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Abstract—Radio astronomy is a branch of science that allows

observation of natural radio signals from cosmic sources. Mi- ATE \

crowave techniques are employed in large radio telescope systems R <5|_0

in diverse ways. Starting with early vacuum tube receivers at

meter wavelengths, low-noise receivers have pushed the leading ABSORBER /

edge of technology, culminating in present-day receivers em- T

ploying HFET amplifiers, superconducting tunnel junctions, and k?EhYAQEHATURE T

other advanced receiving elements. We discuss the principles @ (b) ©)

of such devices, modern receivers, and modern radio telescope

systems both operational and under development. Fig. 1. (a) Resistor at temperatufe (b) Antenna in an absorbing box at

n . . . temperaturd’. (c) Antenna observing sky at temperatitéafter [2]).
Index Terms—Amplifiers, radio astronomy, radio receivers, su-

perconductor—insulator—superconductor mixers.
the discovery of radiation from galactic hydrogen (1951),
radio observations of the OH lines in the interstellar medium
(1963) followed by discovery of many other lines of interstellar
ADIO astronomy as a branch of science was born in 193pecies, the discovery of quasars (1963), the discovery of the
with the discovery by Jansky of “electrical disturbancesosmic microwave background radiation (CMBR) (1965), and
apparently of extra terrestrial origin” [1]. As a branch of sciencde discovery of pulsars (1967). One could add at the end of
it encompasses many topics: astronomy, physics, chemistry, #md very incomplete list the relatively recent discoveries of
many fields of engineering. Kraus, in the preface to his book [2dio evidence for the existence of black holes, gravitational
which was the first comprehensive treatment of the field, wroteave radiation, details of the birth of stars and other solar
“radio astronomy embraces a wide range of topics from physieistems, and the discovery of the anisotropy of the CMBR,
phenomena to receiver and antenna design.” This paper, thevaich directly measures the structure of the early Universe. An
fore, can give only a glimpse of this broad and fascinating fieléxcellent summary of pre-1988 research and development is
itis intended to explore the connection of radio astronomy to tikentained in [4].
field of interest of the IEEE Microwave Theory and Techniques This paper is intended to introduce the reader to the basic
Society (IEEE MTT-S). concepts used in radio astronomy and provide a short review of
New developments in microwave technology have made pasicrowave instrumentation used in this field. In Section Il, the
sible the creation of more complex and sensitive instrumenbsgsic radiometric and interferometric concepts are introduced.
which, over the last 50 years, have brought about fascinatiBgction Ill provides a review of low-noise devices used in radio
discoveries about our solar system, other solar systems, #stronomy receivers, while Section IV gives examples of radio
interstellar medium, galaxies, and the evolution of the Universastronomy receivers. A glimpse of existing radio astronomy ob-
Jansky’s discovery of “a steady hiss type static of unknowservatories, and a short review of current and future projects are
origin” was discovered at a wavelength of 14.6 m, hardly whgiven in Sections V and VI.
one would classify as microwaves today. Soon the experiments
shifted to much higher frequencies with early attempts by Il. FUNDAMENTAL PRINCIPLES
Reber in 1937 to observe at 10- and 33-cm wavelengths andRis
successful observations of the galactic plane at 187-cm wave-
length [3]. Progress in microwave technology during and after Consider the situation shown schematically in Fig. 1 (after
World War Il allowed for great advances in radio astronomlig]). The available noise power in a unit bandwigtbf a resistor
antenna and receiver technologies. These advances brolg@g Fig. 1(a)] ata certain temperatdrés given by the Nyquist
about a steady stream of important discoveries. These inclugttion, which under the Rayleigh-Jeans approximation to the
the discovery of radiation from the Sun and Moon (1946Flanck law is

. INTRODUCTION

Radiometers

p=kT 1)
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LOW-PASS and then integrated for a timteSuch a radio astronomy receiver
AMPLFIER  pevparoaW  AMPLIFIER  ~ RECORDER s known as a total power radiometer (Fig. 2). In this ideal case,
the radiometer sensitivity, or minimum detectable temperature
AT of aradio telescope is equal to the rms variation of the de-
tected and integrated signal. This can be shown to be given by

Fig. 2. Simplified block diagram of a total power receiver. [2]

be chosen to be exactly that of the radiation resistance of an AT = TS\/%- (6)
ideal lossless antenna whose radiation pattern is completely en-

closed by a black body also at temperatiirgsee Fig. 1(b)]. I Consequently, the minimum detectable flux dengity from
this case, the power available at the antenna terminals underti€radio source is given by

Rayleigh—Jeans approximation to the Planck black-body radia-

tion law is [2] Ag— 2% AT @
kT AT
p= ?AGQA (2)

In principle, the minimum detectable temperature can be made
where\ is the wavelengthA. is the effective aperture of the arbitrarily small, given sufficiently long integration time. For a
antenna, an€l4 is the solid angle of the beam of the antenngyround-based telescope looking at the celestial pole, the min-
It is known from antenna theory that imum possible antenna temperature is limited by two factors:
9 the radiation of the atmosphere, typically a few kelvin at mi-
Al = A% ©) crowave frequencies at a high dry site; and the CMBR temper-

Upon substitution of (3) into (2), (1) is obtained, i.e., the avaifiture, Wh'Ch_'S equal to 2'72_5 K. To these must be added the
able noise power at the ideal antenna terminals of Fig. 2 is &iects of spillover and ohmic losses in the antenna and feed
actly the same as that of a resistor. In the third case, showrpiUctures—typically a few more kelvin. This underscores the
Fig. 1(c), the sky having a certain temperatiireompletely fills importance of equipping radio telescopes W|th_rece|ver.s havmg
the solid angle of the antenna pattern. In this case, the availaBfirémely low noise temperatures. For detection of faint radio
power at the antenna terminals is exactly the same as in previﬁagrces' the telescope should have as large an effective aperture

two cases. In general, the effective temperature of the antefdsgossible. In contrast, a space-based radiometer looking at the
radiation resistance is called antenna temperatire Earth will always see an antenna temperature close to 300 K.

For a radio source with a given brightness distribution The equation for the minimum detectable temperature is de-

B(6, $), the integral of the brightness of the source yields tm_:yed under the assumption that the total receiver predetection
total source flux density gain does not change over the integration time. If this effect of

random changes of the receiver gain is taken into account, the

1 o ;
p=kTy = 5 A / / B(6, ) Po(6, $)d02 4) sensitivity of the total power receiver can be stated as [2]

wherePF,, (8, ¢) is the antenna radiation pattern. Assuming that 1 AG\?

the angular size of the source is much smaller than the antenna AT =Ts Bt + a (®)

solid angle (the source is not resolved), the total flux dertgjty
of the radio source is given [2] by where@ is predetection average gain ands is the effective
LT value of power gain variations. The gain changes can be due to
A .
T (5) the elements external to the receiver (temperature, bia3,
€ which, to a large degree, can be controlled. More importantly,
Assume now that a receiver is connected to the antenna teraii-amplifying elements exhibit random gain fluctuation, typi-
nals. The noise temperatulfg; of such a receiver (under thecally inversely proportional to frequency, which may limit the
Rayleigh—Jeans or Planck formulations) is defined as the noparformance of modern radiometers having many gigahertz of
temperature of a resistor, which connected to the input ofirsstantaneous bandwidth.
noiseless, but otherwise identical receiver, gives the same outputhe effect of gain variations may be alleviated by using a
noise power density as that of the actual receiver connected t&oacalled switched or Dicke receiver or a correlation receiver;
resistor source of absolute zero temperature (for an in-depth ditere are many variations of these two principal schemes. The
cussion of the validity of this definition when zero point noise ifirst uses the principle of comparing the received signal with a
taken into account, see [43]). Consequently, the noise powereference load on a time scale much shorter than that of the gain
the output of a receiver connected to the antenna is proportiomatiations. The correlation receiver uses two independent am-
to the sum of antenna temperatdrg and receiver temperatureplifying chains whose outputs are multiplied and averaged and
T, which is usually called the system noise temperaiftre  will, therefore, produce no dc signal due to random gain fluc-
In a basic radio astronomy system, the noise-like signal prarations, as these are statistically independent in the two ampli-
portional to the system temperature after sufficient amplificdying chains. For the details of different schemes, the reader is
tionin a given bandwidttB is detected by a square law detectoreferred to [2] and [34].

So =
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of the interferometer elements. This is done by measuring many
radio sources, of small diameter so that they are unresolved by
the interferometer, over a wide range of observing angles. Itis
possible with VLBI techniques to measure the relative locations
of elements separated by thousands of kilometers to an accuracy
of a few millimeters. This technique has been extensively em-
ployed to measure the continental drift of the Earth’s tectonic
plates [7].

= Il. L ow-NOISE DEVICES

Fig. 3. Geometry of a simple two-element interferometer. A. General Remarks

The quest for ultra-low-noise reception is especially im-
portant for radio astronomy, as the receiver noise is usually a
significant part of the system noise. A list of devices, which

While large single antennas are extensively employed, mugh one time provided the lowest reported noise tempera-
higher angular resolution without the need to build antenn@ge in some frequency band, is very long: vacuum tubes,
of impractical size may be obtained by building interferomesrystal mixers, tunnel diode amplifiers, parametric amplifiers,
ters. The angular resolution of an interferometer is of the ordggjid-state masers, Schottky diode mixers, superconductor—in-
of A/D, whereD is the maximum separation of any two elesy|ator—superconductor (SIS) mixers, GaAs field-effect
ments [6]. Each element of such an interferometer is a singlgnsistors (FETs) and heterostructure field-effect transistors
antenna, usually identical to all the others. Coherent local 0SQi4FETSs), hot electron bolometers (HEBs), etc. Okwit gives a
lator (LO) signals are provided at each element, usually througBry interesting historical review of the pre 1970s evolution of
direct distribution. In the case of very long baseline interferonfgy-noise concepts and techniques [8]. Relevant information
etry (VLBI), in which antennas may be on different continentgoncerning developments in the 1960s and 1970s can also be
or even in space [5], this is accomplished by installing sufftoynd in two Special Issues of thisRENSACTIONS (“Special
ciently stable independent oscillators and recording the receigdye on Noise,” Sept. 1968; “Special Issue on Low Noise
signals for playback and cross-multiplication (correlation) atfechnology,” Apr. 1977).
central site. Three of the low-noise devices mentioned above, namely

In the elementary interferometer shown in Fig. 3 (after [6]}olid-state masers, SIS mixers, and HEBs, will operate only
two antennas separated by distafitie the East-West direction at cryogenic temperatures. Most other devices (with the ex-
are pointed at the same celestial source, at an @fyEm the ception of vacuum tubes) have also been cooled to cryogenic
zenith. Note that the signal arrives at the right-hand antenna fifgimperatures for two main reasons: improvement in the device
andthat, asthe Earthrotates, arit@anges, sothatthe projectetherformance, usually due to the improvement of the electron
baselineD cos # and the signal propagation differential distancgansport properties, and reduction of the influence of thermal
D sin 6 change as well. This makes anarrow-band signal receivgglise generated by parasitic elements [9]—[11].
by both antennas go in and out of phase periodically. If the twon the early 1970s, the ultra-low-noise receiving systems em-
signals are simply multiplied, it can be shown that the oufput pjoyed mainly solid-state masers, cryogenically cooled para-

B. Interferometers

of the multiplier, orfringe function is given by metric amplifiers (or converters), and Schottky diode mixers.
on D sin 6 At the end of that decade, the advances in the technology of
F = cos <f> . (9) GaAs FETSs, combined with cryogenic cooling, made the noise

performance of GaAs FET amplifiers competitive with the per-

If there are multiple antennas, then the products of all pairs fgrmance of parametric amplifiers [10]. Also, a new mixing ele-
antennas may be obtained. The results are set of so-adgled ment, the SIS tunnel junction capable of almost quantum limited

bilities, each of which constitutes a measurement of the amggtection, was developed [12]-{15]. In modern radio astronomy
tude and phase of the signals from a pair of antennas at a gapirumentation, HFET receivers now compete in performance
ticular time. If a radio source is tracked by all elements of thith masers and SIS/HFET mixer—preamplifiers for frequencies
interferometer over a period of time, providing visibilities oveP&lOW approximately 120 GHz. At frequencies above 120 GHz
a wide range of angles, then it is possible from a two-dimeNd UP to approximately 1 THz, SIS mixers demonstrate the
sional Fourier transform of the visibility data to determine thB€St noise performance. Above 1 THz, cooled Schottky diode
structure of the sourcég., to make an image or radio picture MXers and HEB mixers prov.|de the Iowgst noise temperatures.
This is known asiperture synthesjgor which Sir Martin Ryle Ruby masers are still sometimes used in Deep Space Network

was awarded the Nobel Prize in physics in 1974. This technigg@ténnas ak - and K a-band frequencies [16].

is the subject of a very extensive body of work, beyond the scope .

of this paper, and the reader is referred to [6] for a comprehen- HFET Amplifiers

sive treatment of all aspects of radio interferometry. Progress in the noise performance of FET and HFET ampli-
In addition to making images, it is possible to use interfefiers at cryogenic temperatures in the last quarter century was

ometry to determine with great accuracy the relative positiogsite dramatic. In 1980, a noise temperature of 20 K at a fre-
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R e PERFORMAN G TR measure only at discrete frequencies, a property clearly illus-
trated in Fig. 4. Also, the examples in Fig. 4 demonstrate that,
200 for a typical rectangular waveguide band, the average noise
_  IPHEMT — ExpetInP - SIS Mixers tempe.ra}ture is approxmately equal to Fhe value determmgd py
2 50 the minimum noise measure at the highest frequency within
g the band. Fig. 5 shows examples of noise and gain performance
E of wide-band 3-13 and 8-18-GHz amplifiers, each having a
z 10 total power dissipation of about 7 mW. An example of the
E \ /,\)-V . noise performance of a wide-band laboratory receiver covering
5 50 R 68—118 GHz is shown in Fig. 6. The amplifier has gai80 dB
’ MQ—‘W and uses about 30 mW of power.
0 0 5 100 150 200 C. SIS Mixers

Fi (GHz) . . . .
reaneney TR An SIS mixer employs a superconducting tunnel junction as

the nonlinear mixing element. These devices exhibit ac and dc
Fig. 4. Comparison of noise temperature of NRAO cryogenic receivers _USiI]@)sephson tunneling currents (Cooper-pair currents), and also
Icrl)lzlg(lj:E)T‘lalr(erhﬁers cooled to approximately 20 K and SIS mixer receivers single-electron (quasi-particle) tunneling current. It is the

strong nonlinearity of the quasi-particle current versus voltage

characteristic that is used in an SIS mixer; the Josephson
quency of 4.75 GHz was measured at a physical temperature@frents can interfere with the mixing process and are often
18 K for a GaAs FET having 0.zim-long gate [10]. In 1993, syppressed by application of a magnetic field. While SIS mixers
under similar conditions, a noise temperature of 15 K was megeresistivemixers (as are Schottky diode mixers), their strong
sured at a frequency of 43 GHz [17] for an InP lattice-matcheghnlinearity results in nonclassical (quantum) effects—possible
heterostructure FET having a Outn-long gate. This progressgain and negative resistance—and their analysis and design
has been achieved by addreSSing the fOIlOWing two iSSUESdfé quite Comp|ex; a Comprehensive review of theory and
FET (HFET) deSign: 1) maximization of intrinsic cutoff fre'design princip|es is given in [23] A h|gh_qua||ty SIS mixer
quencyfr = gm/2rCy,, Whereg,, andCy, are the transcon- can have a noise temperaturérf /k (~5 K at 100 GHz),
ductance and gate capacitance, respectively, and 2) minimigag is typically followed by an IF amplifier, which may
tion of parasitic resistances of gate and sourg@ndr, re-  contribute a significant portion of the receiver noise. The
spectively. upper useful frequency of an SIS mixer is limited by the

Since 1993, progress in noise performance of HFETs has eoergy gap of the superconductor. For niobium junctions, this
been significant. However, the technology of InP devices hhsiit is ~700 GHz.
matured and allowed practical use. Hybrid “chip and wire” am- SIS mixers were first reported in 1979 [12], [13]. Early SIS
plifiers have been demonstrated up to frequencies of 118 Ghiixers employed Pb-alloy junctions, which required cooling to
and successfully used in several instruments for radio astronoth$-K temperature for satisfactory operation. These junctions
research [21], [28], [31]. These include the very large arrayere very sensitive to moisture and electrical shock and re-
(VLA), the very long baseline array (VLBA), the Green Banlquired special moisture-free and/or cryogenic storage. Modern
telescope (GBT), the microwave anisotropy probe (MAP), ar&lS mixers normally use Nb junctions, which give good results
several ground-based instruments for the investigation of ttien cooled to 4.0-K physical temperature, which is conve-
cosmic microwave background. A number of monolithic miniently reached with boiling He. Junction sizes are typically a
crowave integrated circuit (MMIC) designs were demonstratéelw square micrometers, and critical current densities are typ-
atroom temperature up to 190 GHz [18], [19] and up to 115 GHeally a few thousand A/cth Most designs to date have em-
for cryogenic applications [20]. ployed an IF bandwidth o£1 GHz, with the exception of an
A summary of the noise performance of laboratory receiveapproximately 3-GHz bandwidth reported in [24]. Using an SIS

using HFET amplifiers cooled to approximately 20 K andnixer designed for low-output capacitance [26], an IF band-
a comparison with the typical performance of SIS mixewidth of 8 GHz (4-12 GHz) has recently been achieved [25].
receivers cooled to 4 K is presented in Fig. 4. Fig. 4 also sho@btaining such wide IF bandwidth requires that the IF ampli-
the best performance of InP HFET receivers expected at digr be integrated closely with the mixer, forming an inseparable
frequency for current state-of-the-art devices. This graph nsixer—preamplifier module.
based on the minimum noise measure of a state-of-the-arMost early SIS mixers had adjustable RF tuning elements in
0.1:m gatelength InP HFET. The minimum noise measu@der to cover the desired frequency range [44]. More recently,
is equal to the minimum noise temperature of an amplifitunerless designs have achieved waveguide-band frequency
with an infinite number of stages, each stage with an optimabverage [26], [39], [40] and eliminated the need for moving
embedding circuit. Therefore, it establishes a limit of noise pgparts within the cryostat, a great advantage in terms of cost and
formance of a receiver in which an amplifier has sufficient gaireliability. The performance of a representative SIS mixer for
to make the contribution of subsequent mixer and/or amplifie20—290 GHz is shown in Fig. 7.
insignificant. A broad-band HFET amplifier design [21], [32] In order to achieve the sensitivity advantage of single-side-
can attain the noise temperature equal to the minimum nols&nd operation, MMIC SIS sideband-separating mixers have
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COMPARISON OF 3-13 GHz AND 8-18 GHz
CRYOGENIC AMPLIFIERS (Ta=14 K)
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—&— NOISE (3-13 GHZ) —=— GAIN (3-13GHZ)

Fig. 5. Example of cryogenic performance of 3-13-

—m— NOISE (8-18 GHZ) —=— GAIN (8-18 GHZ)

and 8-18-GHz amplifiers using InP HFETSs. For each amplifier, the total power dissipation is 7 mW.

68-118 GHz CRYOGENIC HEMT RECEIVERS

(Ta=12.5K)
200 200
150 150
3
g
100 .// 100
w "
@ k‘*"\
50 \_-ﬁ%w‘/ 50
0 0
68 73 78 83 88 93 98 103 108 113 118
FREQUENCY (GHz)

—*— MW.56 NOISE=— MW-58 NOISE

Fig. 6. Examples of noise performance of a 68-118-GHz InP HFET receiver using two different amplifiers, serial numbers MW-56 and MW-58.

250 AR ET BT [42]1. In addition, a balanced SIS mixer has the same advantages
—Tr(DSB) i= Tm(DSB) as a balanced conventional mixer: reduction of the required LO
200 power and canceling of the LO sideband noise downconverted
/ into the IF band. A balanced SIS mixer using niobium MMIC
X 150 technology has been demonstrated at 200-300 GHz,[{#1]].
@ / For ALMA (see Section VI), the goal for some of the bands is
S 100 to have tunerless balanced sideband-separating operation with
\ Wy integrated wide-bandwidth preamplifiers [28].
50 J—,,’_‘\ /—: o
A A IV. EXAMPLES OF RADIO ASTRONOMY RECEIVERS
0 f A. HFET Receiver

200 210 220 230 240 250 260 270 280 290 300

LO Frequency (GHz)
Fig. 7.

points) and the entire receiver (solid line) for 200-290 GHz.

The general concept of a compact low-noise HFET receiver

Example of noise performance of a fixed-tuned SIS mixer (discref@r radio astronomy applications has been outlined by Weinreb

IReference [42] is available online as ALMA Memo 151. [Online]. Available:
http://www.mma.nrao.edu/memos/html-memos/abstracts

been developed that include quadrature hybrids, LO COUpIerS&Reference [41]is available online as ALMA Memo 308. [Online]. Available:
and a cold image termination on a single small quartz chip [2Altp:/mww.mma.nrao.edu/memos/html-memos/abstracts



WEBBER AND POSPIESZALSKI: MICROWAVE INSTRUMENTATION FOR RADIO ASTRONOMY 991

DEWAR

FEED LO COUPLER SIS MIXER IF AMPLIFIER IF AMPLIFIER
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N
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Fig. 8. Simplified block diagram of an SIS mixer receiver.

et al. [29] and several examples are given therein. A criticalonventional mixer, and are intrinsically single sideband; in
area in very low-noise receiver design is a low-loss couplirayder to achieve wide tunable bandwidth, it may be necessary
between an ambient temperature feed horn and a cryogeimiemploy two IF stages in order to preserve single-sideband
amplifier. The VLBA front-ends [30] use a gapped circulaoperation, adding to the complexity and cost of the receiver.
waveguide transition from the feed to a cooled polarizédn the other hand, HFET amplifiers give satisfactory operation
located within the vacuum Dewar. Noise calibration signakst a physical temperature of 20 K, which is easier and more
are injected through cooled directional couplers. A carefatonomical than 4-K operation. A simplified block diagram of
thermal design allows all of these components to be cooled a@ygonventional SIS mixer receiver is shown in Fig. 8.
a small closed-cycle refrigerator to approximately 13 K. There To date, most SIS mixer receivers have been operated in a
can be significant noise degradation due to the cumulatideuble-sideband configuration, which degrades the signal-to-
losses of vacuum window, horn, polarizer, coupler, isolatanpise ratio achievable in spectroscopic observations. In some
and connecting components. This is why, in modern receiversgeivers, the unwanted sideband is canceled by interferometric
all those components are cooled together with an amplifisrchniques; however, this method can be employed only over
unless their sizes make it impractical to do so. For casesarimited bandwidth. Single-sideband SIS mixer operation over
which all the components are cooled, the noise temperatureaoivide bandwidth can be achieved with a sideband-separating
a state-of-the-art receiver will be as presented in Fig. 4. mixer such as has been previously described. In this case, the
In reference to the discussion in Section Il, a state-of-the-athievable image rejection of roughly 20 dB is not as good as
8-GHz receiver can exhibit noise temperatiig of less than that of an HFET amplifier receiver, but it is quite adequate for
10 K, while the antenna temperature of the VLBA antenna atost applications.
this frequencyl’y would typically be approximately 20 K, for a
total system noise of approximately 30 K. Therefore, the noige MAP Radiometer
of a low-noise device (about 4 K at this frequency) is no longer
a dominant factor determining the system noise temp_eraturea%d B are typically used in conjunction with a back-end
some telescopes. For new antennas, a careful analysis of the in- : ; . .
fluence of sidelobe levels, spillover characteristics, efﬁcienCS|gnal—processmg system, which . allows_ opse_rvatlons with
) . . Ser-selectable frequency resolution. This is important for
etc. on system noise temperature is required. For example, the

GBT [31] had all these parameters carefully optimized: the a%pectroscoplc or “line” observing, in which observation of the

tenna temperatuf, for frequencies between 1-10 GHz is eX_emission or ab.sorption of radiatior} at.a particular frequency
pected to be less than 10 K. dueto an atomic or molec.ulgr species is the gogl.. On the other
hand, if the observed radiation is of thermal origin (or other-

) wise possesses a spectrum slowly varying in frequency), then
B. SIS Receiver the largest possible radiometer bandwidth allows for greater
SIS mixer receivers are typically employed above frequesensitivity (Section 11). Modern instruments are, therefore,
cies of about 100 GHz since they exhibit lower noise tharonstructed in such a way that they can deliver to the detector
HFET amplifiers in this domain. The problems of coupling théhe largest practical bandwidth. In modern radio telescopes,
radiation into the mixer are the same as for HFET receivethjs typically varies from approximately 0.5 to 8 GHz. Some
made even more difficult by smaller dimensions and tolerancdsdicated instruments, however, especially those investigating
as the frequency is increased. Double-sideband receiver ndlse Cosmic Microwave Background, do not use frequency
temperatures of approximately 20 K have been reported neanversion but detect directly the wide-band RF power after it
100 GHz for Nb SIS mixer receivers, with an increase in noise sufficiently amplified. Modern examples of such an approach
roughly proportional to frequency up to the bandgap frequenaye radiometers constructed for the MAP [32]—[34]. The MAP
of 700 GHz. An SIS receiver has some advantages over gatellite was launched in June 2001 to make a full sky map

HFET receiver in that a single conversion is performed twf the CMBR with 20uK sensitivity per 0.3 x 0.3 pixel
the adopted baseband. HFET amplifiers require an additiomlairing the two-year lifetime of the mission. Differential pseu-

Fhe HFET or SIS receivers discussed in Sections IV-A
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Fig. 9. Simplified block diagram of a MAP satellite pseudocorrelation radiometer.

docorrelation radiometers covering 20-25 GHz, 28-37 GHz,
35-46 GHz, 53-69 Hz, and 82-106 GHz are used in this
mission [33], [34]. A schematic view of the MAP radiometer
is shown in Fig. 9. It is similar in its function to a true corre-
lation radiometer, which could not be implemented because
multipliers with instantaneous bandwidth as wide as 20 GHz
are not yet available. MAP radiometers measure the difference
between the apparent temperatures of two points on the sky by
first combining two sky signals in a hybrid tee (Fig. 9), then
amplifying each combined signal in cold HFET amplifiers (to
reduce noise) and then sending the phase-matched outputs tg
the warm amplifiers. At this point, one arm is phase switched
between 0-18C. The signals are recombined in a second
hybrid tee. After filtering in identical wide-band filters, the
signals are square-law detected and then undergo synchroqgéjq_o
demodulation. Due to symmetry of design and careful matching =~
of the complex gains of the two amplifier chains, random gain ) ) )
fluctuations of the amplifiers produce the same signals ,gtlstralla; and the 300-m-diameter antenna at Arecibo, Puerto
both detectors and, thus, cancel when the detector outputs Rieo- ) N ) ) .
differenced. Phase switching further allows removal of effects A Major addition to the world’s radio observing facilities was
caused by detector gain variations [34]. made in 1980 with the commissioning of the V!_A (Fig. 10)
Such an approach allows for a construction of an instrumeig@r Socorro, New Mexico, by the National Radio Astronomy
whose outputs are stable on time scales of minutes, i.e., on thg&@servatory (NRAQ). This interferometer consists of 27 an-
time scales, the sensitivity is determined by the system noise, §fnas, each of 25-m aperture, which are transportable on rail-
fective bandwidth, and integration time. This stability is furtheioad tracks so that they may be configured either for short or
enhanced by additional Dicke switching, which is simply oHoNg Spacings, up to 36 km. The receiving bands extend from

tained by rotation and precession of the spacecraft [33]. /4 MHz to 50 GHz, with incomplete frequency coverage. The
angular resolution at the highest frequency and longest spacing

is 0.05 arcseconds, so that radio images may be made with a
resolution comparable to that of the Hubble Space Telescope.
Large single-dish antennas and interferometers with onlyFar 20 years, this instrument has been the major ground-based
few elements were the workhorses of radio astronomy up adio telescope in the world.
about 1980. These were employed both for full-sky surveys atNew single dish and interferometric radio observatories
various frequencies, just to determine what radio sources exishedye been built and commissioned over the last 20 years;
and where they were, and for extensive and detailed obseragain, a comprehensive list is impossible. Particularly notable,
tions of individual sources. Itis impossible here to list all the imhowever, are the very long baseline array of the NRAO, with
portant facilities and their results. Particularly notable, howevemtennas across the U.S., including Hawaii and St. Croix; the
were the 159- and 178-MHz (3C and 4C) radio surveys carri@rkeley—lllinois—Maryland array of millimeter antennas at
out by interferometers in Cambridge, U.K.; the 100-m-dianmHat Creek, CA,; the California Institute of Technogy (CalTech)
eter steerable antenna at Effelsberg, Germany; the 140-footatiray of millimeter antennas at the Owens Valley Radio Obser-
ameter antenna at Green Bank, WV, the WSRT interferometgtory near Bishop, CA; the Australia telescope arrays; and the
at Westerbork, The Netherlands; the 64-m antennas at ParkdX)-m-offset paraboloid antenna in Green Bank, WV, dedicated

Inner portion of the VLA in its most compact configuration.

V. EXAMPLES OF RADIO ASTRONOMY OBSERVATORIES
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BC, Canada; the Universidad Nacional Autonoma de México
is also a collaborator. There is a planned addition of approxi-
mately eight new antennas at spacings intermediate between
that of the VLA and VLBA; thus, complete and accurate
imaging of radio sources can be performed on all angular
scales, constrained only by the diameter of the Earth.

The Atacama large millimeter array (ALMA) is an interna-
tional projectamong the U.S., Canada, several European nations
and organizations, and Japan to build an array of 64 12-m-diam-
eter antennas to operate from 31 to 900 GHz. It is a planned to
be a merger of three projects, i.e., the U.S. MMA [36], the Eu-
ropean LSA [37], and the Japanese LMSA [38]. This array is
to be installed at an altitude of 5000 m in the northern desert
of Chile, near the town of San Pedro de Atacama. It will pro-
vide resolution and sensitivity for millimeter and submillimeter
wavelengths comparable to that of the VLA at centimeter wave-
lengths. This project is currently funded for construction, with
completion targeted for 2010.

The Allen telescope array (ATA) is planned as an array of
350 6-m-diameter antennas, having the effective collecting area
of a 100-m single dish, and operating over the frequency band
of 0.5-11 GHz. The antennas will be connected to a central site
by optical fiber. The signal processing will permit synthesis of
multiple simultaneous narrow beams within the rather wide pri-

. . ) ) ) mary beam of the small antennas. Each such synthesized beam
in 2000 (Fig. 11). The latter antenna is of unique design, andy, he nointed to a different radio source, o in the case of search

incorporates 2004 adjustable antenna panels, which, WhgP e raterrestrial intelligence (SETI) a different star. This is a
coupled with a laser ranging system, will permit accuraigin ,ryiect of the University of California at Berkeley and the
adjustment of the surface to compensate for gravitationgleTyingtitute. Itis currently in a design and development phase,
thermal, and wind effects. and is planned for completion in 2008.

Avery large low-frequency array (LOFAR) is planned for the
frequency range of 10-240 MHz. It will have a collecting area

There are several radio observatory projects in the plannireg,1 kn¥ at a frequency of 15 MHz. For the long wavelengths
development, or construction phases. involved, arrays of dipoles or patch antennas are a better choice

The sub-millimeter array (SMA) of the Smithsonian Asthan parabolic dishes. Like the ATA, it will consist of large num-
trophysical Observatory and Academia Sinica Institute d®frs of individual elements and permit synthesis of multiple si-
Astronomy and Astrophysics of Taiwan is an array of eightiultaneous beams. This joint project among the Naval Research
antennas of 6-m diameter, which will operate from frequenciégboratory, The Netherlands Foundations for Research in As-
of approximately 170 to 900 GHz [35]. This instrument igronomy, and the Haystack Observatory, Massachusetts Institute
under construction, and several antennas have been instatiledlechnology is seeking design and development funding, and
and tested at the site on Mauna Kea, Hawaii. has a completion target date of about 2010.

The VLA in 2000 was provided with a doubling of angular For dedicated observations of the Sun, a frequency-agile solar
resolution by incorporating the nearest VLBA antenna (at P@ray (FASR) is planned. This will consist of approximately
Town, New Mexico) via a dedicated fiber-optic link. Also,100 elements of 2—5-m diameter, covering a frequency range
starting in 1998, installation of new receivers for the 22-GHaf 100 MHz-30 GHz. It will provide modest spectral resolu-
band began; these incorporate much better low-noise amplifitics and short time resolution of about 0.1 s in order to ob-
and feed-to-amplifier coupling than the old 1970s vintageerve fast-evolving solar phenomena such as flares. Completion
receivers, and achieve a system temperature at the zerstplanned for approximately 2010.
of less than 50 K. These improvements are the first step inLong-term planning by a huge international consortium is
converting the VLA to the enhanced VLA (EVLA). Completenow in progress for the square kilometer array (SKA), which
frequency coverage from 1 to 50 GHz with modern receiveis intended to provide a collecting area of 1 kmt frequen-
will be installed, with possible addition of the 300—1000-MHzies from 300 MHz to 22 GHz, with baselines up to 1000 km.
band. The existing waveguide-based data transmission systé&ime elements may consist of separate antennas for the lower and
with a usable bandwidth of 140 MHz, will be replaced withupper frequency regions. Like the ATA and LOFAR, the SKA is
a fiber-optic-based system, providing up to 16 GHz of banihtended to provide synthesis of multiple simultaneous beams.
width. The correlator, which cross-multiplies the signals frorihis instrument would provide as great an increase over the
all antenna pairs, will be replaced with a modern correlatdvLA in sensitivity and resolution as the VLA provided over the
supplied by the Herzberg Institute of Astrophysics, Victoriagingle antennas and small interferometers-@980. Much new

Fig. 11. 100-meter Robert C. Byrd GBT.

VI. FUTURE PROJECTS
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technology is required for practical construction of the SKA; in[19] R. Raja, M. Nishimoto, M. Barsky, M. Sholley, B. Osgood, R. Quon,
particular, the cost of collecting area must be reduced to approx-
imately 10% of that of the ATA, which currently provides the
most cost-effective antenna area of any radio telescope system.
The completion date for this immense project is uncertain, budl
seems likely to fall between 2010-2020.

The most up-to-date information about all these projects is
generally to be found on the Internet web sites of the organizd?1l
tions involved.
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