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Abstract— The Long Wavelength Array (LWA) will be a new
multi-purpose radio telescope operating in the frequency range
10-88 MHz. Upon completion, LWA will consist of 53 phased
array “stations” 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 antennas whose 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 mJyfo, 8 MHz, 2 polariza-
tions, 1 hr, zenith) in 20-80 MHz; with resolution and field of
view of (8”,8°) and (2”,2°) at 20 MHz and 80 MHz, respectively.
Notable engineering features of the instrument, demonstrated 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, specifications, and
analysis leading to top-level design decisions.

Index Terms— Radio Astronomy, Aperture Synthesis Imaging,
Digital Beamforming.

Fig. 1. Artist’'s concept of an LWA station.
I. INTRODUCTION

Radio astronomy emerged at frequencies below 100 MHzr, . dd ticall King it ble to icte
a regime from which scientific and technical innovation rays improved dramatically, making It reasonable 1o [ats

flowed that helped lay the basis of modern astronomy f luilding low frequency radio telescope arrays whose full

P olution, bandwidth, and sensitivity could finally beianéd.
several Qece}des [L] Impp rtant contrlbutp ns made at th%éo advances in computing have )r/nade the coymputationally
frequencies include the discovery of the importance of nof '\ "oy "¢ REI mitigation, calibration, and widediel
thermal processes in astrophysics, the discovery of pnlsg? 9 ' '

and Jovian radio emission, progress in understanding Spgggge processing tractable. Finally, an increasing nunber

weather, and the development of interferometry and apeert estiqns in astrophysics ha\_/e emerged in which high angula
synthesis imaging [2], [3], [4]. Interest in the field evealty resolution low frequency radio astronomy plays an impdrtan

receded because of an inability to compete with the scien%reessentlal role [4].

accessible to large centimeter-wavelength aperture sgisth The Long Wavelength Array (LWA) is a large multi-purpose

radio telescopes such as the Very Large Array (VLA) dadio _telescope which is being d_eveloped to invest_igateethe
the National Radio Astronomy Observatory. Specificallylyea questions [I?], [9]. Usonhcorrljpletlon,"LWA W'“,, consr;;s_t pf 53
calibration techniques were incapable of compensating ]%iegtrgnlcg y—sftzgrel pl)_kase array statlons_, eaghlsggg

wavelength-dependent ionospheric phase fluctuationgijrign of 256 pairs of dipole-like antennas, operating wit ct

baselines below 100 MHz to a few km, thereby greatly limitingiS€-limited sensitivity over the frequency range 108821
both resolution and sensitivity. n LWA station is shown in Figure 1. The stations will be

Several factors have contributed to revive interest in IO\(/‘U.S"‘”bUted over the state of New Mexico, as shown in Figyre 2

frequency radio astronomy. In the early 1990s, self-catibn with maximum baselines (distances between stations) obup t

[5] was first successfully applied to overcome the ionosipher400 km. Beams formed by the stations will be transmitted to a

limit to short baselines and permit sub-arcminute resofuti central location and correlated to form images using apertu
at 74 MHz on the VLA [6], [7]. Over the same times:ynthesis techniques [10]. Stations will also be capable of

frame, cost and technology for receivers and digital signdP€rating as independent radio telescopes.
processing suitable for large wide-bandwidth beamforming This paper reviews the scientific motivation for LWA and
the design as it now exists. The LWA science case and the
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While most science will benefit from high sensitivity,
specific drivers include the search for extrasolar plangts b
Jupiter-type decametric radio emission [18], [19] and the
detection and study of high redshift radio galaxies [20},]{2
Determination of the total number of antennas (collectirgan
and the receiver noise temperature required to achieve this
sensitivity is a complex issue, addressed in detail in Sadtl.

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 dimensidns o
the station array. A requirement ef 100 m mean dimension
for the station array balances the desire to efficiently samp
large fields and astrophysical sources including SNRs and
coronal mass ejections, against the increasing difficufty o
ionospheric calibration across a wide FOV.

A separate but related issue is the number of statidis,

It is desirable to concentrate the antennas into a small sBumb
of stations so as to simplify the process of acquiring land,
transporting data, and maintaining the instrument. At taes
time, image quality is determined by the number of baselines
as well as their lengths and orientations, which arguesafgel
Fig. 2. LWA station locations. Number indicates planned oofénstallation.  Ng. Diversity of baselines is particularly important givereth
wide range of angular scales of interest, and the desire for
high dynamic range imaging in the presence of a complex sky
series [12]. brightness distribution. Guidance for estimatiNg is derived
from experience with the VLA. The VLA is a 27-element
array which can be arranged in 4 different configurations,
yielding ~ 2x (27)(27—1)/2 = 702 baselines since about half

The LWA is designed for both long-wavelength astrophysighe baselines are shared between configurations. LWA s#atio
and ionospheric science. Science to be addressed by d¢h@not be moved, so 53 stations provide roughly twice as
LWA includes cosmic evolution, the acceleration of relatic  many baselines (1378) as the VLA, and should be adequate for
particles, physics of the interstellar and intergalactiedia, imaging the intrinsically larger fields seen at long waveglés.
solar science and space weather, and “discovery scierf@”; t Science goals motivate the broadest tuning range and band-
is, the search for previously unknown sources and phenometidth possible. These goals include enhancing the contrast
[8]. Specific objectives for LWA are spelled out in [13] anchetween both intrinsic and extrinsic emission and propagat
are summarized here. processes; the study of SNRs [14]; the study of the intdastel

The overarching motivation for LWA is to achieve long-medium (ISM) of the Milky Way and external galaxies [22];
wavelength imaging with angular resolution and sensjtivithe study of self-absorption processes in extragalacticces
comparable to existing instruments operating at shorteewa [16]; the study of pulsars; and the study of ionosphericuurb
lengths; i.e., on the order of arcseconds and milliJanskyy( lence and waves [23]. However, the increasing opacity of the
1 Jy =1072¢ W m~2 Hz™!), respectively. This representsionosphere at low frequencies combined with overwhelming
an improvement by 2-3 orders of magnitude over previousterference from commercial broadcast FM radio stations
instruments operating at these frequencies. Baselinep & u pose a practical limit of~3 MHz to ~88 MHz. Accounting for
400 km yield resolution o8” and2” at 20 MHz and 80 MHz the ~4:1 bandwidth that can be achieved by active antennas
respectively, required for studying the details of acadlen (Section IlI-A), we expect to meet most of our requirements
processes from supernova remnants (SNRs) [14] to the jetghe frequency range 20-80 MHz, and to be able do useful
[15] and hotspots [16] of extragalactic radio galaxies. dem science, albeit with reduced capability, in 10-20 MHz ane 80
baselines bring diminishing returns due to the intrinsitss- 88 MHz.
ing limits imposed by the interplanetary and interstelladia. As discussed in Section I1l-D, LWA station digital electron

LWA is designed to achieve image thermal noise sensitivitgs will have the ability to form multiple beams, each of whic
on the order of 5 mJy5¢, 8 MHz, 1 h, zenith) over can be pointed and tuned independently of the others, with
20-80 MHz. This approaches the desired mJy goal whitmly a modest increase in the cost and complexity relative
achieving a balance witltonfusion; i.e., the limitation on to what is required to form a single beam. We have settled
image sensitivity due to both unresolved sources (“classion a specification of three beams for most stations. One of
confusion”) as well as from bright sources received throughese beams will always be available to assist in measuring
sidelobes (“sidelobe confusion”). The angular resolutisn the ionosphere, as part of image calibration [24], wherkas t
sufficient to avoid confusion for plausible integration ¢isn other two can be used for simultaneous independent obsgervin
(10s-100s of hours) over most of the frequency range [17]programs. Due to practical limitations in data transmissio

1. SCIENCE CASE AND TECHNICAL REQUIREMENTS
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from stations to the correlator (Section 1V), we constrain
the bandwidth for multibeam operation to 8 MHz (selectable
from anywhere with the tuning range). However beams will
be formed at the station as “full RF”; i.e., with bandwidth
equal to the tuning range. LWA “core” stations — i.e:,15
stations located within the central 10 km of the LWA — will
be equipped to send one additional beam consisting of the
full RF bandwidth to the correlator simultaneously with the
three 8 MHz beams. This beam will be used primarily forig. 3. LWA candidate antennakeft: “Big blade” design,Right: “Fork”
solar science during the day and primarily for early unigerglesign. Antennas are approximately 1.5 m high. Arms are tiaednward to
(“Dark Ages”) studies at night. primarily improve pattern.

The specifications arising from requirements for long-
wavelength astrophysics lead to an instrument which is alsg

well-suited to study of the ionosphere. This is becauseasti > > broadband and distributed over the entire skyhéurt

physical image calibration reguires solving for the refivac Improvement in the sensitivity of the telescope can theeefo

effects of the ionosphere, thereby resulting in recis:e-me%e achieved only by adding antennas.
P ' y gimnp The noise temperature at the output of an active antenna

surements of fine structure over the array as side inforrrmati(IJS ven by T,.. — T4 + T, where T, is the antenna
Variations in total electron contentATEC) produce phase 9 Yisys = &4 p 4

variations~ 0.85 (ATEC/10'® em~2) (100 MHz/). ATEC tempe_rat_ure,Tp is the noise temp_e_raturg of the electromf:s,
12 o and ¢ is impedance mismatch efficiency; that is, the fraction
measurements at levels belaw'< cm~—= have already been

demonstrated using the VLA (using just 1.6 MHz bandwidtﬂf power captured by the antenna which is successfully trans

. itted to the electronics. This is given ify — |T'|?) whereT’
at 74 MHz), and one can obtain complementary measuremelhe reflection coefficient at the antenna terminalsl’Afis
that enhance the value of space-based and other ionospheric .
remote sensing measurements; e.g. [25]. The increased ba

oanlnated by the Galactic noise, th@h ~ Ty, (\/4 m)>°

where 17, is approximately2000 K and A\ is wavelength

idth itivi f LWA | ; : .
e s e o st T AL 0 ound 1 romaly racmetical "
y P g reg 9 relative to the sky at these frequencies, a conducting groun

models [26], [27] used to understand and predict IorIOSphegcreen is important to prevent loss through absorptionthto

behavior. i
ground [31], and also to stabilize the system temperature by
isolating the antenna from variable (e.g., dry vs. wet) grbu
I1l. STATION-LEVEL DESIGN conditions [33].
A. Active Antennas Candidate antenna structures for LWA stations are shown in

To achieve large tuning range, previous broadband IO\ﬁigure 3. The “big blade” [34] exhibits the best overall_ per-
frequency telescopes such as the Clark Lake TPT [2 rmance, whereas the “fork” antenna [35] performs slightl

and UTR-2 [29] used antennas which have inherently lar s well but seems to be better suited to manufacture ie larg
impedance bandwidth; conical spirals and “fat’ dipoles, r uantities. For purposes of subsequent analysis in thisrpap

spectively. Such antennas are mechanically complex, rgak?fi{]e ?hi" asdsun;le tkgje pig blade; htowever t.he di;fzrer;%es from
them expensive, difficult to construct, and prone to maifl€ fork and other design concepts are minor [34], [36].

tenance problems. This makes them unsuitable as element he LWA can_didate front end elect-ronics (located at the
in arrays on the scale of LWA. In contrast, simple wir@tenna feedpoint) employs commercial InGaP HBT MMIC

dipoles are mechanically very well-suited for use in larg@MPlifiers (Mini-Circuits GALI-74) in a differential config

low-frequency arrays, but have inherently narrow impedanEation presenting a 10Q balanced load to the antenna. This

bandwidth. However, this is not necessarily a limitatiotole 'S followed by a passive balun which produces(d? single-

~ 300 MHz, because natural Galactic noise which is transml‘?-nded signal suitable for transmission over coaxial calie.

ted through an impedance mismatch can potentially dominé?éal gain, noise.temperature, and input 1 dB compression
over the noise contribution of the front end electronics][30PCINt aré approximately 36 dB, 250 K, andls dBm re-

[31]. For this reason, we consider the antenna and first staieCtvely, and approximately independent of frequenayr ov
of gain as a single component which we refer to as an “acti —88 MHz. Alternative designs providing significantly kem
antenna.” noise temperature are possible; however, the compression p

The minimum acceptable ratio of Galactic to internal nois%f such designs is correspondingly lower, which increabes t

from an active antenna is determined by integration time= Tﬁ'Sk of be'“@! _dnven Into compression _by RFI. .

smaller the ratio, the greater the integration time regiibe The condition for Galactic noise-limited sensitivity is
achieve a specified sensitivity. For example, integratiome is A\ 26

increased by 57% and 21% over the ideal (zero internal noise) T, <& Ty (4m) . (1)
values for domination ratios of 6 dB and 10 dB respectively

[32]. Once the antenna system is “minimally” Galactic neisd=igure 4 demonstrates th@}, primarily determines the band-
limited, further improvement in impedance match has littleidth, and only secondarily the sensitivity, of an active an
effect on the sensitivity of the instrument. Since Galactienna. For example, the LWA candidate front end (assuming
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with the caveat that this is only known to be accurate down
to abouts = 0.4 Jy. To extrapolate to other frequencies, it is
assumed that scales according to the typical spectral index
of a low frequency source; i.e., as°". Thus we have:

N(s)=1.14 (L) o (rm)om (4)

%NZC' ; ] The FOV of LWA can be defined as the angular area
/ bounded by the half-power beamwidth (HPBW) of a sta-
3 tion beam. In the elevation plane, this is given By0) ~
10} ~ — 0dBGND H Yo (A/D)secf rad, whereD is the station mean diameter
i B ivive andyy = 1.02 for a uniformly—.excit.ed gircular array. In the
—*— 300K orthogonal plane, the beamwidth is simply (\/D). FOV
—6— 120K
10° ; ; . . . ; ‘ ‘ can then be expressed as:
10 20 30 40 50 60 70 80 90 100
v [MHz] A 2 D -2
FOV =4.12 2 | — — secl [deg’] . (5
% (4m) (tagm) st [edl. ©
Fig. 4. MaximumT), that yields the indicated degree of Galactic noiserhe number of sources with flux density s in the FOV is

domination (GND) into100S2 for the LWA candidate antennas. .
(GND) therefore given by the product of (4) and (5).

The required number of sources is uncertain. Ideally we use

300 K to be conservative) yields output in which Galacticseoi at least one calibrator per isoplanatic patch. Howeveratse
dominates over internal noise by at least 6 dB from 27 MHmaging has never been attempted at these frequencies and
to 85 MHz. This is verified experimentally in Section lll-Dbaseline lengths, the appropriate patch size is unknowa. Th
(Figure 6). best we can do at present is to compare to the number of

The collecting area of a single antenna in isolatidpg, is calibrators needed for imaging with the 74 MHz VLA using
a function of)\, zenith angled, and azimuthp. Dependence of field-based calibration [37]. Extrapolating these restdtshe
the gain ond and ¢ can be modeled as a factor afs*(®) 9. LWA provides a basis for making rough estimates. In its latge
Examination of the big blade patterns from [34] suggest®nfiguration, the VLA requires 4-6 sources typically, wiit
o« = 1.34 in the E-plane ancv = 1.88 in the H-plane. sources desirable. Let this number & L. The requirement
For simplicity, we assume a single value af = 1.6 (the for LWA can be extrapolated as follows:

geometric mean of 1.34 and 1.88). Effective collecting area Ls \2 FOV 1A 2 ©
36 km FOVy a4 Tnp 4m

can then be expressed as: Nea = NYIA

2) where Lg is the length of maximum baseline included on
the assumption thaW,,; grows in proportion to the number
For the big blade, the zenith directivitg(\) ranges from of resolution elements in the FOV; FQY.4 = 77 ded is
about 8.5 dB at 20 MHz to 5.9 dB at 88 MHz, assuminghe FOV of the VLA at 74 MHz; and-,, is the fraction of
an electrically-large ground screen [34]. This model iswno detectable sources which are usable point sources (ed., no
to be quite good below 65 MHz. At higher frequencies thgpparently extended due to the improved resolution). Is thi
pattern becomes complex; by 74 MHz a small deviation froekpression, the wavelength dependence accounts for the fac
the simple cosine power law is apparent, and by 88 MHpat the number of calibrators required scales by anottoifa
the E-plane pattern has bifurcated. Nevertheless, the Inodeof A2 because the magnitude of ionospheric phase variations
useful in the next section, in which we aim to determine the proportional to\.
number of active antennas required per station. To determine ifN,,; sources are detectable in the FOV, it

is necessary to develop an expression for imaging sefgitivi

B. Collecting Area Requirement The RMS image noise levet is given by [10]

The primary parameters in the design of the station array 2k Tyys
are collecting area, which contributes to image sengjtivit ¢ =
and the dimensions of the station beam, which constrains s Aes /N5 (Ns = ) Npor AT
the image FOV. The primary constraint in determining theherek = 1.38 x 10723 J/K, A., is the collecting area of
required collecting area is being able to detect a sufficieatstation, Ng is the number of stationslV,,;, = 2 is the
number of sourced/'roy (s) above a certain flux within the number of orthogonal polarization4;r is the total observation
FOV to calibrate the image against the distorting effects ¢fne, Av is the observed bandwidth, ang accounts for
the ionosphere. At 74 MHz, the number of sources per squdhe aggregate effect of various hard-to-characterizee®ss
degree with flux density or greater is throughout the system.
NEEE The effective collecting area of a station is given by
N(s) = 1.14 (Jy) 3

Aes = nyafAeO()H 37 ¢) (8)

— \? 1.6
EAo(N, 0) = EG(N) i 0

[Wm=2 Hz™ ] (7)
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where N, is the number of dual-polarization antennas in therevious dipole-array based observations from a comparabl
station andy is a coefficient which accounts for the aggregat@titude to as far south as the Galactic cent@ra{ —29°
effect of mutual coupling. It is known from modeling experdeclination, corresponding to a maximum elevatiorro27°
iments thaty is in the rangel 4 0.35 (variation with respect above the southern horizon [39]) and beyotid<(—40° [40]),

to # and ¢) for a station consisting of straight dipoles neahave produced important science despite these limitations
resonance at 38 MHz [38]. This may or may not also be the

case for a station consisting of LWA candidate antennasi®t te, Array Geometry

or other frequencies, but it seems unlikely to be dramadyical

different. Making the substitutions, we find: Given that the station should have a diameter of about

100 m andN, = 256, the mean spacing will be 5.4 m, which
< A )3-44 T, ( A >0~841 is 0.36A and 1.44\ at 20 MHz and 80 MHz respectively.

N > (1.75 x 10%) +C €15, \am Traditional techniques for broadband array design require
. N L uniform spacings less thamb\ at the highest frequency of

y (Aeo(A,G,qf))) (Ncal ) ( Lp > ' (9)0peration [41]. This is for two reasons: (1) to prevent spati

m?2 36 km aliasing, and (2) to use the strong electromagnetic cogplin

to stabilize the scan impedance of the individual antennas,
improving bandwidth. However, to achieve this spacing at
80 MHz requires an increase iN, by more than a factor

of 3, which is cost-prohibitive. Implementing largaf, using

and r is the required signal-to-noise ratio for detecting th@ hierarchical (i.e., subarray-based) architecture ailavore

calibrators. It is interesting to note that this result does$ antennas at similar cost, but only by sacrificing the abiity

depend on the station size, since the number of availablebeams to be steered independently over the entire sky. For

calibrators scales in proportion to the beamwidth. these reasons, we have chosen to a ddress the spatial gahgsm
- roblem by arranging the antennas in pseudo-random fashion
The results are shown in Figure 5. These results assumefh

big blade antenna of [34] (but should be approximately theIt‘?]ough the specific geometry has not yet been selected, the

same for other candidate antenna designsy,5, 1, = 0.78, gurrT:ent plan is to enforce a minimum spacing constraint of
AT = 6 s, andArv = 8 MHz. The value ofA7 is chosen

) Lo . ) . Various ionospheric, solar, and especially Galactic smen
to be the maximum time interval over which the ionospheric . " A
: - o goals require the ability to observe towards declinatiohgiv
phases will not vary significantly. This is© 6 s based on

(1) the assumption that phase variations are proportianal qppear low in the 50””.‘9”‘ sky from N?W Mexico. To com-
wavelength, and (2) our experience that a 1 min soluti ensate for the elevation-plane widening of the beam for

interval was sufficient for the VLA, which is roughly one Rese observations, the station footprint will be an edlipsth

tenth the size of LWA. The results are shown for threIéIS:EW axial _rat|o~1.2:1. Th_|s results in a circular station
eam at transit for the celestial equator.

values of7, to demonstrate the weak influence of receiver
noise temperature. It is clear that much depends on the beam )
pointing elevation, withV, increasing with increasing zenith D- Station Electronics
angle. This is due primarily to the antenna pattern. On theln our preliminary design, the signal from every antenna is
other hand, note thaY, is dramatically reduced if we assumeprocessed by a dedicated direct-sampling receiver cargpist
alternative (reasonable, but less conservative) calllilift of an analog receiver (ARX) and an analog-to-digital con-
assumptions. Taken together, from an image calibratbiliverter (A/D) which samples 196 million samples per second
viewpoint, arguments can be made f§;, as small as 50 and (MSPS). Beams are formed using a time-domain delay-and-
as large as 2500. sum architecture, which allows the entire 10-88 MHz pass-
Additional considerations in théV, decision are system band associated with each antenna to be processed as single
cost, which scales roughly linearly withV, and motivates wideband data stream. Delays are implemented in two stages:
minimizing N,; and image thermal noise sensitivity given A coarse delay is implemented using a first-in first-out (FIFO
by Equation 7. Choosing/, = 256 (arbitrarily chosen to be a buffer operating on the A/D output samples, followed by a
power of 2) yieldss ~ 1 mJy over 20-80 MHz foA7 = 1 hr finite impulse response (FIR) filter. The signals are thereddd
(all other parameters the same). This meets the sensitivitythe signals from other antennas processed similarlyed hr
goals pertaining to science requirements while achievingoa four dual-polarization beams of bandwidth 78 MHz, each
balance with classical and sidelobe confusion (see Setjioncapable of fully-independent pointing over the visible,skill
for 400 km baselines over plausible integration times. Frobe constructed in this fashion.
Figure 5, this also seems to facilitate image calibratioarov These beams will be available for various “backends” imple-
a broad range of frequencies and zenith angles. Although thiented at the station level, such as data recorders, wideban
analysis suggest¥, = 256 will be challenging for calibration spectrometers, and pulsar machines. For interferometihg-
at lower elevations, increasiny, is costly. Moreover, present ing, two “tunings” will be extracted from any frequency ireth
estimates do not consider emerging calibration technjqu&8 MHz-wide passband, having bandwidth selectable between
e.g., leveraging the known frequency dependence of iord80 kHz and 8 MHz divided into 4096 spectral channels. This
spheric phase fluctuations across a wide bandwidth. Fjnallythe output to the LWA correlator. As explained in Sectign |

4m 4m

Tnp
where

-1
C= {m\/ Ns(Ns — 1)NpolATAu] (10)
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Fig. 5. Required number of dual-polarization antennas paiost (V,) for Ng = 53 with L = 400 km. Left: 38 MHz, Right: 74 MHz. The upper set
of curves assum&” L4 = 10 andry,;, = 0.5 whereas the lower set of curves assuM¥ 4 = 4 andr,, = 1. The right edge of each plot corresponds
to upper culmination of the Galactic Center as seen from Newidde

stations in the LWA core will also output a wideband bearoenterst RFI in the spectrum between 30 MHz and 54 MHz
derived from one of the full-RF beams. is primarily local two-way radio, and is normally only an
To facilitate commissioning activities, diagnostics, ara- intermittent problem from a linearity perspective.
tain types of science observations requiring all-sky FO¥ t To accommodate the various uncertainties in the RFI envi-
station electronics will also have the capability to condse ronment, we have developed an ARX which can be electroni-
capture and record the output of all A/Ds, where each A/Bally reconfigured between three modes: A full-bandwid: (1
corresponds to one antenna. This will occur in two modes: t88 MHz) uniform-gain mode, a full-bandwidth dual-gain mode
“transient buffer — wideband” (TBW) allows the raw output oin which frequencies below about 40 MHz can be attenuated
the A/Ds to be collected continuously, but only ferl00 ms at using a “shelf filter,” and a 28-54 MHz mode, which serves
atime. The “transient buffer — narrowband” (TBN), in costra as a last line of defense in the case where RFI above and/or
allows a single tuning of 100 kHz bandwidth to be recorded below this range is persistently linearity-limiting. Indition,
indefinitely. the total gain in each mode can be adjusted over a 60 dB
Considerations in the design of direct sampling receiverange in 2 dB steps, allowing fine adjustments to optimize the
for low-frequency radio astronomy are summarized in [42$ensitivity-linearity tradeoff.
In a direct sampling receiver, the analog signal path i®®Iv  This choice of modes and gain settings was based on a
only gain and filtering, and the sky signal is sampled withoifetailed study of RFI at the VLA, combined with a study
frequency conversion. The primary considerations in cimgps of A/D capabilities, leading to the conclusion that an A/D
a direct-sampling architecture, as opposed to a moreiwaélt of about 200 MSPS with 8-bit sampling was probably suf-
tuning superheterodyne architecture, are simplicity.(en9 ficient when combined with an ARX having the capabilities
local oscillators, no mixers, etc.) and simultaneous &tes described above [43]. We currently favor a sampling fte=
the entire 10-88 MHz tuning range. The primary difficulty ig96 MSPS, as this results in the highly-desirable situation tha
applying sufficient gain to maintain Galactic noise domizean the 88-108 MHz FM broadcast band aliases onto itself, which
over receiver and quantization noise, with sufficient liitga greatly reduces anti-alias filtering requirements.
and headroom to accommodate RFI. A prototype digitizer using the Analog Devices AD9230-
The latter task is complicated by the varying nature of REI50 12-pit A/D has been constructed and tested in conjumctio
over the tuning range. RFI impacts astronomy at two levelgith a prototype ARX having the characteristics described
First, by creating a potential threat to linearity; and s&to apove, in field conditions. (The use of 12-bit sampling over 8
by obstructing spectrum of interest. We consider the litear yjt sampling provides some additional headroom withoutmuc
issue first. At the remote rural locations at which statiores 8impact on cost or power.) The results have been excellent,

to be located, the most troublesome interference is due 4Ad are shown in Figure 6. Note that the result is sky-noise
distant transmitters at frequencies below about 30 MHz,sgho
S|gna_ls_ amv_e at th_e station by refraction from the |on_cmph _ 1The effect of the transition from analog to digital TV in the3J, currently
Television signals in 54—-88 MHz and FM broadcast signals jilanned to be complete by February 2009, is uncertain. Aghdbe spectral
88—-108 MHz rank second at most rural sites in terms of over&liaracteristics of digital TV signals are more troublesoroenfan astronomy

. . V) int, it that f broadcast ill be ofregan th [
RFI power delivered to the antennas, but this has potemnalvewpoln 't appears that fewer broadcasters will be ofegan the region

) : after the transition. Also, the digital transition mandateesl not apply to
become more serious for stations located closer to populatiertain classes of analog low-power and repeater stations.
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10 ‘ ' k ‘ ‘ ' ‘ ‘ Zernicke Theorem, can then be transformed into a raw image
within the beam FOV [10], and then subsequently calibrated
(typically as a post-processing step) to obtain the desired
image. The large number of high data rate signals involved
make correlation extremely computationally-intensiveguir-
ing dedicated equipment running in real time for the congplet
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 easlyest
being relatively small. During this time, we intend to simpl
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 ionosph
. ‘ . K i i i i As mentioned in Section Il, our intent is to measure iono-
10 20 30 40 50 60 70 80 90 100 . . . . .
Frequency [MHz] spheric corrections over the entire sky in real time fromheac
station using a “calibration beam” in addition to the 2 inmagi
Fig. _fli- Tﬂ) curve: ipectrqmtﬁcqqirﬁ? Ufsi'r;g an L\sNA Pr?htottrxl'peAa;%mfgennbeams. This beam will cycle rapidlyk(10 seconds) among
Eiselgnclr?l;ed ?not?fe fe)?t\.N?. Isnintgg:le?tion(.J Alsl%ugflovahvgverlg;he top curve " 100 bright sources, sampling differences in total electron

is the result predicted from a sky mod&ottom curve: Same measurement content over more than 5000 different lines-of-sight tigtou
performed with a 100 ohm (matched) load replacing the dipatesar the ionosphere [24].

Temperature [K]

dominated by at least 6 dB over the range 20-80 MHz, and V. CONCLUDING REMARKS

by at least 10 dB in 28-47 MHz. Also note that this is |\wa has much in common with LOFAR (mentioned in
ach|eveql despite the presence of very strong m_—band RHE. Tj§'ecti0n 1); in particular its low-band (30-80 MHz) subsyste
system input 1 dB compression point, as configured for thigyyever, there are significant differences that make them
measurement, was45 dBm. ~ complementary instruments. LWA will be able to observe to
Experience from the 74 MHz VLA system and other inmch jower frequencies; as low as 10 MHz. LOFAR is located
§truments has dem_onstrated that RFI from external as wellig\orthern Europe (lattitude: 55°N), favoring extragalactic
internal sources will be present at all levels throughowt thgyrces: whereas LWA will be located at 34°N, offering
spectrum. The primary difficulty posed by RFI, assuming Hccess to the important inner Galaxy region. LWAS larger
is not linearity-threatening, is that it dramatically ieases gnd more densely-packed station,(= 256 for LWA as
the amount of manual effort required to reduce data [7]. fpposed to 48 or 96 for LOFAR) are more suited to targeted
variety of countermeasures to facilitate automatic reaét gpservations (again, well suited for Galactic work); whesre
mitigation of RFI are known [44] and being considered fofhe | OFAR design favors extragalactic surveys.
|mplemgntat|on. I.n the station electro_n_lcs, _th|s may idelu  The LWA project conducted a system requirements review
the ability to modify the response_of digital filters to SUBRS i, Fall 2007 and is currently (October 2008) preparing to
narrowband RFI, and pulse blanking to remove strong, burgtynquct a preliminary design review for LWA-1, the first LWA
interference. Spatial or space-frequency nulling canmi@lty  giation. The cost of each LWA station is currently estimated
be supported _by the planned ele_ctronlcs archltecture. FRr Us$850K. Based on current funding projections, LWA
spectrometry, time-frequency blanking to resolutions &&  giations 1-3 will be constructed by the end of 2010, Stations
ms x a few kHz is supported. Other devices and backends Mgy in 2011, and Stations 11-16 in 2012. A schedule for

use additional application-specific methods, and the 8pecigiations 17-53 has not yet been determined and will depend
mix of techniques employed will depend on the observing, f,ture funding.

mode and RFI present. Useful science observations will be possible at each stage

of development. Each station by itself will be a capableaadi
IV. INTERFEROMETERLEVEL DESIGN telescope comparable to or exceeding the collecting area of
LWA stations will be connected by gigabit ethernet ovemost past and present low frequency instruments. Single-
optical fiber to a centrally-located correlator. For moatisns, station science goals include: Observation of radio recom-
the output to the correlator will be both polarizations of ®ination lines from the cold ISM with improved sensitivity,
beams of 8 MHz bandwidth each, resampled to 8 bits fiequency coverage, and angular resolution [45]; semsitiv
1.5 times the Nyquist rate. This results in a data rate bfoadband observations ef 80 pulsars [46]; and searches
576 Mb/s. LWA core stations will also transmit a widebandbr Galactic and extragalactic radio transients [47], [A&]th
beam (Section 1), which increases the data rate for thedg ~ 9, imaging with resolution< 10” will be possible
stations to 1920 Mb/s. for hundreds of sources 10 Jy [49], including many radio
The purpose of the correlator is to compute the correlatiogalaxies. Expansion tdVg = 16 stations will add short
between stations which, by application of the Van Citterbaselines and bring improved surface brightness sengitivi
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for targets including SNRs and clusters of galaxies [50% Th24] A. Cohen and N. Paravastu, “Probing the lonosphere thighL\WA by
threshold for full-field calibration and mapping is unkngwn  Rapid Cycling of Celestial Radio Emitters,” Memo 128 in [12]akh

but will probably require completion of at least half theaot [,5; k 'F. pymondet al., “The Combined Radio Interferometry and COS-

compliment of 53 stations. MIC Experiment in Tomography (CRICKET) CampaigrProc. 2008
lonospheric Effects Symp., Alexandria, VA, May 13-15, 2008.

[26] R. W. Schunk, L. Scherliess, J. J. Soykha,al., “Global Assimilation
of lonospheric Measurements (GAIMRadio Science, Vol. 39, RS1S02,

; : doi:10.1029/2002RS002794, 2004.
The LWA is supported by the Office of Naval Researc 7] G.S.Bust, T. W. Garner, & T. L. Gaussiran, “lonosphddata Assimila-

through a contract with the University of New Mexico. BasiC tion Three-Dimensional (IDA3D): A global, multisensor, eten density
research at NRL is supported by 6.1 base funds. In addition specification algorithm,”J. Geophysical Research, Vol. 109, A11312,

P d0i:10.1029/2003JA010234, 2004.
to the efforts of the many members of the many |nst|tut|ort§8] W.C. Erickson, M.J. Mahoney, and K. Erb (1982), “The (@ld.ake

involved in LWA, we acknowledge the specific contributions Teepee-Tee Telescopaistrophysical J. Supp. Ser., November 1982, \ol.
of M. Harun, B. Hicks, N. Paravastu, and P. Ray to the work 50, No. 403, pp. 403-420.

. . . . . ] S. Ya. Braudeet al., “Decametric Survey of Discrete Sources in the
described in this paper. We thank Bill Erickson, whose ear@g Northern Sky: I. The UTR-2 Radio Telescope. Experimentahiiégues

development of prototype antennas and broader experienceand Data ProcessingXstrophysics and Space Science, Vol. 54, 1978, pp.
across many scientific, technical, and practical aspectsvof 3-36.

: : : : [30] S.W. Ellingson, “Antennas for the Next Generation ofw.&requency
frequency radio astronomy remain an invaluable guide. Radio Telescopes JEEE Trans. Ant. & Prop., Vol. 53, No. 8, August

2005, pp. 2480-9.

[31] S.W. Ellingson, J.H. Simonetti, and C.D. Patterson, $ipa and Eval-
uation of an Active Antenna for a 29-47 MHz Radio Telescopeapt
|EEE Trans. Ant. & Prop., Vol. 55, No. 3, March 2007, pp. 826-831.

[32] W.C. Erickson, “Integration Times vs. Sky Noise Dominajidemo 23
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of the Big Blade and Fork Antennas on Ground Screens at the LWDA
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