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ABSTRACT | Phased arrays have a long history in radio as-

tronomy. Large, sparse synthesis arrays have been in use for

decades to capture high-resolution images of deep space ob-

jects. More recent work has extended the range of applica-

tions to other types of arrays, including aperture arrays (AAs)

and phased array feeds (PAFs) for multibeam reflector anten-

nas. The extreme sensitivity required for astronomical instru-

mentation is driving advances in numerical electromagnetic

modeling, design optimization of large arrays, low noise am-

plifiers, minimization of receiver noise, cryogenic PAFs, array

calibration, optimal beamforming, interferometric imaging,

and array signal processing algorithms for radio-frequency

interference mitigation. We give an overview of research

progress, current and planned array-based instruments, and

open challenges in these areas related to the new generation

of sparse arrays, PAFs, and AAs that are in development for

astronomical observatories around the world.
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I . INTRODUCTION

Phased arrays have had application for almost 70 years in

radio astronomy. An interferometric array was first used

by Ryle in 1946 to achieve a narrower effective beam-

width than is possible with a single aperture. Large-scale

synthesis imaging arrays such as the very large array

(VLA, Soccoro, NM, USA) and the very-long-baseline

interferometer (VLBI) are now routinely used for high-
resolution astronomical observations. These arrays are

highly sparse, and typically consist of multiple medium-

sized parabolic reflector or dish antennas located many

wavelengths apart.

Other types of antenna arrays have more recently

come into usage in astronomy applications, including

cluster feeds and phased array feeds (PAFs) located at

the reflector focus, and standalone, electrically dense ap-
erture arrays (AAs) of low-gain elements with a direct

view to the sky (see Fig. 1). Historically, large-dish ob-

servatories typically have been single-pixel instruments

employing a set of single-horn feed receivers that are

mechanically rotated into the focus position for opera-

tion at multiple overlapping frequency bands. Images are

gathered by scanning the dish over a raster pattern to

cover a footprint on the sky that is many beamwidths in
size. More advanced multibeam systems that replace

traditional single-horn feeds are in general referred to as

focal plane arrays. These include cluster feeds in one-

feed-per-beam configuration, bolometer arrays (which

we will not consider in this paper), and PAFs.

Cluster feeds increase the telescope survey speed, or

the rapidity with which a given angular region can be

imaged by the telescope [1]. Cluster feeds are less chal-
lenging to design than more advanced phased arrays, as

they rely on traditional horn feed designs and do not re-

quire beamforming in the signal processing back end.
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The disadvantage of cluster feeds is that the individual

horn feeds are electrically large (i.e., aperture diameter

greater than the electromagnetic wavelength), and can-

not be spaced closely enough to produce overlapping

beams and realize a contiguous sky coverage region [2].

To image an extended astronomical source, the telescope
must be mechanically pointed along a raster pattern to

fill in gaps between pixels.

The next step in multifeed systems development is a

“radio camera” that enables snapshot images with full in-

stantaneous coverage of a given field of view. To realize

this goal, research groups around the world have ex-

plored the possibility of using “dense” phased arrays

comprising many electrically small antenna elements as
reflector feeds. Overlapping beams are formed by weight-

ing and combining the outputs of multiple elements in

the array. Each formed beam can be optimized indepen-

dently to provide high efficiency both on-axis and off-

axis and obtain a continuous field of view. Beamformer

coefficients can be adjusted to achieve high sensitivity,

controlled beam shape, a given response over frequency,

or other design goals [3], [4] The major research chal-
lenge is that phased arrays typically exhibit poorer im-

pedance matching and increased system noise when

compared to highly engineered horn feed systems with

cryogenic electronics. Considerable optimization work

must be done before PAFs can achieve efficiency, noise

performance, and overall sensitivity comparable to single-

pixel and cluster feeds [5], [6].

Aperture-type arrays with a direct view to the sky
have also attracted wide attention in the last few years.

At low frequencies (hundreds of megahertz or lower),

the effective receiving area of a dipole-type element be-

comes comparable to that of a reflector-type antenna,

and arrays of such elements become practical as astro-

nomical instruments [7]. Sky noise dominates the re-

ceived signal below 500 MHz, and the effective

receiving area of a dipole increases as the square of the

wavelength, so there is little advantage to large reflectors
at low frequencies. Low-frequency arrays typically em-

ploy conducting meshes behind the elements to reduce

ground noise and provide the elements with consistent

ground planes.

The breadth of interesting applications and open re-

search challenges in phased arrays for astronomy has led

to an influx of new knowledge about high sensitivity

phased arrays, stimulated progress in antenna design and
real-time multichannel signal processing, and spawned

collaborative instrument projects around the world. We

survey the state of the art in PAFs and AAs, give examples

of key problems that have been solved in recent years,

and list some of the major open research questions in the

field of phased arrays for astronomical observations.

II . UNIQUE CHARACTERISTICS OF
ARRAY APPLICATIONS IN RADIO
ASTRONOMY

Radio astronomy, the study of electromagnetic radiation

at radio frequencies from celestial objects, has a history

of over 80 years, since Jansky’s 1933 discovery of radio

emission from the Milky Way [8]. Characterizing almost

all radio astronomy observations are very low signal

strengths—often 30–50 dB or more below the system

noise floor—and noise-like signals which can be narrow-
band spectral lines or inherently broadband. The neutral

hydrogen (HI) emission line epitomizes the former;

typical broadband (continuum) nonthermal sources are

bremsstrahlung and synchrotron radiation [8].

The minimum detectable signal level is determined

by the statistical fluctuation in the integrated total receiver

noise power, which leads to the radiometer equation [9]

�S ¼ 2kTsys

A
ffiffiffiffiffi

B�
p (1)

where �S is the minimum detectable source flux density,
k is Boltzman’s constant, A is the receiving area, B is the

integration bandwidth, � is the integration time, and Tsys is
the system equivalent noise temperature. To detect weak

astronomical signals, the sensitivity A=Tsys or G=Tsys, where
G is the gain, should be maximized. This motivates an

overriding emphasis in astronomical receiver design on

large collecting area and low system temperature.

Conventional feed systems often include cryogeni-
cally cooled electronics to bring the receiver noise con-

tribution to remarkably low levels. The system noise

temperature budget for a typical L-band cryogenic horn-

fed reflector antenna might be 4 K due to atmosphere

and cosmic background radiation, 5 K spillover and

scattered ground noise, 5 K losses, and 5 K from cryo-

genically cooled low noise amplifiers (LNAs) and

Fig. 1. (a) Conventional sparse aperture synthesis array; (b) PAF;

and (c) AA.
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receiver electronics, for a total system noise of 19 K. At
frequencies below 1 GHz, galactic radiation becomes

the dominant noise source, and electronics quality is

less important. At frequencies above a few gigahertz,

atmospheric noise increases.

Both “point” sources such as pulsars (“unresolved,” in

radio astronomy terminology) and extended sources

(for instance, galaxies) are of great interest to radio as-

tronomers. These observations require exquisite sensitiv-
ity and good angular resolution. The resolution is the

inverse of the diameter in wavelengths, and the cost of a

dish grows roughly as D2:7 [10]. As such, sparse dish ar-

rays have a long history in radio astronomy, both to ob-

tain resolution (via long baselines) and collecting area

(via many receptors).

Research in compact phased array antennas for astro-

nomical applications is primarily aimed at improving the
sensitivity of phased arrays to the point that they become

competitive with conventional single-pixel instruments.

Phased arrays for radar and communications are by some

measures highly developed and mature, but the sensitiv-

ity of typical phased arrays is typically too low to be com-

petitive for astronomical applications. In addition to

sensitivity and resolution, astronomical instruments must

meet extreme requirements on system gain stability,
ohmic and dielectric losses, sidelobes, dynamic range,

polarization performance, and the quality of receiver

electronics.

Even with low system noise temperatures, integration

times of seconds, minutes, or even hours are required to

detect extremely weak white noise signals against a

much stronger system noise background. For broadband

or continuum radio sources, the telescope is mechani-
cally steered from the source to a clear patch of sky to

enable radiometric detection of the source. Switching on

the order of 1 min is typical to compensate for system

gain drifts, but reasonable gain stability is still important.

The gain stability requirement applies not just to the

electronics, but also to the antenna gain, which repre-

sents a unique research challenge for astronomical

phased arrays with dynamically formed beams. When
weak astronomical sources are near bright sources, side-

lobe stability is required to achieve high dynamic range

imaging. While most sources are unpolarized, the polari-

zation state of certain astronomical signals carries impor-

tant astrophysical information. Receivers are nearly

always dual polarization, and often must be calibrated

polarimetrically using test sources with known Stokes pa-

rameters. Bright sources and switched electronic noise
sources are also used to calibrate the absolute flux in

astronomical observations.

Astronomical signals can be narrowband spectral

lines or continuum sources. Early astronomical observa-

tions were often of narrowband spectral lines, but more

modern scientific studies are done over a wide range of

frequencies far outside traditional protected bands.

Redshifting also moves spectral lines from distant
sources far across the radio spectrum. An example of a

key area of interest today is the many worldwide efforts

aimed at searching for signatures of phases of the uni-

verse’s early evolution in the spectral structure of the

cosmic background radiation, which occupies the full

electromagnetic spectrum from low radio frequencies to

optical frequencies and beyond. Astronomical arrays in

current development can have relative operating band-
widths as large as 2:1 or 3:1, and state-of-the-art single-

pixel feeds approach 10:1 or more.

Unlike communications applications, where both ana-

log and digital beamforming are in use, beamforming

and imaging with phased arrays is nearly always done

with digital signal processing. For sparse synthesis imag-

ing arrays, correlation products of received signals by

each array element are Fourier transformed to create a
sky image [11]. For AAs and PAFs, the outputs of the ar-

rays are processed through multiple sets of beamformer

combining coefficients to produce a total power intensity

map of the field of view of the array. Array calibration

and beamforming is considered further in Section IV-E.

III . APERTURE AND PHASED ARRAY
FEED PROJECTS

Traditional large, single-dish receivers and sparse synthe-

sis imaging arrays of medium size dishes are being com-

plemented by phased array technology on two key fronts.

At low frequencies, AAs represent a cost-effective solution

for creating large collecting apertures without shaped re-

flectors. PAF technology represents a hybrid solution for

higher frequencies that combines the advantages of tradi-
tional reflector antennas—high gain, low sidelobe level,

and low cost per unit aperture area—with the multibeam

capabilities and wider field of view of phased arrays.

For an AA, beam steering is accomplished by time de-

lay or phase control in the narrowband case, and ampli-

tude shading controls the pattern sidelobes. The physical

roles of phase and amplitude in creating the beam pat-

tern reverse for a PAF. For PAFs, the term “phased” is
somewhat of a misnomer, as the primary beam steering

mechanism for PAFs is amplitude control of the element

weights. All existing PAF and AA systems allow adjust-

ment of the phase and amplitude of the element weights

through digital signal processing. For both types of ar-

rays, digital beamforming offers considerable control

over beam pattern sidelobes and nulls, and to some ex-

tent the main lobe shape as well, which has been
exploited in research for interference mitigation and

other design goals (see Section IV-E and G).

A number of AA and PAF projects have been under-

taken over the last decade. The Square Kilometer Array

(SKA) project [12] has provided a major impetus, as the

SKA Organisation (SKAO) recently announced that SKA

Phase 1 would comprise a synthesis array of �200 dish
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antennas (SKA1-Mid) and a low-frequency AA of
�130 000 elements (SKA1-Low). We provide a brief

overview in the following sections of most of the current

worldwide development efforts.

A. Aperture Array Projects
Almost 25 years ago, a “hydrogen array” was pro-

posed that would replace sparse synthesis arrays with a

compact array of antennas having much larger overall
collecting area than existing instruments, to detect faint

signals that might reveal the origins and evolutionary

processes of cosmic structures [13]. The SKA concept

originated from the ensuing discussions. It quickly be-

came apparent that AAs offered many attractive features

for the proposed telescope, and a number of AA systems

have been prototyped.

Many developments in the AA field been driven
by The Netherlands Institute for Radio Astronomy

(ASTRON). AAs built by ASTRON have included: the

THousand Element Array (THEA) mid-ultrahigh-

frequency (UHF) band demonstrator; the LOw Frequency

ARray (LOFAR) [14], a full-fledged observatory and an

SKA pathfinder operating across the HF and VHF bands;

and the Electronic Multi Beam Radio Astronomy ConcEpt

(EMBRACE) mid-UHF demonstrator, comprising some
20000 elements [15].

Fig. 2 shows “droopy dipole” low band LOFAR ele-

ments on the Westerbork “superterp.” An EMBRACE

prototype (also on the Westerbork site) is shown in

Fig. 3. A functioning EMBRACE station is operated by

the Observatory of Paris in Nançay. A unique aspect of

this system is a hybrid analog/digital beamformer with

two independent channels in the radio-frequency (RF)

front end, permitting two beams to be formed on the
sky in different directions.

In the United Kingdom, a collaboration between the

Universities of Cambridge, Manchester, and Oxford pro-

duced the Two Polarisation All Digital (2-PAD) array, op-

erating in the lower UHF band. The prototype installed

at Jodrell Bank Observatory has 256 elements, but the

beamformer was implemented only for a 4 � 4 quadrant.

A number of these projects were undertaken under the
auspices of the European Union (EU)-funded SKA De-

sign Studies (SKADS) project [10].

The Murchison Widefield Array (MWA), an official

SKA precursor facility, is a low-frequency radio array op-

erating in the upper VHF band, under construction at

the Murchison Radio Astronomy Observatory site in

Western Australia. An MWA tile is shown in Fig. 4.

Fig. 2. The LOFAR low band array elements in the Westerbork

“superterp,” May 2013. Note the sparse and random spacing.

Fig. 3. The EMBRACE prototype at Westerbork, The Netherlands,

May 2013.

Fig. 4. One tile of the MWA onsite in the MRO, Western Australia,

September 2014.
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The Precision Array for Probing the Epoch of Reioni-

zation (PAPER) is a U.S.-funded experiment that seeks

to make the first statistical detection of the 21-cm wave-

length signal associated with the epoch of reionization in

the universe’s early history. With sites in the United

States and South Africa, science observations are done

from the South African SKA Karoo site, seen in Fig. 5.
PAPER will be extended in its capability by the Hydro-

gen Epoch of Reionization Array (HERA) project, cur-

rently in its initial design phase.

The SKA test-bed BEST incorporates cylindrical con-

centrators with line array feeds at the Northern Cross in

Medicina. This instrument is unique in that unlike the

other systems described here, it does not use dipoles or

variants of tapered slot line antennas as the array
elements.

SKA1-LOW, currently in the design phase, is planned

to consist of 217 (approximately 130000) dual-polarized

log-periodic elements deployed on the Murchison Radio-

astronomy Observatory site. The intention is to use RF

over fiber to create a reconfigurable array. A “sea of ele-

ments” concept for the central core is currently under

investigation. Fig. 6 shows an early prototype deployed
on the SKA Western Australian site. SKA is also planned

to ultimately include the deployment of a midfrequency

aperture array (MFAA), in what is now known as SKA

Phase 2. Work on this is continuing under the SKA Ad-

vanced Instrumentation Program, with a number of pro-

totypes currently under investigation. Diverse element

designs for this are under consideration, including

Vivaldi or tapered slot antennas (TSAs), an octagonal
ring array, a dense dipole array, and a miniaturized ver-

sion of the SKA1-LOW element. The frequency band of

interest for the MFAA is provisionally 500–1500 MHz.

A summary of AA systems is presented in Table 1.

Dates are approximate, as some systems were only in-

tended as engineering prototypes and were not commis-

sioned for astronomical observations. Systems in the

planning stages, such as SKA1-LOW and HERA, have not

been included. To avoid the need for expensive cooling

systems for each element, these AAs all use room-

temperature electronics, which has stimulated significant

research on improving the performance of low-noise
uncooled LNAs. AAs represent a rapidly growing field

in astronomy, and these systems are transitioning from

research prototypes to usable scientific instruments.

B. Phased Array Feed Projects
Research and development activities in the area of

dense PAFs began at the end of the 1990s almost simul-

taneously in the United States and Europe. A team at the

U.S. National Radio Astronomy Observatory (NRAO)

Green Bank facility designed a proof-of-concept full-
sampling array receiver consisting of 19 sinuous antenna

elements (arranged in a hexagonal grid with the 0:7� in-

terelement separation distance) and operating at around

1.4 GHz with an uncooled receiver, as depicted in Fig. 7

[16]. The first correlation methods of beamforming and

calibration methods on and off the telescopes have been

tested on the 43-m telescope at Green Bank Observatory

[17], [18]. The Netherlands Institute for Radio Astron-
omy (ASTRON) designed their first PAF demonstrator

within the European Commission project Focal-plane

Arrays for Radio Astronomy: Design, Access and Yield

(FARADAY) [19].

Fig. 5. The PAPER array on the South African SKA site, in the

Karoo, Northern Cape, March 2014.

Fig. 6. The Aperture Array Verification System 0.5 (AAVS 0.5)

SKA1-LOW prototype onsite in the MRO, Western Australia,

September 2014.
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While the other partners in the European Commis-

sion project focused on cluster feeds, ASTRON pursued

the more challenging concept of dense PAFs. This de-
signed PAF system included a wideband array (2–5 GHz;

two overlapping beams) comprising 112 Vivaldi antenna

elements, of which 13 elements were active and inte-

grated with an analog beamformer for generating synthe-

sized beams. The first beamforming methods have been

demonstrated with this prototype at one of the fourteen

25-m reflectors of the Westerbork Syntheses Radio Tele-

scope (WSRT) [20]. Fig. 8 (left) shows the Vivaldi ele-
ment PAF installed at the multifrequency front end of

the WSRT dish. These experiments have proven the po-

tential of dense PAFs in providing higher antenna effi-

ciency over a wide frequency band as compared to

traditional single-horn feeds. These initial projects did

not achieve low-noise performance of the receivers com-

parable to that of horn feeds, due to the use of room-

temperature LNAs, but their successful results, including
simultaneous improvement in the efficiency and the field

of view of the telescope, have stimulated a larger com-

munity to participate in PAF research and development.

Work begun by FARADAY continued as part of the

European Commission RadioNet Phased Arrays for

Reflector Observing Systems (PHAROS) project [21],

[22]. This effort led to the first cryogenically cooled

PAF demonstrator system (4–8 GHz; four overlapping
beams) with LNAs at 20 K. Fig. 8 (right) shows a photo

of this system where one can see the Vivaldi element

array installed in the cryostat. Experimental tests are

currently underway at Jodrell Bank Observatory (JBO) in

Manchester, United Kingdom.

ASTRON developed shortly thereafter ð�2008Þ a

prototype of the first operational PAF system for the

Westerbork Synthesis Radio Telescope, APERture Tile In
Focus (APERTIF), and obtained initial results with fully

digital beamformer (see Fig. 9). This PAF had 8 � 7

dual-polarized Vivaldi elements operating in the band

1000–1750 MHz. The APERTIF project passed its critical

design review at the end of 2014 and has entered its

rolling-out phase.

The Dominion Radio Astrophysical Observatory

(DRAO) in Penticton, Canada, developed a PHased Array
feed Demonstrator (PHAD) with offline digital beam-

forming capabilities, also based on wideband Vivaldi

Table 1 Aperture Array Projects

Fig. 7. The first (uncooled) PAF demonstrator developed by

NRAO, USA, tested at the 43-m radio telescope at Green Bank,

WV, 2000. NRAO Green Bank Observatory.

Fig. 8. The first PAF demonstrators developed by ASTRON

within the FARADAY and PHAROS EU-funded projects; (left) the

uncooled FARADAY PAF installed at the multifrequency front end

of one of the fourteen 25-m Westerbork Synthesis Radio

Telescope dishes (Westerbork, The Netherlands) and tested

during 2005 and 2006; (right) the cryogenically cooled PHAROS

PAF demonstrator (credit: Jan-Geralt Bij de Vaate, ASTRON).
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antenna elements [23]. PHAD was tested on a 10-m

prime-focus reflector antenna which was constructed using

new composite materials as part of an SKA R&D effort.

The Australian Commonwealth Scientific and Indus-
trial Research Organization (CSIRO) experimented with

PAF beamforming at a prototype radio telescope [24]

using a single aperture THEA array tile developed by

ASTRON. More recently, CSIRO has outfitted multiple

reflectors with low-profile checkerboard array feeds

with connected dipole-like square antenna elements as

part of the Australian Square Kilometre Array Path-

finder (ASKAP) SKA precursor telescope [25]. This tele-
scope was launched on October 5, 2012. A dish fitted

with a PAF is shown in Fig. 10. Of the 36 dishes, only

a fraction are currently instrumented with PAFs at the

time of writing.

The ASKAP feeds are not cryo-cooled, and typically

achieve system noise temperatures in the range of

40–60 K. Cryogenics could reduce noise temperatures by

10–20 K. This is significant in astronomical terms, as a

small improvement on a low noise receiver is equivalent
to increasing the reflector size by a larger proportion,

and large dishes are expensive to build. The tradeoff be-

tween costly cryogenics and higher system noise temper-

atures of uncooled receivers has been intensely debated

in the radio astronomy community.

U.S. efforts have focused on PAF systems targeted for

large single-dish observatories with narrower bandwidth

but higher peak sensitivity and lower system noise tem-
perature than uncooled broadband feeds. Brigham Young

University (BYU) and the National Radio Astronomical

Observatories (NRAO) are building a cryogenic array re-

ceiver, the Focal L-band Array for the GBT (FLAG) [26]

(see Fig. 11). The cryogenic PAF front end has been

tested on the Green Bank 20-m telescope and the GBT,

and a broadband real-time signal processing back end

based on hybrid field-programmable gate array (FPGA)
and graphical processing unit (GPU) technologies is

currently in development.

Cornell University is developing a cryogenic array

feed for the Arecibo Observatory [27]. Unlike other cryo-

genic array feeds, the Cornell array includes a thermal

window so that the array elements are included in the

dewar, reducing losses associated with the elements and

eliminating the need for a thermal transition from warm
elements to cooled LNAs. A PAF system is in develop-

ment at the Joint Laboratory for Radio Astronomy Tech-

nology (GLRAT) in China as a result of collaborative

effort with BYU, for the Five-hundred-meter Aperture

Spherical radio Telescope (FAST) [28], [29].

For millimeter-wave (mm-wave) observations, the

University of Massachusetts Amherst Radio Astronomy

Group is developing a miniaturized 8 � 8 array of rect-
angular horn elements and cryogenic electronics for use

on the GBT at 70–95 GHz. At this band, the challenge is

fitting electronics into the small physical footprint

Fig. 9. The APERTIF PAF installed at the Westerbork Synthesis

Radio Telescope (Westerbork, The Netherlands), 2008. Image

courtesy of ASTRON.

Fig. 10. Left: An ASKAP dish with checkerboard PAF installed

onsite in the MRO, Western Australia, May 2013. Right: A smaller

scale prototype of the PAF in the focal area of the reflector

(credit: David McClenaghan, CSIRO).

Fig. 11. Prototype cryogenic front end for the NRAO/BYU FLAG

mounted on the Green Bank 20-m telescope, January 2011.
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spanned by elements that are only a few millimeters in

size [30]. A summary of major phased array feed projects

is given in Table 2.

IV. RESEARCH PROGRESS AND
CHALLENGES

A. Numerical Modeling of Astronomical Arrays
While commercial modeling tools have been used in

the design of astronomical phased array systems, large,

broadband phased array antenna systems challenge the

capabilities of existing numerical methods. Significant re-

search has been done in the community to develop faster
and more efficient algorithms. Phased arrays exhibit mul-

tiscale features and include both dielectric and metal ma-

terials, and elements in the array are strongly coupled.

Simulations over a wide range of frequencies and scan

angles must be considered, and for PAFs the model must

include a large reflector. Edge effects are important, so

infinite array approximations have limited value and full

wave techniques are required. Given the computationally
intensive nature of the analysis, optimization of astro-

nomical antenna systems by evaluating the entire struc-

ture in full detail is difficult.

Fast and accurate numerical analysis of large antenna

arrays of finite extent has been an important research

topic for several decades. Great strides have been made

with the advent of multicore central processing units

(CPUs), affordable high-performance computing clusters,
and novel solution techniques that are both numerically

and memory efficient. Although the literature is too vast

to categorize all the numerical methods for analyzing an-

tenna arrays, the most promising thread in this research

area is to reduce the number of modes used to model

fields and currents, while still obtaining the accuracy of

a full-wave solution.

Fields and currents are typically represented in nu-

merical models as a linear combination of simple polyno-

mial functions with local support, referred to as basis

functions. To reduce the number of required basis func-
tions, one can choose instead a set of basis functions

where the first mode is close to the final solution. Fol-

lowing this concept, a reduced set of a few dominant

modes can be generated that spans the solution subspace

with sufficient accuracy, thereby exploiting the small

number of effective degrees of freedom (DoFs) of cur-

rents and fields on the structure. This technique requires

a priori information about the physical structure, the
source excitations, and corresponding field solutions. Ap-

proximate solution information can be gathered numeri-

cally at the cost of some computational overhead. Once a

reduced modal basis is employed, only a few modal am-

plitude coefficients need to be solved for, reducing the

memory requirement and computational cost relative to

a full finite element or finite difference analysis. Hun-

dreds of complex antenna elements exhibiting multiscale
features can now be modeled using desktop computers.

Examples of such methods may be found in [31]–[41].

When applying reduced-order methods to the design

of astronomical arrays, several challenges must be ad-

dressed. Astronomical receivers are complex and have

high-performance requirements. Unmodeled effects often

affect performance at levels that are negligible for com-

munications applications but significant for detection of
weak signals from deep space. The full instrument must

be modeled as accurately as possible, so that the nominal

signal-to-noise (SNR) transfer function of the entire in-

strument is well known. This ensures that unknown re-

sidual system errors can be determined through a

calibration model containing few free parameters. The

model may need to account for coupling between ele-

ments, material losses [42], ground noise, and sky and
atmospheric effects. These effects are difficult to

Table 2 Major Phased Array Feed Projects
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estimate and analyze in full detail. Given the challenge
of the forward analysis, synthesizing the design of an as-

tronomical array can be a nearly intractable optimization

problem. A single realization of a realistically complex

design is time consuming to evaluate and the multivari-

able optimization problem is strongly nonlinear. As com-

putational power increases, even in view of Moore’s law

in computer architectures, research attention continually

turns to more complex systems, so the problem of fast
analysis and synthesis is likely to remain open for the

foreseeable future.

B. Minimization of Receiver Noise
The survey speed achieved by an astronomical re-

ceiver is proportional to the inverse square of system

noise temperature, which means that system noise perfor-

mance is critical to the scientific capability of array re-
ceivers. At low frequencies, the system noise budget is

dominated by sky noise, so there is little gain in reducing

receiver noise beyond a certain level. At microwave fre-

quencies, particularly at L-band where the sky is quite

cool, receiver noise is a significant part of the noise bud-

get, and optimization of the receiver electronics to reduce

noise can significantly improve overall performance.

In a receiver system, good impedance matching be-
tween the antenna and front end receiver electronics is

required to achieve best possible SNR and sensitivity. To

reduce losses, array elements are connected with as little

physical separation as possible to LNAs. For mutually

coupled arrays, the front end amplifiers must be matched

to active impedances [43]. The active impedances de-

pend on the beamformer coefficients used to combine ar-

ray output signals into pixel values. For optimal
performance, impedance matching for a high-sensitivity

array receiver must be considered in conjunction with

the beamforming process used to combine array output

signals at the imaging stage of the system. This implies

that all aspects of the system, from array element radia-

tion patterns to digital signal processing, must be consid-

ered holistically when designing the impedance match

between the front end electronics and array elements.
Active impedance matching is illustrated schemati-

cally in Fig. 12 for a two-element antenna array. The

noise wave emanating from the input port of LNA 1 is

partially reflected at antenna port 1 and partially coupled

to antenna 2. The resulting antenna array outgoing noise

powers are then amplified, weighted, and summed to re-

alize the effective formed beam output noise level for

that receiver channel. Because the noise emanating from
the LNA input port is correlated with the noise wave at

the amplifier output port, the magnitude of the com-

bined noise wave at the beamformer output depends on

the magnitude and phase of the coupling coefficient

from element 1 to the outputs of other elements in the

array. This dependence is captured by the active reflec-

tion coefficient looking into the port of element 1. The

same considerations apply to each LNA in a receiving ar-
ray, so that each element port has an active reflection co-

efficient associated with it.

In a conventional single-channel receiver, the an-

tenna must be matched to the front end amplifiers to

achieve good signal coupling while minimizing noise

added by the amplifier. Noise matching is similar to stan-

dard impedance matching, except that the relevant pa-

rameter is not the input impedance of the amplifier, but
an optimal source impedance that minimizes the noise

figure. For a phased array, coupling of the reverse noise

emitted by one amplifier to other elements in the array

(see Fig. 12) complicates the matching process. The am-

plifiers must be noise matched to active reflection coeffi-

cients that depend on the array beamformer coefficients

[44], [45]. As the frequency and beam steering direction

vary, active impedances roam over large parts of the
Smith Chart, and for PAFs, can even be located outside

the unit circle. Perfect noise matching can only be

achieved for specific cases and over narrow frequency

bands. Another challenge is to properly account for com-

mon- and differential-mode noise. Most elements used in

astronomical arrays are natively differential, yet differen-

tial LNAs are challenging to implement and baluns add

loss and complexity to the element.

C. Noise-Based Antenna Terms
Existing antenna figures of merit have proved to be

insufficient to describe the gain and efficiency of com-

plex, mutually coupled antenna arrays with active elec-

tronics and digital beamforming [46]. A recently

published revision of the standard for antenna terms

(IEEE Std 145, [47]) includes new noise-based terms for
active antenna arrays that have resulted from research in

the field of high sensitivity phased array receivers for ra-

dio astronomy. The previous version of the standard was

published 20 years ago, so this represents a major mile-

stone for the worldwide antenna community.

For active receiving arrays with complex receiver

chains, nonreciprocal components in the beamforming

Fig. 12. LNA 1 generates noise in a dual element active receiving

antenna array system.
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network, or digitally sampled and processed output sig-
nals, existing transmit-based antenna terms such as gain

and aperture efficiency cannot be directly applied. The

signal processing community has circumvented this prob-

lem by introducing array gain or SNR gain. This quantity

is not identical to antenna gain, but is equal to directivity

for an active array with lossless elements if the reference

sensor is taken to be an isotropic radiator and the exter-

nal noise distribution is isotropic [48].
This connection between array gain and directivity

provided a clue that suggested the existence of a deeper

connection between antenna gain and microwave noise

theory. For a reciprocal antenna, the integral tradition-

ally used in antenna theory to obtain total radiated

power is the same integral that gives the external noise

power received from an isotropic noise distribution. This

result motivated a new family of receiver-specific an-
tenna terms, including isotropic noise response, active

antenna available gain, active antenna available power,

receiver efficiency, and noise mismatch efficiency [46].

For passive, reciprocal antennas, the new definitions are

rigorously equivalent to existing definitions. These an-

tenna terms can be measured with a free-space Y-factor
method, augmented by mutual impedance (S-parameter)

measurements [49]–[51].

D. Cryogenic PAFs
The system noise budget for a PAF system operating in

microwave bands is typically dominated by receiver noise.

To minimize noise added by electronic components in the

front end, the receiver can be cryogenically cooled. This

has significant implications on the overall cost of the sys-

tem, and design decisions must be made regarding how
much of the system to cool and how to transition between

ambient temperature and cold electronics.

Due to the cost of cryogenic cooling, PAF systems

targeted for SKA demonstrators such as ASKAP, as well

as Apertif and AFAD, use room-temperature electronics.

Ambient temperature LNAs have made significant strides

in noise performance, particularly the complementary

metal–oxide–semiconductor (CMOS) LNAs developed at
the University of Calgary [52] and the ASKAP LNAs

[53]. Spot cooling of LNAs has also been explored, but

does not appear particularly promising. Another design

option to reduce noise in PAF systems that is being ex-

plored by the community is to place LNAs directly at the

feed terminals of PAF antenna elements to minimize

ohmic loss in transmission lines from the antenna ele-

ments to the LNA input ports.
The NRAO/BYU collaboration, Cornell University, and

the PHAROS project are beginning to explore the possibil-

ity of reducing receiver and loss noise by placing all or

part of the front end receiver in a cooled dewar. Current

room-temperature PAF development projects have

achieved system temperatures of 50–70 K at L-band. The

goal for a cryogenic PAF would be to reduce the system

temperature to 30 K or lower, so that the sensitivity of the
receiver is more competitive with that of a conventional

single-pixel horn feed. The major design decision for cryo-

genic PAFs is whether to locate the array elements them-

selves inside the dewar. For simple element designs,

analytical and numerical models predict only small noise

contributions from antenna losses (less than 1 K at

L-band), but careful measurements performed at NRAO

suggest that actual losses are higher even with smoothly
machined surfaces and copper/gold plating (3–4 K) [54].

Noise due to dielectric and ohmic losses in the ele-

ments and thermal transition can be reduced by cooling

the elements. This is the approach taken by the Cornell

design for a PAF receiver for the Arecibo Observatory

[27]. Placing the elements inside the dewar requires a

large thermal window able to withstand intense pressures

associated with a vacuum inside the dewar and limit water
condensation on the warm side of the window. The cool-

ing system must have enough capacity to extract the heat

energy associated with infrared light that passes through

the dewar from the external environment. The window in-

troduces loss at microwave frequencies, which reduces the

potential gains associated with cooling the elements.

To avoid a large thermal window, the thermal transi-

tion can be placed after the elements, so that the trans-
mission line connecting the elements and LNAs is

cryogenic at the LNA end and at ambient temperature at

the element connection. To avoid overloading the cool-

ing system, the thermal conductivity of the transition

should be low. Lower thermal conductivity materials

such as steel also have lower electrical conductivity than

copper, which means the thermal transition can add

noise as well. Based on measurements of steel thermal
transitions at NRAO, this may contribute on the order

2 K of the overall system noise budget at L-band. To

date, receiver temperatures below 40 K and system tem-

peratures below 50 K at L-band have been reported by

groups working on cryogenic PAFs [26], [27], but despite

great progress in prototyping cryogenic PAFs, it remains

to realize a system with ideal noise performance and that

is suitable for scientific observations.

E. Array Calibration and Optimal Beamforming
Beamforming for array receivers is typically done in

digital signal processing. The received signals for each ele-

ment in the array are digitized and divided into coarse

spectral bins using a polyphase filterbank [55]. The num-

ber of coarse spectral bins is selected so that the beam

squint over the array is small over the bandwidth of one
subband. Narrowband beamforming techniques can then

be used to form beams within each bin. Generally, a com-

plex coefficient is applied to each baseband voltage phasor

and the scaled signals from the array elements are added.

The beam output for each pixel over the instrument field

of view is then passed on to further processing, such as a

fine filterbank for high-frequency resolution, search
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algorithms for astronomical signals with specific time-
frequency characteristics, or integration for power spectral

density estimation of continuum sources.

Determining the beamformer coefficients to form

multiple beams over the array field of view in each fre-

quency subband requires array calibration. This can be

done by steering the instrument so that a bright astro-

nomical calibrator point source is located at a given point

within the field of view and collecting data for on the or-
der of a few seconds. The relative phases and amplitudes

of the received signal at the output of each array element

signal path provide an array calibration or signal steering

vector d for one pixel and one subband. To calibrate the

array over the field of view, the telescope is steered to

place the calibrator source at each desired beam steering

direction over the array field of view. Details on the cali-

bration and beamforming process can be found in [56].
For an astronomical receiver, the key performance

parameters are field of view, bandwidth, and sensitivity.

For a phased array, sensitivity is influenced by the side-

lobes and directivity of a formed beam, which in turn

are influenced by the weighting coefficients used to form

the beam. Beamformer coefficients can be selected to

maximize the sensitivity, or to achieve high sensitivity

along with some other design goal, such as controlled
beam shape or low sidelobes. A set of beamformer coeffi-

cients for each element in the array, arranged into a vec-

tor w, is applied to complex baseband array output

voltages according to produce the beam output voltage

v ¼ wHv (2)

where v is a vector of voltages at the output of each array

element and receiver chain. The complex conjugate on

the beamformer coefficients follows the convention of

the array signal processing literature such that this ex-

pression is a vector inner product. The pixel values are

assembled for each beamformer weight vector to produce

an image over the array field of view.

The basic narrowband maximum sensitivity beam-
former is

w ¼ R�1
n d (3)

where Rn is the noise voltage covariance matrix at the out-

puts of the array signal paths before beamforming and d is
a signal steering vector for the desired pixel beam direc-

tion. In array signal processing, this beamformer is consid-

ered to be adaptive or statistically optimal, as it depends

on the received signal through the estimated noise covari-

ance. As the noise field is fairly constant as the telescope

moves, the data dependence is weak, and this beamformer

can be considered to be “fixed adaptive” [56].

Another set of closely related beamformer design
goals relates to antenna gain, antenna efficiency, effec-

tive area, directivity, or aperture efficiency. For an array

antenna, antenna gain, antenna efficiency, and effective

area are proportional, so all are maximized by the same

set of beamformer coefficients. Aperture efficiency and

directivity are closely related, but do not include the ef-

fects of antenna losses and only depend on the radiation

pattern shape [47]. For low-loss antennas, the receiving
efficiency is close to unity, and these design goals

become effectively identical. The maximum-gain and

maximum-directivity beamformers are similar to the

maximum-sensitivity beamformer, but they maximize re-

ceived signal in relation to noise arriving from an isotro-

pic noise field, and do not suppress correlated noise due

to spillover and receiver electronics [48].

For polarimetric phased arrays, beamformer weights
must be designed such that the polarization state of the

incoming signal can be identified. Each pixel requires a

pair of beamformer weight vectors corresponding to

nominally orthogonally polarized beams. The beamfor-

mer pair can be computed and calibrated polarimetrically

using the techniques of [57] and [58].

F. Interferometric Imaging and Calibration of
Sparse Synthesis Arrays

Many of the proposed array-based astronomical in-

struments are actually hierarchical arrays, as each dish

has an array feed or each station consists of an AA, and

the dishes and stations are in turn part of a sparse syn-

thesis array. It is interesting to consider the differences
between calibration and imaging for compact arrays and

more traditional synthesis arrays.

The basics of sparse synthesis array calibration and

interferometric imaging have been known for decades.

For a sparse array, narrow beams cannot be formed di-

rectly, so a more sophisticated process must be used to

create high-resolution images. Modern sparse synthesis

array calibration relies on regular on-the-fly measure-
ments of known calibrator sources. Traditionally, the as-

sumed primary1 beams used in the calibration process

have been approximations—often Gaussian beams. It is

possible to use analytical approximations (for dishes,

Bessel-function variants) but recent work has empha-

sized the use of more accurate physics-based assumed

primary beams, known as characteristic basis function

patterns [59]. This relies on the generation of a number
of patterns capturing both ideal performance, as well as

degraded performance due to certain types of pattern

1Within the radio astronomy community, the term “primary beam”
is generally used to refer to the radiation pattern of a single telescope
antenna (e.g., dish or AA station) on the sky, whereas point spread
function (PSF) or synthesized beam is used to refer to the interference
pattern. Among antenna engineers the term primary pattern refers to
the feed pattern illuminating the reflector, and the secondary pattern
refers to the reflector antenna pattern, after reflection, on the sky.
Herein we use the former terminology.

Vol. 104, No. 3, March 2016 | Proceedings of the IEEE 617

Warnick et al. : High-Sensitivity Phased Array Receivers for Radio Astronomy

Authorized licensed use limited to: Brigham Young University. Downloaded on September 08,2021 at 23:22:24 UTC from IEEE Xplore.  Restrictions apply. 



errors. The latter can often be predicted beforehand.
These patterns can either be obtained through measure-

ment or electromagnetic simulation. This was applied to

a PAF feed for an offset Gregorian SKA prototype in [60]

and extended to address calibration efficiency in [61].

Similar methods can be applied to AAs [62].

Both PAF-fed dishes and AAs have far wider primary

beams than have traditionally been used in synthesis im-

aging. Interferometric imaging relies on the inversion of
a 3-D Fourier-like integral [11, eq. 3.7] connecting the

measured visibilities with the desired sky brightness,

with transform variables ðu; v;wÞ and ðl;m; nÞ. The for-

mer set represents wavelength-normalized coordinates

describing the position of the baselines, and the latter

ðl;m; nÞ are direction cosines, describing position on the

sky [11]. For the coplanar (or almost coplanar) case

ðw � 0Þ, or for narrow primary beams (l and m small),
this may be simplified to a 2-D Fourier integral. For tra-

ditional dish-based systems, with narrow primary beams

and almost coplanar layout, this has been a serviceable

approximation. The 2-D transform is straightforward, al-

though inverting the Fourier integral for irregular and

sparsely sampled visibilities in the presence of noise re-

quires fairly sophisticated algorithms.

For modern systems with wide primary beams and
which are deployed over large geographical extent (i.e.,

non-coplanar elements), the full 3-D form of the Fourier

integral must be taken into account. The first problem is

dealing with the w term in the 3-D integral, which be-

comes significant for non-coplanar baselines. This is exac-

erbated by wide field imaging, when l and m are no longer

small, and the third direction cosine n ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� l2 � m2
p

cannot be approximated as unity. Methods to deal with
this include w-imaging [63] and w-stacking [64]. The sec-

ond problem is dealing with direction-dependent effects

(DDEs) such as antennas and ionospheric effects. If the

antenna is well characterized, the gain term can simply be

corrected for, but in reality, effects on dishes such as grav-

itational loading and thermal loading require that the gain

be measured on the fly using calibration sources.

The above assumes that all the antennas are identical.
For AAs, there are further complications in that the gain

terms can be baseline dependent. In this case, the visibil-

ities are not only functions of relative spacing on the

ground (i.e., the baseline vectors) but also of the abso-

lute positions (i.e., which baselines). This is typically due

to mutual coupling. In sparse, random arrays, coupling

can vary quite substantially across the array. The effect is

illustrated in Fig. 13 for the LOFAR LBA at Onsala.
These patterns were computed using the commercially

available electromagnetic simulation tool FEKO at 50 MHz.

A-projection [65] is one method of dealing with DDEs;

another is A-stacking [66].

In this section, only one polarization has been consid-

ered. As already discussed, polarimetry is a core compo-

nent of radio astronomy; the radio interferometry

measurement equation (RIME) is the contemporary frame-

work within which this is most readily incorporated [67].

G. RFI Mitigation
Array-based instruments offer the possibility of new

methods of suppressing radio-frequency interference

(RFI). RFI regularly hinders important science observa-

tions and is drawing the attention of international gov-

erning bodies and technical associations [68], [69]. As

astronomers search for new and exotic objects at greater

distance and higher redshifts, they must observe outside

the traditional protected frequency bands and compete

with an ever growing number of radio spectrum users.
With GPS, COMPASS, and Galileo navigation satellite

systems, for example, a wide swath of L-band spectrum

is completely unusable for important moderate red-

shifted hydrogen observations [70], [71]. The problem is

exacerbated by the extreme dynamic range over which

harmful interference may occur, ranging from j70 up to

+50 dB with respect to the instantaneous system noise

level [72]. This makes radio astronomical RFI mitigation
uniquely difficult.

Commonly used RFI mitigation methods for radio as-

tronomy include simple data excision and RFI avoidance

(blanking, flagging, and frequency channel exclusion),

but these involve loss of data and the inability to perform

some desired observations [69]. Other advanced time-

domain methods such as waveform subtraction, adaptive

Fig. 13. (a) The LOFAR LBA (left of photo) and HBA (right of photo)

stations at Onsala Space Observatory, Sweden. Photograph

courtesy of Leif Helldner. (b) FEKO model of the 96-element LBA

station showing the radiation patterns (magnitude) of each

antenna in the array. The array comprises dual-polarized

inverted-V antennas above a ground plane (not shown in model).

Generally a larger degree of interelement variability is observed

among the patterns of the antennas that are closely spaced

than in the patterns of those that are more isolated. Reproduced

with permission from Astronomy & Astrophysics, ESO [66].
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filtering, and anti-coincidence processing have been pro-
posed, but have not been generally adopted in practical

observations.

The next generation of AAs and PAFs allow the use

of array signal processing algorithms to place nulls on in-

terfering sources and otherwise remove interference

from received signal data. Over the last few years, major

theoretical breakthroughs have been achieved in RFI mit-

igation research. The challenge is that relatively weak in-
terferers, tens of decibels below the receiver noise floor,

can destroy sensitive passive observations, yet are beyond

the reach of traditional RFI mitigation techniques used

for high-SNR communication systems.

The “deep null” problem with RFI astronomical ob-

servations can be addressed using spatial filtering tech-

niques applied to array receivers to place deep pattern

nulls on offending sources (e.g., [73]–[75]). Currently,
the most effective algorithms are based on subspace pro-

jection, which can achieve high interference rejection

due to a zero forcing property. A projection matrix P is

formed such that it spans the subspace orthogonal to the

interference array spatial response vector di. If the inter-

ference is strong, di can be estimated as the dominant ei-

genvector of array covariance matrix R. The beamformer

(2) is then modified to

v ¼ ðPwÞHv: (4)

In practice, interferer motion and system gain drift limit

achievable null depth, and the temporal variability of the
projection introduces artifacts in the signal spectrum. To

overcome these issues, recent enhancements to orthogo-

nal subspace projection include a bias correction algo-

rithm [73] to restore the original beampattern on

average, oblique projection which ensures that the signal

of interest is not attenuated by projection operator P

[76], [77], and cross-subspace projection, which uses a

smaller “auxiliary” antenna to track the interferer [74].
This auxiliary signal is included in the array covariance

matrix calculation to improve the interference subspace

estimate and thus allow effective canceling even when

the RFI is not the dominant signal in the array data

vector. Fig. 14 shows a 3.7-m auxiliary antenna at the

Australian Parkes Observatory which is being used in

experiments to track interfering GPS and Galileo satel-

lites to improve canceling beamformer performance with
the ASKAP 12-m BETA PAF test platform telescope. RFI

mitigation is a vibrant area of research for astronomical

arrays, and continues to be of great interest in the array
signal processing and astronomical communities.

V. CONCLUSION

The wide range of research projects and instruments in

construction that we have surveyed show that radio as-

tronomy applications are driving a renaissance in re-

search on high-sensitivity aperture-type arrays and array

feeds. Single-dish array feeds, low-frequency AAs, and
SKA demonstrator projects are in development around

the world. There is a vital exchange of technical knowl-

edge among the instrument development and antenna

communities as engineers grapple with the extremely

stringent performance requirements needed for astro-

nomical observations.

Serious open challenges for AAs and array feeds re-

main, including further noise temperature minimization,
real-time digital signal processing, and deployment of

science-ready instruments. Resolving these issues will

continue to drive progress on both theoretical and sys-

tem design fronts in the coming years. Within the next

decade, new generations of array-based instruments will

have provided astronomers, astrophysicists, and cosmolo-

gists with unprecedented understanding of the origins of

galaxies, shed new light on the physical processes that
occurred in the early universe, and lead to the discovery

of exotic new transient sources in the radio sky. h
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