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The Long Wavelength Array
Now under development, with stations eventually to be distributed over the state

of New Mexico, this multipurpose telescope is expected to provide improved

angular resolution and sensitivity at frequencies below 88 MHz.

By Steven W. Ellingson, Senior Member IEEE, Tracy E. Clarke, Aaron Cohen,

Joseph Craig, Member IEEE, Namir E. Kassim, Ylva Pihlström,

Lee J Rickard, and Gregory B. Taylor

ABSTRACT | The Long Wavelength Array (LWA) will be a new

multipurpose radio telescope operating in the frequency range

10–88 MHz. Upon completion, the LWA will consist of 53 phased

array Bstations[ distributed over a region about 400 km in

diameter in the state of New Mexico. Each station will consist of

256 pairs of dipole-type antennaswhose signals are formed into

beams, with outputs transported to a central location for high-

resolution aperture synthesis imaging. The resulting image

sensitivity is estimated to be a few millijanskys (5�, 8 MHz, two

polarizations, 1 h, zenith) in 20–80 MHz; with resolution and

field of view of (800, 8�) and (200, 2�) at 20 and 80 MHz, respec-

tively. Notable engineering features of the instrument, demon-

strated in this paper, include Galactic-noise limited active

antennas and direct sampling digitization of the entire tuning

range. This paper also summarizes the LWA science goals, spe-

cifications, and analysis leading to top-level design decisions.

KEYWORDS | Aperture synthesis imaging; digital beamforming;

radio astronomy

I . INTRODUCTION

Radio astronomy emerged at frequencies below 100 MHz,

a regime from which scientific and technical innovations

flowed that helped lay the basis of modern astronomy for

several decades [1]. Important contributions made at these

frequencies include the discovery of the importance of

nonthermal processes in astrophysics, the discovery of

pulsars and Jovian radio emission, progress in understand-

ing space weather, and the development of interferometry
and aperture synthesis imaging [2]–[4]. Interest in the

field eventually receded because of an inability to compete

with the science accessible to large centimeter-wavelength

aperture synthesis radio telescopes such as the Very Large

Array (VLA) of the National Radio Astronomy Observato-

ry. Specifically, early calibration techniques were incapa-

ble of compensating for wavelength-dependent

ionospheric phase fluctuations, limiting baselines below
100 MHz to a few kilometers, thereby greatly limiting both

resolution and sensitivity.

Several factors have contributed to revive interest in

low frequency radio astronomy. In the early 1990s, self-

calibration [5] was first successfully applied to overcome

the ionospheric limit to short baselines and permit subarc-

minute resolution at 74 MHz on the VLA [6], [7]. Over the

same time frame, cost and technology for receivers and
digital signal processing suitable for large wide-bandwidth

beamforming arrays improved dramatically, making it rea-

sonable to consider building low frequency radio telescope

arrays whose full resolution, bandwidth, and sensitivity

could finally be utilized. Also, advances in computing have

made the computationally tedious tasks of radio-frequency

interference (RFI) mitigation, calibration, and wide-field

image processing tractable. Lastly, an increasing number
of questions in astrophysics have emerged in which high-

angular-resolution low-frequency radio astronomy plays an

important or essential role [4].

The Long Wavelength Array (LWA) is a large

multipurpose radio telescope that is being developed to

investigate these questions [8].1 Upon completion, LWA
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will consist of 53 electronically steered phased array

Bstations,[ each consisting of 256 pairs of dipole-like

antennas, operating with Galactic noise-limited sensitivity

over the frequency range 10–88 MHz. An LWA station is

shown in Fig. 1. The stations will be distributed over the
state of New Mexico, as shown in Fig. 2, with maximum

baselines (distances between stations) of up to 400 km.

Beams formed by the stations will be transmitted to a

central location and correlated to form images using

aperture synthesis techniques [9]. Stations will also be

capable of operating as independent radio telescopes.

This paper reviews the scientific motivation for LWA
and the design as it now exists. The LWA science case and

the resulting technical requirements are described in

Section II. Sections III and IV address the station- and

interferometer-level designs, respectively. In Section V,

we compare LWA with the Low Frequency Array (LOFAR)

[10],2 a similar instrument now under construction in The

Netherlands, and discuss plans for construction and

operations. Additional detailed information on LWA is
available through an online memo series.3

II . SCIENCE CASE AND
TECHNICAL REQUIREMENTS

The LWA is designed for both long-wavelength astrophys-

ics and ionospheric science. Science to be addressed by the

LWA includes cosmic evolution, the acceleration of rela-

tivistic particles, physics of the interstellar and interga-

lactic media, solar science and space weather, and

Bdiscovery science;[ that is, the search for previously

unknown sources and phenomena [8]. Specific objectives

for LWA are spelled out in [11] and are summarized here.
The overarching motivation for LWA is to achieve long-

wavelength imaging with angular resolution and sensitivity

comparable to existing instruments operating at shorter

wavelengths; i.e., on the order of arcseconds and milli-

janskys (mJy; 1 Jy ¼ 10�26 W m�2 Hz�1), respectively.

This represents an improvement by two to three orders

of magnitude over previous instruments operating at these

frequencies. Baselines of up to 400 km yield resolution of
8 and 200 at 20 and 80 MHz respectively, required for

studying the details of acceleration processes from super-

nova remnants (SNRs) [12] to the jets [13] and hotspots

[14] of extragalactic radio galaxies. Longer baselines bring

diminishing returns due to the intrinsic scattering limits

imposed by the interplanetary and interstellar media.

LWA is designed to achieve image thermal noise sen-

sitivity on the order of 5 mJy (5�, 8 MHz, 1 h, zenith) over
20–80 MHz. This approaches the desired millijansky goal

while achieving a balance with confusion; i.e., the limi-

tation on image sensitivity due to both unresolved sources

(Bclassical confusion[) as well as from bright sources

received through sidelobes (Bsidelobe confusion[). The

angular resolution is sufficient to avoid confusion for

plausible integration times (tens to hundreds of hours)

over most of the frequency range [15].
While most science will benefit from high sensitivity,

specific drivers include the search for extrasolar planets

by Jupiter-type decametric radio emission [16], [17] and

the detection and study of high redshift radio galaxies

[18], [19]. Determination of the total number of antennas

(collecting area) and the receiver noise temperature

required to achieve this sensitivity is a complex issue,

addressed in detail in Section III.

Fig. 1. Artist’s concept of an LWA station.

Fig. 2. LWA station locations. Number indicates planned order of

installation.

2See http://www.lofar.org.
3See http://www.phys.unm.edu/~lwa/memos.
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Antenna data are aggregated at the station level into
beams. The imaging field of view (FOV) is limited by the

width of the station beam, which in turn is determined by

the dimensions of the station array. A requirement of

�100 m mean dimension for the station array balances the

desire to efficiently sample large fields and astrophysical

sources including SNRs and coronal mass ejections against

the increasing difficulty of ionospheric calibration across a

wide FOV.
A separate but related issue is the number of stations

NS. It is desirable to concentrate the antennas into a small

number of stations so as to simplify the process of acquir-

ing land, transporting data, and maintaining the instru-

ment. At the same time, image quality is determined by the

number of baselines as well as their lengths and orienta-

tions, which argues for large NS. Diversity of baselines is

particularly important given the wide range of angular
scales of interest and the desire for high-dynamic-range

imaging in the presence of a complex sky brightness dis-

tribution. Guidance for estimating NS is derived from ex-

perience with the VLA. The VLA is a 27-element array that

can be arranged in four different configurations, yielding

�2� ð27Þð27� 1Þ=2 ¼ 702 baselines since about half the

baselines are shared between configurations. LWA stations

cannot be moved, so 53 stations provide roughly twice as
many baselines (1378) as the VLA, and should be adequate

for imaging the intrinsically larger fields seen at long

wavelengths.

Science goals motivate the broadest tuning range and

bandwidth possible. These goals include enhancing the

contrast between both intrinsic and extrinsic emission and

propagation processes; the study of SNRs [12]; the study of

the interstellar medium (ISM) of the Milky Way and ex-
ternal galaxies [20]; the study of self-absorption processes

in extragalactic sources [14]; the study of pulsars; and the

study of ionospheric turbulence and waves [21]. However,

the increasing opacity of the ionosphere at low frequencies

combined with overwhelming interference from commer-

cial broadcast FM radio stations pose a practical limit of

�3 to �88 MHz. Accounting for the �4 : 1 bandwidth

that can be achieved by active antennas (Section III-A), we
expect to meet most of our requirements in the frequency

range 20–80 MHz, and to be able do useful science, albeit

with reduced capability, in 10–20 and 80–88 MHz.

As discussed in Section III-D, LWA station digital elec-

tronics will have the ability to form multiple beams, each

of which can be pointed and tuned independently of the

others, with only a modest increase in the cost and

complexity relative to what is required to form a single
beam. We have settled on a specification of three beams for

most stations. One of these beams will always be available

to assist in measuring the ionosphere, as part of image

calibration [22], whereas the other two can be used for

simultaneous independent observing programs. Due to

practical limitations in data transmission from stations to

the correlator (Section IV), we constrain the bandwidth

for multibeam operation to 8 MHz (selectable from any-
where with the tuning range). However, beams will be

formed at the station as Bfull RF;[ i.e., with bandwidth

equal to the tuning range. LWA Bcore[ stationsVi.e.,

�15 stations located within the central 10 km of the

LWAVwill be equipped to send one additional beam

consisting of the full RF bandwidth to the correlator si-

multaneously with the three 8 MHz beams. This beam will

be used primarily for solar science during the day and
primarily for early universe (BDark Ages[) studies at night.

The specifications arising from requirements for long-

wavelength astrophysics lead to an instrument that is also

well suited to study of the ionosphere. This is because

astrophysical image calibration requires solving for the

refractive effects of the ionosphere, thereby resulting in

precise measurements of fine structure over the array as

side information. Variations in total electron content
ð�TECÞ produce phase variations �0:85ð�TEC=
1013 cm�2Þ (100 MHz=�). �TEC measurements at levels

below 1012 cm�2 have already been demonstrated using

the VLA (using just 1.6 MHz bandwidth at 74 MHz), and

one can obtain complementary measurements that en-

hance the value of space-based and other ionospheric

remote sensing measurements; e.g., [23]. The increased

bandwidth and sensitivity of LWA may enable measure-
ments necessary to improve existing regional and global

assimilating models [24], [25] used to understand and

predict ionospheric behavior.

III . STATION-LEVEL DESIGN

A. Active Antennas
To achieve large tuning range, previous broadband low-

frequency telescopes such as the Clark Lake TPT [26] and

UTR-2 [27] used antennas that have inherently large im-

pedance bandwidthVconical spirals and Bfat[ dipoles, re-

spectively. Such antennas are mechanically complex,

making them expensive, difficult to construct, and prone

to maintenance problems. This makes them unsuitable as

elements in arrays on the scale of LWA. In contrast, simple
wire dipoles are mechanically very well suited for use in

large low-frequency arrays but have inherently narrow

impedance bandwidth. However, this is not necessarily a

limitation below �300 MHz because the natural Galactic

noise which is transmitted through an impedance mis-

match can potentially dominate over the noise contribu-

tion of the front-end electronics [28], [29]. For this reason,

we consider the antenna and first stage of gain as a single
component, which we refer to as an Bactive antenna.[

The minimum acceptable ratio of Galactic to internal

noise from an active antenna is determined by integration

time: The smaller the ratio, the greater the integration

time required to achieve a specified sensitivity. For exam-

ple, integration time is increased by 57% and 21% over the

ideal (zero internal noise) values for domination ratios of
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6 and 10 dB, respectively [30]. Once the antenna system is
Bminimally[ galactic noise-limited, further improvement

in impedance match has little effect on the sensitivity of

the instrument. Since Galactic noise is broadband and

distributed over the entire sky, further improvement in

the sensitivity of the telescope can therefore be achieved

only by adding antennas.

The noise temperature at the output of an active an-

tenna is given by Tsys ¼ �TA þ Tp, where TA is the antenna
temperature, Tp is the noise temperature of the electron-

ics, and � is impedance mismatch efficiency; that is, the

fraction of power captured by the antenna that is suc-

cessfully transmitted to the electronics. This is given by

ð1� j�j2Þ, where � is the reflection coefficient at the an-

tenna terminals. If TA is dominated by the Galactic noise,

then TA � T74ð�=4 mÞ2:6, where T74 is approximately

2000 K and � is wavelength [28]. Although the ground is
normally radiometrically Bcold[ relative to the sky at these

frequencies, a conducting ground screen is important to

prevent loss through absorption into the ground [29] and

also to stabilize the system temperature by isolating the

antenna from variable (e.g., dry versus wet) ground

conditions [31].

Candidate antenna structures for LWA stations are

shown in Fig. 3. The Bbig blade[ [32] exhibits the best
overall performance, whereas the Bfork[ antenna [33]

performs slightly less well but seems to be better suited to

manufacture in large quantities. For purposes of subse-

quent analysis in this paper, we shall assume the big blade;

however, the differences from the fork and other design

concepts are minor [32], [34].

The LWA candidate front-end electronics (located at

the antenna feedpoint) employs commercial InGaP het-
erostructure bipolar transistor monolithic microwave

integrated circuit amplifiers (Mini-Circuits GALI-74) in a

differential configuration presenting a 100 � balanced load

to the antenna. This is followed by a passive balun which

produces a 50 � single-ended signal suitable for transmis-

sion over coaxial cable. The total gain, noise temperature,

and input 1 dB compression point are approximately

36 dB, 250 K, and �18 dBm, respectively, and approxi-
mately independent of frequency over 10–88 MHz.

Alternative designs providing significantly lower noise

temperature are possible; however, the compression point

of such designs is correspondingly lower, which increases

the risk of being driven into compression by RFI.
The condition for Galactic noise-limited sensitivity is

Tp � �T74
�

4 m

� �2:6

: (1)

Fig. 4 demonstrates that Tp primarily determines the

bandwidth, and only secondarily the sensitivity, of an

active antenna. For example, the LWA candidate front end

(assuming 300 K to be conservative) yields output in which

Galactic noise dominates over internal noise by at least

6 dB from 27 to 85 MHz. This is verified experimentally in
Section III-D (Fig. 6).

The collecting area of a single antenna in isolation Ae0

is a function of �, zenith angle �, and azimuth �. De-

pendence of the gain on � and � can be modeled as a factor

of cos�ð�Þ �. Examination of the big blade patterns from

[32] suggests � ¼ 1:34 in the E-plane and � ¼ 1:88 in the

H-plane. For simplicity, we assume a single value of

� ¼ 1:6 (the geometric mean of 1.34 and 1.88). Effective
collecting area can then be expressed as

�Ae0ð�; �Þ ¼ �Gð�Þ �
2

4	
cos1:6 �: (2)

For the big blade, the zenith directivity Gð�Þ ranges from

about 8.5 dB at 20 MHz to 5.9 dB at 88 MHz, assuming an

electrically large ground screen [32]. This model is known

to be quite good below 65 MHz. At higher frequencies, the

Fig. 3. LWA candidate antennas. (a) ‘‘Big blade’’ design and

(b) ‘‘fork’’ design. Antennas are approximately 1.5 m high.

Arms are tilted downward to primarily improve pattern.

Fig. 4. Maximum Tp that yields the indicated degree of Galactic noise

domination (GND) into 100 � for the LWA candidate antenna.
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pattern becomes complex; by 74 MHz, a small deviation
from the simple cosine power law is apparent, and by

88 MHz, the E-plane pattern has bifurcated. Nevertheless,

the model is useful in the next section, in which we aim to

determine the number of active antennas required per

station.

B. Collecting Area Requirement
The primary parameters in the design of the station

array are collecting area, which contributes to image sensi-

tivity; and the dimensions of the station beam, which

constrains the image FOV. The primary constraint in de-

termining the required collecting area is being able to detect

a sufficient number of sources NFOVðsÞ above a certain flux s
within the FOV to calibrate the image against the distorting

effects of the ionosphere. At 74 MHz, the number of sources

per square degree with flux density s or greater is

NðsÞ � 1:14
s

Jy

� ��1:3

(3)

with the caveat that this is only known to be accurate down

to about s ¼ 0:4 Jy. To extrapolate to other frequencies, it is

assumed that s scales according to the typical spectral index
of a low-frequency source; i.e., as �þ0:7. Thus we have

NðsÞ ¼ 1:14
s

Jy

� ��1:3
�

4 m

� �0:91

: (4)

The FOV of the LWA can be defined as the angular

area bounded by the half-power beamwidth of a station
beam. In the elevation plane, this is given by  ð�Þ �
 0ð�=DÞ sec � rad, where D is the station mean diameter

and  0 ¼ 1:02 for a uniformly excited circular array. In

the orthogonal plane, the beamwidth is simply  0ð�=DÞ.
FOV can then be expressed as

FOV ¼ 4:12 2
0

�

4 m

� �2 D

100 m

� ��2

sec �½deg2�: (5)

The number of sources with flux density 	 s in the FOV is

therefore given by the product of (4) and (5).

The required number of sources is uncertain. Ideally,

we use at least one calibrator per isoplanatic patch. How-

ever, because imaging has never been attempted at these

frequencies and baseline lengths, the appropriate patch
size is unknown. The best we can do at present is to com-

pare to the number of calibrators needed for imaging with

the 74 MHz VLA using field-based calibration [35]. Extra-

polating these results to the LWA provides a basis for

making rough estimates. In its largest configuration, the

VLA requires four to six sources typically, with ten sources

desirable. Let this number be NVLA
cal . The requirement for

LWA can be extrapolated as follows:

Ncal ¼ NVLA
cal

LB

36 km

� �2
FOV

FOVVLA

� �
1

rnp

�

4 m

� �2

(6)

where LB is the length of maximum baseline included on

the assumption that Ncal grows in proportion to the num-

ber of resolution elements in the FOV; FOVVLA ¼ 77 deg2

is the FOV of the VLA at 74 MHz; and rnp is the fraction of
detectable sources that are usable point sources (e.g., not

apparently extended due to the improved resolution). In

this expression, the wavelength dependence accounts for

the fact that the number of calibrators required scales by

another factor of �2 because the magnitude of ionospheric

phase variations is proportional to �.

To determine if Ncal sources are detectable in the FOV,

it is necessary to develop an expression for imaging sen-
sitivity. The root mean square image noise level � is given

by [9]

� ¼ 2kTsys


sAes

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NSðNS � 1ÞNpol����

p ½Wm�2Hz�1� (7)

where k ¼ 1:38� 10�23 J/K, Aes is the collecting area of a

station, NS is the number of stations, Npol ¼ 2 is the num-

ber of orthogonal polarizations, �� is the total observation

time, �� is the observed bandwidth, and 
s accounts for

the aggregate effect of various hard-to-characterize losses

throughout the system.

The effective collecting area of a station is given by

Aes ¼ �Na�Ae0ð�; �; �Þ (8)

where Na is the number of dual-polarization antennas in

the station and � is a coefficient that accounts for the

aggregate effect of mutual coupling. It is known from

modeling experiments that � is in the range 1 
 0.35

(variation with respect to � and �) for a station consisting

of straight dipoles near resonance at 38 MHz [36]. This

may or may not also be the case for a station consisting of
LWA candidate antennas at this or other frequencies, but it

seems unlikely to be dramatically different. Making the

substitutions, we find

Na 	 ð1:75� 105ÞrC
�

4 m

� �3:44

þ
Tp

�T74

�

4 m

� �0:84
" #

� Ae0ð�; �; �Þ
m2

� ��1 NVLA
cal

rnp

� �0:77
LB

36 km

� �1:54

(9)

Ellingson et al. : The Long Wavelength Array

Vol. 97, No. 8, August 2009 | Proceedings of the IEEE 1425

Authorized licensed use limited to: to IEEExplore provided by Virginia Tech Libraries. Downloaded on July 14, 2009 at 18:53 from IEEE Xplore.  Restrictions apply.



where

C ¼ 
s�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NSðNS � 1ÞNpol����

qh i�1

(10)

and r is the required signal-to-noise ratio for detecting the

calibrators. It is interesting to note that this result does not
depend on the station size D since the number of available

calibrators scales in proportion to the beamwidth.

The results are shown in Fig. 5. These results assume

the big blade antenna of [32] (but should be approximately

the same for other candidate antenna designs), r ¼ 5,


s ¼ 0:78, �� ¼ 6 s, and �� ¼ 8 MHz. The value of ��
is chosen to be the maximum time interval over which the

ionospheric phases will not vary significantly. This is �6 s
based on 1) the assumption that phase variations are pro-

portional to wavelength and 2) our experience that a 1 min

solution interval was sufficient for the VLA, which is

roughly one-tenth the size of LWA. The results are shown

for three values of Tp to demonstrate the weak influence of

receiver noise temperature. It is clear that much depends

on the beam pointing elevation, with Na increasing with

increasing zenith angle. This is due primarily to the an-
tenna pattern. On the other hand, note that Na is drama-

tically reduced if we assume alternative (reasonable, but

less conservative) calibratibility assumptions. Taken to-

gether, from an image calibratibility viewpoint, arguments

can be made for Na as small as 50 and as large as 2500.

Additional considerations in the Na decision are system

cost, which scales roughly linearly with Na and motivates

minimizing Na; and image thermal noise sensitivity �,
given by (7). Choosing Na ¼ 256 (arbitrarily chosen to be a

power of two) yields � � 1 mJy over 20–80 MHz for
�� ¼ 1 h (all other parameters the same). This meets the

sensitivity goals pertaining to science requirements while

achieving a balance with classical and sidelobe confusion

(see Section II) for 400 km baselines over plausible in-

tegration times. From Fig. 5, this also seems to facilitate

image calibration over a broad range of frequencies and

zenith angles. Although this analysis suggests Na ¼ 256

will be challenging for calibration at lower elevations, in-
creasing Na is costly. Moreover, present estimates do not

consider emerging calibration techniques; e.g., leveraging

the known frequency dependence of ionospheric phase

fluctuations across a wide bandwidth. Finally, previous

dipole-array based observations from a comparable latitude

to as far south as the Galactic center ( � �29� declina-

tion, corresponding to a maximum elevation of �27� above

the southern horizon [37]) and beyond ( G�40� [38]) have
produced important science despite these limitations.

C. Array Geometry
Given that the station should have a diameter of about

100 m and Na ¼ 256, the mean spacing between antennas
will be 5.4 m, which is 0.36� and 1.44� at 20 and 80 MHz,

respectively. Traditional techniques for broadband array

design require uniform spacings less than 0.5� at the

highest frequency of operation [39]. This is for two

reasons: 1) to prevent spatial aliasing and 2) to use the

strong electromagnetic coupling to stabilize the scan

impedance of the individual antennas, improving band-

width. However, to achieve this spacing at 80 MHz
requires an increase in Na by more than a factor of three,

which is cost-prohibitive. Implementing larger Na using a

hierarchical (i.e., subarray-based) architecture allows

Fig. 5. Required number of dual-polarization antennas per station ðNaÞ for NS ¼ 53 with LB ¼ 400 km. (a) 38 and (b) 74 MHz.

The upper set of curves assume NVLA
cal ¼ 10 and rnp ¼ 0:5, whereas the lower set of curves assume NVLA

cal ¼ 4 and rnp ¼ 1.

The right edge of each plot corresponds to upper culmination of the Galactic Center as seen from New Mexico.
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more antennas at similar cost, but only by sacrificing the
ability for beams to be steered independently over the

entire sky. For these reasons, we have chosen to address

the spatial aliasing problem by arranging the antennas in

pseudorandom fashion. Although the specific geometry

has not yet been selected, the current plan is to enforce a

minimum spacing constraint of 5 m.

Various ionospheric, solar, and especially Galactic sci-

ence goals require the ability to observe towards declina-
tions that appear low in the southern sky from New Mexico.

To compensate for the elevation-plane widening of the

beam for these observations, the station footprint will be an

ellipse with NS:EW axial ratio �1.2 : 1. This results in a

circular station beam at transit for the celestial equator.

D. Station Electronics
In our preliminary design, the signal from every antenna

is processed by a dedicated direct-sampling receiver con-

sisting of an analog receiver (ARX) and an analog-to-digital

converter (A/D), which samples 196 million samples per

second (MSPS). Beams are formed using a time-domain

delay-and-sum architecture, which allows the entire

10–88 MHz passband associated with each antenna to be

processed as single wide-band data stream. Delays are imple-

mented in two stages: A coarse delay is implemented using a
first-in first-out buffer operating on the A/D output samples,

followed by a finite impulse response filter. The signals are

then added to the signals from other antennas processed

similarly. Three or four dual-polarization beams of band-

width 78 MHz, each capable of fully independent pointing

over the visible sky, will be constructed in this fashion.

These beams will be available for various Bbackends[
implemented at the station level, such as data recorders,
wide-band spectrometers, and pulsar machines. For inter-

ferometric imaging, two Btunings[ will be extracted from

any frequency in the 78-MHz-wide passband, having

bandwidth selectable between 400 kHz and 8 MHz di-

vided into 4096 spectral channels. This is the output to the

LWA correlator. As explained in Section II, stations in the

LWA core will also output a wide-band beam derived from

one of the full-RF beams.
To facilitate commissioning activities, diagnostics, and

certain types of science observations requiring all-sky FOV,

the station electronics will also have the capability to

coherently capture and record the output of all A/Ds, where

each A/D corresponds to one antenna. This will occur in

two modes: the Btransient bufferVwide-band[ (TBW)

allows the raw output of the A/Ds to be collected conti-

nuously but only for �100 ms at a time. The Btransient
bufferVnarrow-band[ (TBN), in contrast, allows a single

tuning of�100 kHz bandwidth to be recorded indefinitely.

Considerations in the design of direct sampling re-

ceivers for low-frequency radio astronomy are summarized

in [40]. In a direct sampling receiver, the analog signal

path involves only gain and filtering, and the sky signal is

sampled without frequency conversion. The primary

considerations in choosing a direct-sampling architecture,

as opposed to a more traditional tuning superheterodyne

architecture, are simplicity (e.g., no local oscillators, no

mixers, etc.) and simultaneous access to the entire

10–88 MHz tuning range. The primary difficulty is ap-
plying sufficient gain to maintain Galactic noise domi-

nance over receiver and quantization noise, with sufficient

linearity and headroom to accommodate RFI.

The latter task is complicated by the varying nature of

RFI over the tuning range. RFI impacts astronomy at two

levels: first, by creating a potential threat to linearity; and

secondly, by obstructing spectrum of interest. We consider

the linearity issue first. At the remote rural locations at
which stations are to be located, the most troublesome

interference is due to distant transmitters at frequencies

below about 30 MHz, whose signals arrive at the station by

refraction from the ionosphere. Television signals in 54–

88 MHz and FM broadcast signals in 88–108 MHz rank

second at most rural sites in terms of overall RFI power

delivered to the antennas, but this has potential to become

more serious for stations located closer to population
centers.4 RFI in the spectrum between 30 and 54 MHz is

primarily local two-way radio and is normally only an

intermittent problem from a linearity perspective.

To accommodate the various uncertainties in the RFI

environment, we have developed an ARX that can be

4The effect of the transition from analog to digital TV in the United
States, currently planned to be complete by February 2009, is uncertain.
Although the spectral characteristics of digital TV signals are more
troublesome from an astronomy viewpoint, it appears that fewer
broadcasters will be operating in the region after the transition. Also,
the digital transition mandate does not apply to certain classes of analog
low-power and repeater stations.

Fig. 6. (Top curve) Spectrum acquired using an LWA prototype

active antenna (similar to that shown in the right of Fig. 3), with the

ARX and A/D described in the text; 1 s integration. Also shown

overlaying the top curve is the result predicted from a sky model.

(Bottom curve) Same measurement performed with a 100 � (matched)

load replacing the dipole arms.
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electronically reconfigured between three modes: a full-
bandwidth (10–88 MHz) uniform-gain mode, a full-

bandwidth dual-gain mode in which frequencies below

about 40 MHz can be attenuated using a Bshelf filter,[ and a

28–54 MHz mode, which serves as a last line of defense in

the case where RFI above and/or below this range is

persistently linearity-limiting. In addition, the total gain in

each mode can be adjusted over a 60 dB range in 2 dB steps,

allowing fine adjustments to optimize the sensitivity–
linearity tradeoff.

This choice of modes and gain settings was based on a

detailed study of RFI at the VLA, combined with a study of

A/D capabilities, leading to the conclusion that an A/D of

about 200 MSPS with 8-bit sampling was probably sufficient

when combined with an ARX having the capabilities de-

scribed above [41]. We currently favor a sampling rate Fs ¼
196 MSPS, as this results in the highly desirable situation
that the 88–108 MHz FM broadcast band aliases onto itself,

which greatly reduces antialias filtering requirements.

A prototype digitizer using the Analog Devices

AD9230-250 12-bit A/D has been constructed and tested

in conjunction with a prototype ARX having the character-

istics described above, in field conditions. (The use of 12-bit

sampling over 8-bit sampling provides some additional

headroom without much impact on cost or power.) The
results have been excellent and are shown in Fig. 6. Note

that the result is sky-noise dominated by at least 6 dB over

the range 20–80 MHz, and by at least 10 dB in 28–47 MHz.

Also note that this is achieved despite the presence of very

strong in-band RFI. The system input 1 dB compression

point, as configured for this measurement, was �45 dBm.

Experience from the 74 MHz VLA system and other

instruments has demonstrated that RFI from external as
well as internal sources will be present at all levels

throughout the spectrum. The primary difficulty posed by

RFI, assuming it is not linearity-threatening, is that it dra-

matically increases the amount of manual effort required to

reduce data [7]. A variety of countermeasures to facilitate

automatic real-time mitigation of RFI are known [42] and

being considered for implementation. In the station elec-

tronics, this may include the ability to modify the response
of digital filters to suppress narrow-band RFI and pulse

blanking to remove strong, bursty interference. Spatial or

space-frequency nulling can potentially be supported by the

planned electronics architecture. For spectrometry, time-

frequency blanking to resolutions of a few milliseconds� a

few kilohertz is supported. Other devices and backends

may use additional application-specific methods, and the

specific mix of techniques employed will depend on the
observing mode and RFI present.

IV. INTERFEROMETER-LEVEL DESIGN

LWA stations will be connected by gigabit ethernet over

optical fiber to a centrally located correlator. For most

stations, the output to the correlator will be both

polarizations of three beams of 8 MHz bandwidth each,
resampled to 8 bits at 1.5 times the Nyquist rate. This

results in a data rate of 576 Mb/s. LWA core stations will

also transmit a wide-band beam (Section II), which

increases the data rate for these stations to 1920 Mb/s.

The purpose of the correlator is to compute the corre-

lations between stations, which, by application of the Van

Cittert–Zernicke theorem, can then be transformed into

a raw image within the beam FOV [9] and subsequently
calibrated (typically as a postprocessing step) to obtain the

desired image. The large number of high-data-rate signals

involved make correlation extremely computationally

intensive, requiring dedicated equipment running in real

time for the complete LWA. Development of this correlator

has not yet begun. However, as discussed in Section V, the

LWA is to be built in stages, with the number of stations

available in the early stages being relatively small. During
this time, we intend to simply capture the station outputs

using disk buffers and perform correlation in software

using general-purpose computers.

A demanding aspect of image calibration is correction

for the dynamically-varying refractive effects of the iono-

sphere. As mentioned in Section II, our intent is to mea-

sure ionospheric corrections over the entire sky in real

time from each station using a Bcalibration beam[ in addi-
tion to the two imaging beams. This beam will cycle

rapidly (G 10 s) among �100 bright sources, sampling

differences in total electron content over more than 5000

different lines-of-sight through the ionosphere [22].

V. CONCLUDING REMARKS

LWA has much in common with LOFAR (mentioned in
Section I), in particular its low-band (30–80 MHz) sub-

system. However, there are significant differences that

make them complementary instruments. LWA will be able

to observe to much lower frequencies: as low as 10 MHz.

LOFAR is located in Northern Europe (latitude � 55� N),

favoring extragalactic sources, whereas LWA will be

located at �34� N, offering access to the important inner

Galaxy region. LWA’s larger and more densely packed
stations (Na ¼ 256 for LWA as opposed to 48 or 96 for

LOFAR) are more suited to targeted observations (again,

well suited for galactic work), whereas the LOFAR design

favors extragalactic surveys.

The LWA project conducted a system requirements

review in Fall 2007 and is currently (October 2008) pre-

paring to conduct a preliminary design review for LWA-1,

the first LWA station. The cost of each LWA station is
currently estimated at $850 000. Based on current fund-

ing projections, LWA Stations 1–3 will be constructed by

the end of 2010, Stations 4–10 in 2011, and Stations 11–16

in 2012. A schedule for Stations 17–53 has not yet been

determined and will depend on future funding.

Useful science observations will be possible at each

stage of development. Each station by itself will be a capable
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radio telescope comparable to or exceeding the collecting
area of most past and present low-frequency instruments.

Single-station science goals include observation of radio

recombination lines from the cold ISM with improved

sensitivity, frequency coverage, and angular resolution [43];

sensitive broadband observations of �80 pulsars [44]; and

searches for galactic and extragalactic radio transients [45],

[46]. With NS � 9, imaging with resolution G 1000 will be

possible for hundreds of sources 	 10 Jy [47], including
many radio galaxies. Expansion to NS ¼ 16 stations will add

short baselines and bring improved surface brightness

sensitivity for targets including SNRs and clusters of

galaxies [48]. The threshold for full-field calibration and

mapping is unknown but will probably require completion
of at least half the total compliment of 53 stations. h
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