at Serpukhov, near Moscow in
the former Soviet Union (Vitkevich and Kalachev 1966).

1.3.9 Centimeter-Wavelength Solar Imaging

A number of instruments have been designed specifically for imaging the Sun. The
antennas were usually parabolic reflectors mounted to track the Sun, but since the
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Fig. 1.13 (a) A linear array of eight equally spaced antennas connected by a branching network in
which the electrical path lengths from the antennas to the receiver input are equal. This arrangement
is sometimes referred to as a grating array, and in practice, there are usually 16 or more antennas.
(b) An eight-element grating array combined with a two-element array to enhance the angular
resolution. A phase-switching receiver, indicated by the multiplication symbol, is used to form the
product of the signal voltages from the two arrays. The receiver output contains the simultaneous
responses of antenna pairs with 16 different spacings. Systems of this general type were known as
compound interferometers.

Sun is a strong radio source, the apertures did not have to be very large. Figure 1.13a
shows an array of antennas from which the signals at the receiver input are aligned
in phase when the angle 6 between the direction of the source and a plane normal
to the line of the array is such that £, sin 6 is an integer, where £, is the unit antenna
spacing measured in wavelengths. This type of array is sometimes referred to as a
grating array, since it forms a series of fan-shaped beams, narrow in the 6 direction,
in a manner analogous to the response of an optical diffraction grating. It is useful
only for solar observations in which all but one of the beams falls on “quiet” sky.
Christiansen and Warburton (1955) obtained a two-dimensional image of the quiet
Sun at 21-cm wavelength using both east-west and north—south grating arrays.
These arrays consisted of 32 (east-west) and 16 (north—south) uniformly spaced,
parabolic antennas. As the Sun moved through the sky, it was scanned at different
angles by the different beams, and a two-dimensional map could be synthesized by
Fourier analysis of the scan profiles. To obtain a sufficient range of scan angles,
observations extending over eight months were used. In later instruments for solar
imaging, it was generally necessary to be able to make a complete image within a
day to study the variation of enhanced solar emission associated with active regions.
Several instruments used grating arrays, typically containing 16 or 32 antennas and
crossed in the manner of a Mills cross. Crossed grating arrays produce a rectangular
matrix pattern of beams on the sky, and the rotation of the Earth enables sufficient
scans to be obtained to provide daily maps of active regions and other features.
Instruments of this type included crosses at 21-cm wavelength at Fleurs, Australia
(Christiansen and Mullaly 1963), and at 10-cm wavelength at Stanford, California
(Bracewell and Swarup 1961), and a T-shaped array at 1.9-m wavelength at Nancay,



30 1 Introduction and Historical Review

France (Blum et al. 1957, 1961). These were the earliest imaging arrays with large
numbers (~ 16 or more) of antennas.

Figure 1.13b illustrates the principle of a configuration known as a compound
interferometer (Covington and Broten 1957), which was used to enhance the
performance of a grating array or other antenna with high angular resolution in one
dimension. The system shown consists of the combination of a grating array with
a two-element array. An examination of Fig. 1.13b shows that pairs of antennas,
chosen one from the grating array and one from the two-element array, can be
found for all spacings from 1 to 16 times the unit spacing £,. In comparison, the
grating array alone provides only one to seven times the unit spacing, so the number
of different spacings simultaneously contributing to the response is increased by a
factor of more than two by the addition of two more antennas. Arrangements of this
type were used to increase the angular resolution of one-dimensional scans of strong
sources (Picken and Swarup 1964; Thompson and Krishnan 1965). By combining a
grating array with a single larger antenna, it was also possible to reduce the number
of grating responses on the sky (Labrum et al. 1963). Both the crossed grating arrays
and the compound interferometers were originally operated with phase-switching
receivers to combine the outputs of the two subarrays. In later implementations
of similar systems, the signal from each antenna is converted to an intermediate
frequency (IF), and a separate voltage-multiplying correlator was used for each
spacing. This allows further possibilities in arranging the antennas to maximize the
number of different antenna spacings, as discussed in Sect. 5.5.

1.3.10 Measurements of Intensity Profiles

Continuing measurements of the structure of radio sources indicated that in general,
the intensity profiles are not symmetrical, so their Fourier transforms, and hence the
visibility functions, are complex. This will be explained in detail in later chapters,
but at this point, we note that it means that the phase of the fringe pattern (i.e., its
position in time with respect to a fiducial reference), as well as the amplitude, varies
with antenna spacing and must be measured to allow the intensity profiles to be
recovered. To accommodate both fringe amplitude and phase, visibility is expressed
as a complex quantity. Measurement of the fringe phase became possible in the
1960s and 1970s, by which time a number of compact sources with well-determined
positions, suitable for calibration of the fringe phase, were available. Electronic
phase stability had also improved, and computers were available for recording
and processing the output data. Improvements in antennas and receivers enabled
measurements to be made at wavelengths in the centimeter range (frequencies
greater than ~ 1 GHz), using tracking antennas.

An interferometer at the Owens Valley Radio Observatory, California (Read
1961), provides a good example of one of the earliest instruments used extensively
for determining radio structure. It consisted of two 27.5-m-diameter parabolic
antennas on equatorial mounts with a rail track system that allowed the spacing
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between them to be varied by up to 490 m in both the east-west and north—
south directions. It was used mainly at frequencies from 960 MHz to a few GHz.
Studies by Maltby and Moffet (1962) and Fomalont (1968) illustrate the use of
this instrument for measurement of intensity distributions, an example of which is
shown in Fig. 1.14. Lequeux (1962) studied the structure of about 40 extragalactic
sources at 1400 MHz on a reconfigurable two-element interferometer with baselines
up to 1460 m (east—west) and 380 m (north—south) at Nancay Observatory in
France. These are early examples of model fitting of visibility data, a technique
of continuing usefulness (see Sect. 10.4).

1.3.11 Spectral Line Interferometry

The earliest spectral line measurements were made with single narrowband filters.
By the early 1960s, the interferometer at Owens Valley and several others had
been fitted with spectral line receiving systems. The passband of each receiver was
divided into a number of channels by a filter bank, usually in the IF stages, and for
each channel, the signals from the two antennas went to a separate correlator. In
later systems, the IF signals were digitized and the filtering was performed digitally,
as described in Sect. 8.8. The width of the channels should ideally be less than
that of the line to be observed so that the line profile can be studied. Spectral line
interferometry allows the distribution of the line emission across a radio source to
be examined. Roger et al. (1973) describe an array in Canada built specifically for
observations in the 1420 MHz (21-cm wavelength) line of neutral hydrogen.
Spectral lines can also be observed in absorption, especially in the case of
the neutral hydrogen line. At the line frequency, the gas absorbs the continuum
radiation from any more distant source that is observed through it. Comparison of
the emission and absorption spectra of neutral hydrogen yields information on its
temperature and density. Measurement of absorption spectra of sources can be made
using single antennas, but in such cases, the antenna also responds to the broadly
distributed emitting gas within the antenna beam. The absorption spectra for weak
sources are difficult to separate from the line emission. With an interferometer, the
broad emission features on the sky are almost entirely resolved and the narrow
absorption spectrum can be observed directly. For early examples of hydrogen line
absorption measurements, see Clark et al. (1962) and Hughes et al. (1971).

1.3.12 Earth-Rotation Synthesis Imaging

A very important step in the development of synthesis imaging was the use of the
variation of the antenna baseline provided by the rotation of the Earth. Figure 1.15
illustrates this principle, as described by Ryle (1962). For a source at a high
declination, the position angle of the baseline projected onto a plane normal to the
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North Pole

Axis of Earth's
rotation

Fig. 1.15 Use of Earth rotation in synthesis imaging, as explained by Ryle (1962). The antennas
A and B are spaced on an east-west line. By varying the distance between the antennas from
one day to another, and observing for 12 h with each configuration, it is possible to encompass
all the spacings from the origin to the elliptical outer boundary of the lower diagram. Only 12 h
of observing at each spacing is required, since during the other 12 h, the spacings covered are
identical but the positions of the antennas are effectively interchanged. Reprinted by permission
from MacMillan Publishers Ltd.: Nature, 194, 517-518, © 1962.

direction of the source rotates through 180° in 12 h. Thus, if the source is tracked
across the sky for a series of 12-h periods, each one with a different antenna spacing,
the required two-dimensional visibility data can be collected while the antenna
spacing is varied in one dimension only. Calculation of two-dimensional Fourier
transforms was an arduous task at this time.

The Cambridge One-Mile Radio Telescope was the first instrument designed to
exploit fully the Earth-rotation technique and apply it to a large number of radio
sources. The use of Earth rotation was not a sudden development in radio astronomy
and had been used in solar studies for a number of years. O’Brien (1953) made two-
dimensional Fourier synthesis observations with a movable-element interferometer,
and, as noted earlier, Christiansen and Warburton (1955) had obtained a two-
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Fig. 1.16 Contour image of the source Cygnus A, which was one of the first results (Ryle
et al. 1965) from the Cambridge One-Mile Telescope using the Earth-rotation principle shown
in Fig. 1.15. The frequency is 1.4 GHz. The image has been scaled in declination so that the half-
power beam contour is circular, as shown by the shaded area in the lower right corner. The dotted
ellipse shows the outer boundary of the optical source, and its central structure is also indicated.
Reprinted by permission from MacMillan Publishers Ltd.: Nature, 205, 1259-1262, © 1965.

dimensional map of the Sun, using tracking antennas in two grating arrays. At
Jodrell Bank, Rowson (1963) had used a two-element interferometer with tracking
antennas to map strong nonsolar sources. Also, Ryle and Neville (1962) had imaged
the north polar region using Earth rotation to demonstrate the technique. However,
the first images published from the Cambridge One-Mile telescope, those of the
strong sources Cassiopeia A and Cygnus A (Ryle et al. 1965), exhibited a degree of
structural detail unprecedented in earlier studies and heralded the development of
synthesis imaging. The image of Cygnus A is shown in Fig. 1.16.

1.3.13 Development of Synthesis Arrays

Following the success of the Cambridge One-Mile Telescope, interferometers such
as the NRAO instrument at Green Bank, West Virginia (Hogg et al. 1969), were
rapidly adapted for synthesis imaging. Several large arrays designed to provide
increased imaging speed, sensitivity, and angular resolution were brought into
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Fig. 1.17 Contour image of the source Cygnus A using the Cambridge Five-Kilometre Radio
Telescope at 5 GHz. This showed for the first time the radio nucleus associated with the central
galaxy and the high intensity at the outer edges of the radio lobes. From Hargrave and Ryle (1974).
© Royal Astronomical Society, used with permission.

operation during the 1970s. Prominent among these were the Five-Kilometre Radio
Telescope at Cambridge, England (Ryle 1972), the Westerbork Synthesis Radio
Telescope in the Netherlands (Baars et al. 1973), and the Very Large Array (VLA)
in New Mexico (Thompson et al. 1980; Napier et al. 1983). With these instruments,
imaging of radio sources with a resolution of less than 1” at centimeter wavelengths
was possible. By using n, antennas, as many as n,(n,— 1)/2 simultaneous baselines
can be obtained. If the array is designed to avoid redundancy in the antenna
spacings, the speed with which the visibility function is measured is approximately
proportional to n2. Images of Cygnus A obtained with two of the arrays mentioned
above are shown in Figs.1.17 and 1.18. Resolution of the central source was
first achieved with very-long-baseline interferometry (VLBI, see Sect. 1.3.14)
(Linfield 1981). A more recent VLBI image is shown in Fig. 1.19. A review of the
development of synthesis instruments at Cambridge is given in the Nobel lecture
by Ryle (1975). An array with large collecting area, the Giant Metrewave Radio
Telescope (GMRT), which operates at frequencies from 38 to 1420 MHz, was
completed in 1998 near Pune, India (Swarup et al. 1991). More recently, advances
in broadband antenna technology and large-scale integrated circuits have enabled
further large increases in performance. For example, the capability of the VLA was
greatly improved with an updated electronic system (Perley et al. 2009).*

4The upgraded VLA was formally rededicated as the Karl G. Jansky Very Large Array and is
sometimes referred to as the JVLA.
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Fig. 1.18 Image of Cygnus A made with the VLA at 4.9 GHz. Observations with four configu-
rations of the array were combined, and the resolution is 0.4”. The display of the image shown
here involves a nonlinear process to enhance the contrast of the fine structure. This emphasizes
the jet from the central galaxy to the northwestern lobe (top right) and the filamentary structure in
the main lobes. Comparison with other records of Cygnus A in this chapter illustrates the technical
advances made during three decades. Reproduced by permission of NRAO/AUI. From Perley et al.
(1984). © AAS. Reproduced with permission.
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Fig. 1.19 VLBI image of the central part of Cygnus A at 5 GHz, imaged with a ten-station global
VLBI array. The resolution is 2 mas, and the rms noise level is 0.4 mJy/beam. The coordinates are
centered on the core components. The knots in the jet have apparent expansion speeds of ~ 0.4 c.
The counter jet to the left of the core is clearly visible. The jet structure is more clearly defined
in an image at 43 GHz with a resolution of 0.15 mas by Boccardi et al. (2016). From Carilli et al.
(1994). © AAS. Reproduced with permission.
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During the 1980s and 1990s, synthesis arrays operating at short millimeter
wavelengths (frequencies of 100 GHz or greater) were developed. Spectral lines are
particularly numerous at these frequencies (see Fig. 1.2). Several considerations are
more important at millimeter wavelengths than at centimeter wavelengths. Because
the wavelengths are much shorter, any irregularity in the atmospheric path length
results in a proportionately greater effect on the signal phase. Attenuation in the neu-
tral atmosphere is much more serious at millimeter wavelengths. Also, the beams of
the individual antennas become narrower at shorter wavelengths, and maintenance
of a sufficiently wide field of view is one reason why the antenna diameter tends
to decrease with increasing frequency. Thus, to obtain the necessary sensitivity,
larger numbers of antennas are required than at centimeter wavelengths. Arrays for
millimeter wavelengths have included those at Hat Creek, California (Welch 1994);
Owens Valley, California (Scoville et al. 1994)3; Nobeyama, Japan (Morita 1994);
the Plateau de Bure, France (Guilloteau 1994); and Mauna Kea, Hawaii (Ho et al.
2004). The largest such array, the Atacama Large Millimeter/submillimeter Array
(ALMA) consists of 50 12-m-diameter antennas in one array and 12 7-m-diameter
antennas in another. Located in the Atacama Desert of Chile, a dry site at ~ 5, 000-
m elevation, its operating frequency range is 31-950 GHz, and antenna spacings
range up to 14 km. The field of view, defined by the beamwidths of the antennas,
is only about 8” at 345 GHz in the primary array. It is an international facility and
came into operation in 2013 (Wootten and Thompson 2009).

1.3.14 Very-Long-Baseline Interferometry

Investigation of the angular diameters of quasars and other objects that appear nearly
pointlike in structure presented an important challenge throughout the early years
of radio astronomy. An advance that led to an immediate increase of an order of
magnitude in resolution, and subsequently to several orders more, was the use of
independent local oscillators and signal recorders. By using local oscillators at each
antenna that are controlled by high-precision frequency standards, it is possible to
preserve the coherence of the signals for time intervals long enough to measure
interference fringes. In the early years, the received signals were converted to an
intermediate frequency low enough that they could be recorded directly on magnetic
tape and then brought together and played into a correlator. This technique became
known as very-long-baseline interferometry (VLBI), and the early history of its
development is discussed by Broten (1988), Kellermann and Cohen (1988), Moran
(1998), and Kellermann and Moran (2001). The technical requirements for VLBI
were discussed in the USSR in the early 1960s (see, e.g., Matveenko et al. 1965).
A successful early experiment was performed in January 1967 by a group at the
University of Florida, who detected fringes from the burst radiation of Jupiter at

5The arrays at Hat Creek and Owens Valley were combined at Cedar Flats, a high site east of
Owens Valley, to form the CARMA array, which operated from 2005 to 2015.
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18 MHz (Brown et al. 1968). Because of the strong signals and low frequency, the
required recording bandwidth was only 2 kHz and the frequency standards were
crystal oscillators. Much more sensitive and precise VLBI systems, which used
wider bandwidths and atomic frequency standards, were developed by three other
groups. In Canada, an analog recording system was developed with a bandwidth
of 1 MHz based on television tape recorders (Broten et al. 1967). Fringes were
obtained at a frequency of 448 MHz on baselines of 183 and 3074 km on several
quasars in April 1967. In the United States, another group from the National Radio
Astronomy Observatory and Cornell University developed a computer-compatible
digital recording system with a bandwidth of 360 kHz (Bare et al. 1967). They
obtained fringes at 610 MHz on a baseline of 220 km on several quasars in May
1967. A third group from MIT joined in the development of the NRAO-Cornell
system in early 1967 and obtained fringes at a frequency of 1665 MHz on a baseline
of 845 km on several OH-line masers, with spectroscopic analysis, in June 1967
(Moran et al. 1967).

The initial experiments used signal bandwidths of less than a megahertz, but
by the 1980s, systems capable of recording signals with bandwidths greater than
100 MHz were available, with corresponding improvements in sensitivity. Real-time
linking of the signals from remote telescopes to the correlator via a geostationary
satellite was demonstrated (Yen et al. 1977). Also, experiments were performed in
which the local oscillator signal was distributed over a satellite link (Knowles et al.
1982). Neither of these satellite-supported techniques have been used significantly
for practical and economic reasons. Most importantly, the accessibility of the world-
wide network of fiberoptic transmission lines, which have since become available,
allows real-time transmission of the data to the correlator. These developments,
as well as the advent of sophisticated data analysis techniques, have lessened
the distinction between VLBI and more conventional forms of interferometry. A
detailed technical description of issues specific to the VLBI technique is given in
Chap. 9.

An early example of the extremely high angular resolution that can be achieved
with VLBI is provided by a measurement by Burke et al. (1972), who obtained a
resolution of 200 pas using antennas in Westford, Massachusetts, and near Yalta
in the Crimea, operating at a wavelength of 1.3 cm. Early measurements, obtained
using a few baselines only, were generally interpreted in terms of the simple models
in Fig. 1.5. Important results were the discovery and investigation of superluminal
(apparently faster-than-light) motions in quasars (Whitney et al. 1971; Cohen et al.
1971), as shown in Fig. 1.20, and the measurement of proper motion in H,O line
masers (Genzel et al. 1981). During the mid-1970s, several groups of astronomers
began to combine their facilities to obtain measurements over ten or more baselines
simultaneously. In the United States, the Network Users’ Group, later called the U.S.
VLBI Consortium, included the following observatories: Haystack Observatory in
Massachusetts (NEROC); Green Bank, West Virginia (NRAO); Vermilion River
Observatory in Illinois (Univ. of Illinois); North Liberty in Iowa (Univ. of Iowa);
Fort Davis, Texas (Harvard College Observatory); Hat Creek Observatory, Califor-
nia (Univ. of California); and Owens Valley Radio Observatory, California. Other
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Fig. 1.20 VLBI images of
the quasar 3C273 at five
epochs, showing the relative
positions of two components.
From the distance of the
object, deduced from the
optical redshift, the apparent
relative velocity of the
components exceeds the
velocity of light, but this can
be explained by relativistic
and geometric effects. The
observing frequency is

10.65 GHz. An angular scale
of 2 mas is shown in the lower
right corner. From Pearson
et al. (1981). Reprinted by
permission from MacMillan
Publishers Ltd.: Nature, 290,
365-368, © 1981.
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arrays, such as the European VLBI Network (EVN) soon developed. Observations
on such networks led to more complex models [see, e.g., Cohen et al. (1975)].

A problem in VLBI observations is that the use of nonsynchronized local
oscillators complicates the calibration of the phase of the fringes. It became evident
early on that VLBI represented an intermediate form of interferometer between
the intensity interferometer and the perfectly stable coherent interferometer (Clark
1968). Techniques were developed to combine coherent averaging on timescales up
to a defined coherence time, followed by incoherent averaging. These techniques
remain useful in VLBI at very high frequencies. To overcome the problem of
calibration of phase for coherently averaged data, the phase closure relationship
of Eq. (1.14) was first applied to VLBI data by Rogers et al. (1974). The technique
rapidly developed into a method to obtain images known as hybrid mapping. For
examples of hybrid mapping, see Figs. 1.19 and 1.20. This method was subsumed
into the more general approach called self-calibration (see Chap. 11). For some
spectral line observations in which the source consists of spatially isolated masers,
the signals from which can be separated by their individual Doppler shifts, phase
referencing techniques can be used (e.g., Reid et al. 1980).

The first array of antennas built specifically for astronomical measurements
by VLBI, the Very Long Baseline Array (VLBA) of the U.S. National Radio
Astronomy Observatory (NRAO), was brought into operation in 1994. It consists of
ten 25-m-diameter antennas, one in the U.S. Virgin Islands, eight in the continental
United States, and one in Hawaii (Napier et al. 1994). The VLBA is often linked
with additional antennas to further improve the baseline coverage and sensitivity.
Figure 1.21 presents a result from the combined VLBA and EVN array.

The great potential of VLBI in astrometry and geodesy was immediately
recognized after the initial experiments in 1967 [see, e.g., Gold (1967)]. A seminal
meeting defining the role of VLBI in Earth dynamics programs was held in
Williamstown, Massachusetts, in 1969 (Kaula 1970). The use of VLBI in these
applications developed rapidly during the 1970s and 1980s; see, for example,
Whitney et al. (1976) and Clark et al. (1985). In the United States, NASA and several
other federal agencies set up a cooperative program of geodetic measurements in the
mid-1970s. This work evolved in part from the use of the Jet Propulsion Laboratory
deep-space communications facilities for VLBI observations. It has expanded into
an enormous worldwide effort carried out under the aegis of the International VLBI
Service (IVS) and a network of more than 40 antennas. An important result of this
effort has been the establishment of the International Celestial Reference Frame
adopted by the IAU, which is based on 295 “defining” sources whose positions are
known to an accuracy of about 40 pas (Fey et al. 2015). Another striking result of
the geodetic VLBI work has been the detection of contemporary plate motions in
the Earth’s mantle, first measured as a change in the Westford—Onsala baseline at
a rate of 17 £ 2 mm/yr (Herring et al. 1986). The VLBI measurements of plate
motions is shown in Fig. 1.22. Astrometry with submilliarcsecond accuracy has
opened up new possibilities in astronomy, for example, the detection of the motion
of the Sun around the Galactic center from the proper motion of Sagittarius A*
(Backer and Sramek 1999; Reid and Brunthaler 2004) and measurements of the
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Fig. 1.21 Image of the gravitational lens source MG J0751+2716 made with a 14-h observation
on a 21-element global VLBI Array (VLBA and the EVN plus the Green Bank telescope) at a
frequency of 1.7 GHz. The rms noise level is 12 uJy, and the resolution is 2.2 X 5.6 mas. This
image of an extended background source at redshift 3.2 is highly distorted by an unseen foreground
radio-quiet galaxy at a redshift of 0.35 into extended arcs. Image courtesy of and © John McKean.

annual parallaxes of galactic radio sources (Reid and Honma 2014). Astrometric
and geodetic methods are described in Chap. 12.

The combination of VLBI with spectral line processing is particularly effective
in the study of problems that involve both astrometry and dynamical analysis of
astronomical systems. The galaxy NGC4258, which exhibits an active galactic
nucleus, has been found to contain a number of small regions that emit strongly in
the 22.235-GHz water line as a result of maser processes. VLBI observations have
provided an angular resolution of 200 pas, an accuracy of a few microarcseconds
in the relative positions of the masers, and measurements of Doppler shifts to an
accuracy of 0.1 km s~! in radial velocity (see Fig. 1.23). NGC4258 is fortuitously
aligned so that the disk is almost edge-on as viewed from the Earth. The orbital
velocities of the masers, which obey Kepler’s law, are accurately determined as a
function of radius from the center of motion. Hence, the distance can be found by
comparing the linear and angular motions. The angular motions are about 30 pas
per year. These results provide a value for the central mass of 3.9 x 107 times
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Fig. 1.22 Tectonic plate motions measured with VLBI. A VLBI station is located at the foot of
each vector and labeled by the station name. The sum of the motion vectors is constrained to
be zero. The largest motion is for the Kokee site in Hawaii, about 8 cm yr_l. Plate boundaries,
established by other techniques, are shown by the jagged lines. From Whitney et al. (2014).
Reprinted with permission courtesy of and © MIT Lincoln Laboratory, Lexington, MA.

the mass of the Sun, presumably a supermassive black hole (Miyoshi et al. 1995;
Herrnstein et al. 1999), and 7.6 £ 0.2 Mpc for the distance (Humphreys et al. 2013).
The uncertainty of 3% in the distance of an extragalactic object, measured directly,
set a precedent.

1.3.15 VLBI Using Orbiting Antennas

The use of spaceborne antennas in VLBI observations is referred to as the OVLBI
(orbiting VLBI) technique. The first observations of this type were made in 1986
using a satellite of the U.S. Tracking and Data Relay Satellite System (TDRSS).
These satellites were in geostationary orbit at a height of approximately 36,000 km
and were used to relay data from low-Earth-orbit spacecraft to Earth. They carried
two 4.9-m antennas used to communicate with other satellites at 2.3 and 15 GHz
and a smaller antenna for the space-to-Earth link. In this experiment, one of the 4.9-
m antennas was used to observe a radio source, and the other received a reference
signal from a hydrogen maser on the ground (Levy et al. 1989). The received signals
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Fig. 1.23 Image of the water vapor maser disk in the core of the galaxy NGC4258 at 1.35 cm
made with the VLBA. The spots mark the positions of the unresolved maser components. The
elliptical grid lines denote the thin, slightly warped disk that the masers trace. The position of the
gravitational center is shown by the black square. The contour plot shows the continuum emission
from the central active galactic nucleus. Each maser spot corresponds to a feature in the spectrum
in the lower panel. The strongest feature, at 470 km s™', serves as a phase reference. The inset
shows the radial velocity of the masers vs. radial distance from the black hole in milliarcseconds.
From Herrnstein et al. (2005). © AAS. Reproduced with permission.

were transmitted to the ground and recorded on a VLBI tape system for correlation
with signals from ground-based antennas. The numbers of sources detected were
23 and 11 at 2.3 and 15 GHz, respectively (Linfield et al. 1989, 1990). At 15 GHz,
the fringe width was of order 0.3 mas, and interpretation of the results in terms of
circular Gaussian models indicated brightness temperatures as high as 2 x 10'2 K.

VLBI observations using a satellite in a non-geostationary orbit were first made
in 1997 by the VLBI Space Observatory Programme (VSOP) (Hirabayashi et al.
1998), designed specifically for VLBI observations. It was equipped with an antenna
of 8-m diameter, and observations were made at 1.6 and 5 GHz. The orbital period
was approximately 6.6 h and the apogee height, 21,000 km. VSOP was followed
by the RadioAstron satellite, which was launched in 2011 into an orbit with an
apogee height of about 300,000 km and a period of 8.3 days (Kardashev et al.
2013). It is equipped with an antenna of 10-m diameter and receivers at 18, 6, and
1.35 cm. Operating with ground-based telescopes, it can attain a resolution of 8 pas
at 1.35 cm. More information about satellite VLBI can be found in Sect. 9.10.
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The possibility of achieving very long baselines by reflection from the Moon has
been discussed by Hagfors et al. (1990). Reflection from the surface of the Moon
could provide baselines up to a length approaching the radius of the lunar orbit. An
antenna of 100-m aperture, or larger, would be used to track the Moon and receive
the reflected signal from the source under study, and a smaller antenna could be
used for the direct signal. It is estimated that the sensitivity would be about three
orders of magnitude less than would be obtained by observing the source directly
with both antennas. Further complications result from the roughness of the lunar
surface and from libration. The technique could be useful for special observations
requiring very high angular resolution of strong sources, for example, for the burst
radiation from Jupiter. However, RadioAstron provides baselines almost as long.

1.4 Quantum Effect

The development of VLBI introduced a new facet into the apparent paradox in
the quantum-mechanical description of interferometry (Burke 1969). The radio
interferometer is the analog of Young’s two-slit interference experiment. It is well
known (Loudon 1973) that a single photon creates an interference pattern but that
any attempt to determine which slit the photon entered will destroy the interference
pattern; otherwise, the uncertainty principle would be violated. Consideration of
VLBI suggests that it might be possible to determine at which antenna a particular
photon arrived, since its signature is captured in the medium used for transmission to
the correlator as well as in the fringe pattern generated during correlation. However,
in the radio frequency range, the input stages of receivers used as the measurement
devices consist of amplifiers or mixers that conserve the received phase in their
outputs. This allows formation of the fringes in subsequent stages. The response
of such devices must be consistent with the uncertainty principle, AEAt >~ h/2x,
where AE and At are the uncertainties in signal energy and measurement time. This
principle can be written in terms of uncertainty in photon number, AN,, and phase,
Ag, as

AN, Ap >~ 1, (1.15)

where AN, = AE/hv and A¢ = 2mvAt. To preserve phase, A¢ must be small,
so AN, must be correspondingly large, and there must be an uncertainty of at least
one photon per unit bandwidth per unit time in the output of the receiving amplifier.
Hence, the SNR is less than unity in the single-photon limit, and it is impossible to
determine at which antenna a single photon entered. An alternative but equivalent
statement is that the output of any receiving system must contain a noise component
that is not less than an equivalent input power approximately equal to sv per unit
bandwidth.

The individual photons that constitute a radio signal arrive at antennas at random
times but with an average rate that is proportional to the signal strength. For
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phenomena of this type, the number of events that occur in a given time interval
T varies statistically in accordance with the Poisson distribution. For a signal power
P, the average number of photons that arrive within time t is N, = Py, t/hv. The
rms deviation of the number arriving during a series of intervals t is, for Poisson

statistics, given by AN, = \/ N,. From Eq. (1.15), the resulting uncertainty in the
signal phase is

1 hv
AP ~ = P (1.16)
\/Np sig

We can also express the uncertainty in the measurement of the signal phase in terms
of the noise that is present in the receiving system. The minimum noise power,
Phroise, 18 approximately equal to the thermal noise from a matched resistive load at
temperature hv/k, that is, P ;e = hvAv. The uncertainty in the phase, as measured
with an averaging time t, becomes

Pnoise
AP = . 1.17
¢ \/PsigrAv ( )

Note that A¢ is the accuracy with which the phase of the amplified signal received
from one antenna can be measured: for example, in Doppler tracking of a spacecraft
(Cannon 1990). This is not to be confused with the accuracy of measurement of
the fringe phase of an interferometer. For a frequency v = 1 GHz, the effective
noise temperature hv/k is equal to 0.048 K. Thus, for frequencies up to some
tens of gigahertz, the quantum effect noise makes only a small contribution to
the receiver noise. At 900 GHz, which is generally considered to be about the
high frequency limit for ground-based radio astronomy, hv/k = 43 K, and the
contribution to the system noise is becoming important. In the optical region,
v & 500 THz, hv/k =~ 30, 000 K, and heterodyne systems are of limited practicality,
as discussed in Sect. 17.6.2. However, in the optical region, it is possible to build
“direct detection” devices that detect power without conserving phase, so A¢ in
Eq. (1.17) effectively tends to infinity, and there is no constraint on the measurement
accuracy of the number of photons. Thus, most optical interferometers form fringes
directly from the light received and measure the resulting patterns of light intensity
to determine the fringe parameters.

For further reading on the general subject of thermal and quantum noise, see,
for example, Oliver (1965) and Kerr et al. (1997). Nityananda (1994) compares
quantum issues in the radio and optical domains, and a discussion of basic concepts
is given by Radhakrishnan (1999).
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Appendix 1.1 Sensitivity of Radio Astronomical Receivers
(the Radiometer Equation)

An idealized block diagram of the basic receiver configuration widely used in
radio astronomy is shown in Fig. Al.1. We describe its function and analyze its
performance in this appendix. The signal from an antenna is first passed through
an amplifier. The amplifier is characterized by its power gain factor, G; receiver
temperature; and the bandwidth, Av. The gain factor is assumed to be constant. If
the gain is sufficiently high, this amplifier sets the noise performance of the entire
system, which we denote as T to include the contributions from atmosphere, ground
pickup, and ohmic losses. We assume that the passband has a rectangular shape that
is flat between a lower cutoff frequency, vy, and the upper cutoff frequency, vo+ Av.
The signal then passes through a mixer, where it is multiplied by a sinusoidal local
oscillator signal at frequency vy and is converted to a baseband from 0 to Av.
In the next stage, the signal is converted to a digital data stream sampled at the
Nyquist rate. According to the Nyquist sampling theorem, a bandlimited signal
can be represented by samples taken at intervals of 1/2Av. We assume there is
no quantization error in this sampling process. In this case, the original signal can
be exactly reconstructed from the sampled sequence by convolution with a sinc
function. The sampled signal has the same statistical properties as the corresponding
analog signal. The next step is a square-law detector, which squares the amplitudes
of the signal samples. This is followed by an averager, which simply averages N
samples in a running mean fashion. A system with these features is known as
a single-sideband superheterodyne receiver (Armstrong 1921) or, simply, a total-
power radiometer. Early interferometer receivers were a variation on this basic
design (see Fig. 1.6): Signals from two antennas were added after the mixing stage
before entering the square-law detector, and there was no signal digitization.

Amplifier

- Digitizer/ Square Law (Em[éll:’%w .
'-X‘ Sampler Deteclor i z

Calibration
Source
Te

Local
Oscillator Vi Vis vz V3, VT

v=1p

Fig. A1.1 A block diagram of an idealized radiometer used in most radio astronomical systems
for measuring total power. The system temperature 7 includes the receiver temperature Ty plus
all unwanted additive contributions (e.g., ohmic loses, atmospheric effects, ground pickup). In
practice, at very low frequencies (< 100 MHz), downconversion may be omitted, while at high
frequencies (more than a few gigahertz), multiple stages of frequency downconversion are required.
At very high frequencies (> 100 GHz), where low noise amplifiers are not available, the first stage
is usually the mixer. In this case, its losses and those of the amplifiers following it contribute to T.
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The statistical performance of the idealized system in Fig. Al.1 can be readily
evaluated. The power level at any point in the system can be characterized by a
temperature 7 according to the Nyquist relation [e.g., Eq. (1.4)]

P=kTAvG, (Al.1)

where we have included the effect of power amplification by the gain factor G. The
voltage v; is a combination of antenna input, characterized by T4, and the additive
system noise, Ts. We assume the cosmic input signal has a flat spectrum over the
baseband frequency range. Hence, v; is a zero-mean Gaussian random process with
a flat spectrum, i.e., a white noise spectrum. Such a process, described by p(v),
has only one parameter, the variance, o>. The odd moments of the probability
distribution are zero, and the even moments are

()y=@1-3-5-...-n)o". (A1.2)
The expectations of v; and vf (the power) are therefore

(vi) =0, (A1.3)
(V) = k(Ts + Ta)Av G . (Al.4)

The statistics of the sampled signal, vys, and the analog signal v; are the same, i.e.,
Vis = V1, vlzs = vlz, etc. The characteristics of v, are

(v2) = (v}) . (A1.5)
(v7) = (v}) = 3(v})*, (A1.6)
07 = (v3) — (v2)? = 2(v})?. (A1.7)

The averager averages N = 2Avt samples together, where t is the integration time.
Hence,

(v3) = (v]) = K(Ts + T4)Av G, (A1.8)
2 20k(Ts + Ty)Av G)?

032:02: [k(Ts + Tx)Av G] ' (A1.9)
N 2AvT

v3 is converted from a power scale to a temperature scale by inserting a thermal
noise signal of known temperature 7, in order to remove or calibrate the kAv G
factor. Formally, the calibrated version of v is

U3

= , A1.10
Jv3 /0T (AL10)

vr
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where (dv3/0T4)~! is the conversion factor from power to temperature written as a
partial derivative. The mean and rms of the output in temperature units are therefore

(vr) =Ts+ Ta, (A1.11)
Ts+ T,

op = STIA (A1.12)
JAvt

It is important to note that the factor of two in the expression for a:,% in Eq. (AL.8)
cancels the factor of two in the number of samples averaged. The signal-to-noise
ratio (SNR) is therefore

Ty
Ry = VAvr . Al.13
Sn TS + TA ( )

Equation (A1.13) shows that T4 contributes to the fluctuations, and in the limit
T4 > Ts, longer integration does increase the SNR. For Ty < Ty, the usual case,
Eq. (A1.13) becomes Eq. (1.8). Because of the fundamental limitation imposed by
the Nyquist sampling theorem, no receiver system can perform better than specified
by Eq. (A1.13). The performance of any other system can be written as

Ts+ T
op=c ST (A1.14)
JAvT

where C is a factor equal to, or greater than, one. The square-law detector could be
replaced by another type of detector. For a linear detector, i.e., v, = |v;], a similar
analysis to the one for the square-law detector yields C = /7 —2 = 1.07 when
T4 < Ts. In this calculation, it is necessary to linearize the output by calculation of
dvs/0Ty4 in Eq. (A1.10). For a fourth-order detector, v, = vf, C = \/4/3 = 1.15.
More details can be found in Davenport and Root (1958).

G may not be a constant but can vary randomly due to electronic instabilities. In
that case, a synchronous detector is added and receiver input is switched between the
antenna and a reference signal. This system is known as a Dicke (1946) radiometer.
(Note that the phase-switching interferometer [see Fig. 1.8] uses the synchronous
detection principle.) The noise performance of a Dicke radiometer is worse by
a factor of two, but the effects of gain fluctuations are mitigated. An alternative
receiver that reduces the effects of gain fluctuations is called the correlation receiver,
in which the signal from the antenna is divided in half and passed through separate
amplifiers before being multiplied, where the multiplier replaces the square-law
detector.

In older receivers, there was usually no digitization before the final averaging
stage. The performance of a comparable analog system is identical to that described
above. For analog analysis of radiometers, see Tiuri (1964) or Kraus (1986). A
summary of the performance of various receiver types is given in Table Al.1.
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Table A1.1 Sensitivity characteristics of
various types of receivers

Receiver type Cc?
Total power (v, = vlz) 1
Linear detector (v, = [v}]) 1.07°
Fourth-order detector (v, = v‘l‘) 1.15°
Dicke-switched receiver 2b
Correlation receiver \/ 2b

2 C is defined in Eq. (A1.14).
b For Ty < Ts.

There are two major differences between radio and optical systems. Radio
systems are characterized by Gaussian noise characteristics of both the signal and
the additive receiver noise, whereas optical detectors are limited by Poisson statistics
appropriate for counting photons and the SNR, Ry, is 1/ \/Np, where N, is the
number of photons. In terms of quantum mechanics, the Gaussian noise corresponds
to photo bunching noise [see Radhakrishnan (1999)].
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