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Sensitivity of Antenna Arrays for Long-Wavelength
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Abstract— A number of new and planned radio telescopes noise between antennas is considered, but the source @& nois
will consist of large arrays of low-gain antennas operating at s internal (amplifiers or ohmic losses in antennas) and the
frequencies below 300 MHz. In this frequency regime, Galactic correlation arises due to propagation internal to the affhg

noise can be a significant or dominant contribution to the total bl f lati f ext I noise has b int i
noise. This, combined with mutual coupling between antennas, problem of correlation of external noise has been inteemity

makes it difficult to predict the sensitivity of these instruments. P€€n considered in communications (e.g. [14]) and directio
This paper describes a system model and procedure for esti- finding (e.g. [15]) applications, but does not seem to haembe

mating the system equivalent flux density (SEFD) — a useful previously considered for long-wavelength radio astropom
and meaningful metric of the sensitivity of a radio telescope beamforming applications.

— that accounts for these issues. The method is applied to a B t ina in th t fint tis tvoi
LWA-1, the first “station” of the Long Wavelength Array (LWA) ecause antenna spacing In the systems or interest Is typl-

interferometer. LWA-1 consists of 512 bowtie-type antennas Ccally less than a few wavelengths, mutual coupling alsoplay
within a 110 x 100 m elliptical footprint, and is designed to a significant role. Since these arrays are electromagtigtica
operate between 10 MHz and 88 MHz using receivers having |arge, interact with the electromagnetically-complex wng,
noise temperature of about 250 K. It is shown that the correlation and may have aperiodic spacings, it is difficult to deterntiree

of Galactic noise between antennas significantly desensitizes the . A
array for beam pointings which are not close to the zenith. It characteristics of antennas, either |nd|V|du.aIIy or.ccqllzely

is also shown that considerable improvement is possible using @S part of a beamforming system. In particular, it is usually
beamforming coefficients which are designed to optimize signal- difficult to know if pattern multiplication — that is, assumgj
to-noise ratio under these conditions. Mutual coupling is found that the behavior of single antennas embedded in the array is
to play a significant role, but does not have a consistently e same as those same antennas by themselves — yields rea-

positive or negative influence. In particular, we demonstrate tiat bl Its. Past studies h h that tual i
pattern multiplication (assuming the behavior of single antennas SOnable results. Fast studies have shown that mutual agupli

embedded in the array is the same as those same antennas byn aperiodic arrays of low-gain elements results in flugorat

themselves) does not generate reliable estimates of SEFD. of beam gain and sidelobe levels as a function of scan
Index Terms— Antenna Array, Beamforming, Radio Astron- angle when element spacing is less than a few wavelengths
omy. [16], [17]. This suggests that pattern multiplication magt n

be a useful assumption. However, useful and generalizable
findings which are applicable to the systems of interest are
not commonly available.

A number of new and planned radio telescopes will consist This paper describes a procedure for estimating the sen-
of large arrays of closely-spaced low-gain antennas operatsitivity of radio telescope arrays which is appropriate emd
at frequencies below 300 MHz. These include LWA [1]these conditions. The procedure is based on a system model,
LOFAR [2], MWA [3], and SKA [4]. In this frequency regime, described in Section 1, which relates the electromagnetic
it is possible to design receivers with noise temperatur@gsponse of the array (therray manifold, a model for the
that are much less than the antenna temperatures associaj@érnal noise temperature, and a model for the receiveenoi
with the ubiquitous Galactic synchrotron radiation, sulchtt temperatures to the system equivalent flux density (SEFD)
the resulting total system noise temperature is dominayed &chieved by a beam formed using specified beamforming
Galactic noise [5]. This is quite different from conditiorost coefficients. SEFD is defined as the power flux spectral densit
often considered, in which it is usually assumed that iterne.g., W nt2 Hz~1) which yields signal-to-noise ratio (SNR)
noise associated with the receivers dominates and does @lial to unity at the beamformer output. SEFD is a useful
scatter into the array, so that the noise associated witrelift metric as it includes the combined effect of antennas and
antennas is uncorrelated; see e.g. [6], [7], [8]. Recenkwogll noise sources into a single “bottom line” number that is
on arrays for long-wavelength radio astronomy accounts f@irectly related to the sensitivity of astronomical obsgions.
the dominance of external noise, but neglects the effects ofrhe primary difficulty in applying determining SEFD using
correlation of this noise between antennas [9], [1]. Howeveahe above procedure is obtaining the array manifold. One
it is known that this correlation is likely to have a signifita approach is demonstrated by example in Section Il of this
effect for these instruments [10], and this issue is furthgaper. We analyze LWA-1, the first “station” of the Long
explored in this paper. In [11], [12], and [13], correlatioh \Wavelength Array (LWA) interferometer [1]. LWA-1 consists

) o ) of 512 bowtie-type antenna elements arranged into 256 dual-
S.W. Ellingson is with the Bradley Dept. of Electrical & Conipu

Engineering, Virginia Polytechnic Institute & State Unisity, Blacksburg, polarizgd “Sta:nds" within a 116 100 m eIIipticaI footprint.
VA 24061 USA (e-mail: ellingson@vt.edu). LWA-1 is designed to operate between 10 MHz and 88 MHz
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using receivers having noise temperature of about 250 K. Were < - > denotes time-domain averaging arid denotes
obtain the array manifold for LWA-1 at 20 MHz, 38 MHz,conjugation, and?, is the impedance looking into the system
and 74 MHz using a method of moments (MoM) wire-grichs seen from the terminals across whigft) is measured,
model. Because the model is too large to analyze all at ormssumed to be purely resistive.

(a common problem with this class of arrays), a procedureWe now wish to evaluate Equation 3 by substitution of
described in Section 1lI-B is employed in which the manifol&Equation 2. In the process of expanding Equation 3, let
is calculated for one stand (i.e., one pair of collocateémma us assume that the signal of interest(t), and w,(t) are
elements) at time. Unlike pattern multiplication in whichmutually uncorrelated for any given Specifically, we assume
the presence of the remaining stands would be ignored, tttiat for anyn andm:

procedure obtains the response of each antenna in presence o

nearby antennas and structures. (Eo(t)2,()) = (Eo(t)z,(1)) = 0 )
Also considered in this paper is the selection and perfor- (Eg(t)us(t)) = (Bg(t)us(t)) =0 (5)

mance of beamforming coefficients which optimize SEFD. .

Because mutual coupling and external noise correlation are {2n (L), (8)) = 0 (6)

significant, it is to be expected that “simple” beamformimg ¢ Note that the possibility that like terms are correlatedveen
efficients based solely on antenna positions (i.e., pha&®s agntennas is not precluded by the above assumptions; for
ciated with geometry only) will not be optimal. In Section, IV example,(z,(t)z*,(t)) can bes 0 for n # m. Furthermore,
the SEFD performance of LWA-1 is evaluated. It is showfye have not yet made any assumption about the correlation be-

that the optimal coefficients significantly improve sen#§i tweenF,(t) and E,4(t). Under these assumptions, Equation 3
relative to simple coefficients. Finally, in Section V, the-e can pe written as follows:

tension of these results to predict the imaging performanfice

an interferometer comprised of multiple beamforming asray PR, = b Aggb Pyg +b" Aysb Pyg
is considered. + b Apsb Pyy+ b A b Py
+ bP.b +biP,b, (7)
Il. THEORY
) where ‘I denotes the conjugate transpose operator;
Let Ey(t) and E(t) be thef- and¢-polarized components .
of the electric field of the signal of interest, having units b=[b by - by] , 8
V m~! Hz~1/2, In this coordinate syster,is measured from T .
the +z axis, which points toward the zenith; the ground Iie\évhere denotes the transpose operator; and
in the z = 0 plane, andp is measured from the-z axis. The Ago = aj (o) al (o) Pog = <\E9(t)|2> 9)
signal of interest is incident frorfYy, ¢ }, which is henceforth
indicated asy,. The resulting voltage across the terminals of Ay = al(to) agwo) Py = <|E¢(t)|2> (10)
the nt" antenna element, having units of V HZz?, is
Ay, = a; ay Poy = (Ep(t)E3(t 11
1) = 0OV Eo() + a0 Bolt) 4 20(1) buaft) () 00T 2000 20000 P = (EOED) ()
Ao = a; Py = (E4(t)E; 12
where: a’ (1) and a?(y),) are the effective lengths, having o0 = 2(Y0) a5 (Vo) Poo = (Ep(t)E5(£)) (12)
units of meters, associated with tifeand ¢ polarizations, ag(tho) = [ af(wo) al (o) -+ al(wo) T (13)
respectively, for theat" antenna element for signals incident [ ' ? N T}
from vo; 2z,(t) is the contribution from noiseexternal to ay(tho) = {af(%) al (o) - a%(%)] : (14)

the system; and.,(t) is the contribution from noisénternal

to the system. Notey,(t) can also include internal noiseand P, is a matrix whose(n,m)th element is(z7 (t)zm (t)),
unintentionally radiated by some other antenna and redeivgnqp,, is a matrix whose{n,m)th element is(u* (t)um (t)).2

by antennan. In all cases, we assume these quantities arewe now consider the external noise correlation maRi
those which apply when antennas are terminated into whateyg. \vish to obtain a simple expression BEW] the
electronics are actually employed in the system, as 0pPOS§ment ofP,, in terms of physical quantities more relevant to
to being “open circuit” or “short circuit” quantities. Wit 5 4iq astronomy. First, let us defites («) as the flux density,
loss of generality we can interpret these to be time-harmon,,ing units of W nr2 Hz~!, associated with the electric field
(i.e., monochromatlc complex.-valued baseband.) qumﬁlt AE(4, 1) incident from a region of solid angl& around

Beamforming can be described as the operation: 1. AssumingAE(v, t) is given in terms of root-mean-square
voltage, the relationship is

AS@) = (|AB@, ) /n (15)

where N is the number of antennas, and the unitlés® where 5 is impedance of free space. Since the Galactic

specify the beam. Assuming root-mean-square voltages, Hy@chrotron background noise is essentially unpolarizes,
power at the output of the beamformer is

(n,m)"

N
y(t) = bpwn(t) )

1 IFollowing the convention that first index indicates row ahe second
P, = (y(t)y"(t)) R, (3) index indicates column.
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assume the powers in thite and ¢-polarized components of delays, which neglects both effects. Approach (1) is optima
AE(1,t) are equal; specifically, when the noise associated with each antenna is uncorrglated
5 9 n such thatR,, has the forms2I; i.e., some constant times
<|AE9(¢’t)| >: <|AE¢(¢7L‘)| >: §AS(¢) (16)  the identity matrix. Then, we obtain the well-known result
hat the SNR improves linearly wittv. However, as will
Rayleigh-Jeans Law: e demonstra_;lted in later in this paper, this_ special ca_se_is
not necessarily relevant to the problem of interest. This is
AS(h) = %Te(d))AQ (17) Primarily due to the impact of the external noise correktio
A2 as represented b¥ ., for which off-diagonal terms can be
wherek is Boltzmann’s constant (38 x 10723 J/K), T.(¢) is ~ significant.
the apparent external noise brightness temperatureb(atibtile For a signal of interest which is unpolarized — a useful
to either Galactic noise or thermal radiation from the gajunand common assumption for the purpose of characterizing the
in the directiont, and )\ is wavelength. We can modelsensitivity of a radio telescope — we ha¥y = Py = 0

Note also thatAS(¢) can be obtained independently from th

AEy(y,t) and AE4(1,t) as follows: and Pyg = P, = n5()/2, whereS(y) is the flux (distinct
7 from the external noise considered above) associated tdth t
AEy(,t) = go(1h, t) )TZTSW)AQ (18) signal of interest. In this CTase, we have
T R, = ()3 (Ags + Agg) - (26)
ABy(1,1) = 99(¥,1) FT‘EW)AQ (19) Continuing with this assumption, it is convenient to expres

where g(1, t) and g4(1), ) are Gaussian-distributed randonfhe sensitivity of a radio telescope in termssystem equiv-
variables with zero mean and unit variance. Note that vient flux densitfSEFD), defined as the value &f(¢) in
expect not only thags (v, t) andg, (¢, t) will be independent Eduation 26 required to double the total power observed at
random variables, but also thap(v1,¢) and go(i2,t) will —the beamformer output; i.e., SNR. Thus,

be uncorrelated fory # v», and similarly forg,(y,t). We SEFD— 2 b (P, +P,)b 27)
25%:1;(15) by summing up the contributions received over a = b7 (Ags + Agg)b

This expression is useful as it describes the sensitivity of
2n(t) = Z (a8 (W) AEg (1, 1) + al () AE4(1,t)]  (20) radio telescope array in terms the array manifold, the éontr

) butions of internal and external noise, and the beamforming
Applying the definition of P, and exploiting the statistical coefficients. The principal difficulty in using this express
properties ofgy (v, t) and gy(¢,t), we find: is calculating the array manifold. This is considered next.
pluml — T > [alr (@)ag, () + ag* (¥)ad, ()] T () AQ I1l. LWA-1 D ESIGN AND ARRAY MANIFOLD
) The original motivation behind the work presented in this

paper was to characterize the performance of LWA-1. LWA-1
consists ofV = 512 antennas arranged into 256 “stands”, with
kn each stand consisting of two orthogonally-aligned bowj
plrml = 20 [[af (v)af 2 (W)ad, () T()d 1Stng gonary-aligned bW
8 A2 [ () () + a3 ()i (9)] Te(¥) dipoles over a wire mesh ground screen, as shown in Figure 1.
_ _ . (22)  In sections III-A and 11I-B we review the relevant details of
Returning to Equation 7, note that the signal to noise ratife design of the LWA-1 array, our method for computing the
(SNR) at the output of the beamformer can be written as: array manifold and the internal and external noise covadan
b”R.b 93 matrices, and present some results.
bAR,b ’ (23)
where A. LWA Stand Design & Electromagnetic Model
B As the dipoles and ground screen comprising each stand
R = Ao Poo + AgsPop + Ao Loy + AsoPoo  and (24)  ohist of interconnected metal segments, the array is well
R,=P.+P,. (25) suited to wire grid modeling using the Method of Moments

. . . MoM). In this study, we employ the NEC-4.1 implementation
In general, the maximum possible SNR is equal to tt{ﬁ Mo?\/l [19] y Pioy P

. i 1 ; . .
maximum eigenvalue dR,,"R., and is achieved by selecting The dimensions and parameters used to model the dipole

b to be_ the corresponding elgenvec_:tor_[18] (see also [§Bre illustrated in Figure 2. The wire grid models representi
Altemative approaches to_ beamforming include (1) SmgCt' each of the two antennas in a stand are vertically separated
b = a5 (1) or a:?(wo)’_ which acc_ounts for mutugl coupling by three times the wire radius to prevent the feeds from
but neglects spatial noise correlation; or (2) selectirgatam- intersecting. The mean height of the highest points on each
forming coefficients to compensate only for the geometricé-'pole (also the segment containing the feed) is 1.5 m above
2Writing this as a discrete sum as opposed to an integral yelgsneral ground' It is known from both simulations and eXperimem
result while avoiding the complication of fractional cales! that neither the center mast nor the structure supportiag th

which can now be written in integral form:

SNR=
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with the array manifold for the stand, which is determined as
follows. The stand is illuminated with é-polarized 1 V/m
plane wave incident from some directign and the resulting
current I, across the series resistance modeling each active
balun is determined using MoM. Each element of tNe=

2 array response vectaty(1) is then simplyI; Ry, for the
associated antenrtalhe process is repeated forgpolarized
plane wave and iterated over.

The external noise covariance mati is computed using
a model proposed in [5] which assumes that Galactic noise
dominates over thermal noise from the ground and other
natural or anthropogenic sources of noise. Specificglly;))
is assumed to be uniform over the sk < 7/2), and zero
for & > /2. In practice, T.(¢) varies considerably both as
a function ofy and as a function of time of day, due to the
rotation of the Earth. However, the above assumption pesvid
Fig. 1. LWA-1 under construction (picture taken November@0@howing a reasonable standard condition for comparing Galactisenoi
a few of the completed stands. dominated antenna systems, as explained in [5] and demon-
strated [21] and [22]. Using this moddl, (¢)) toward the sky
is found to be 50,444 K, 9751 K, and 1777 K at 20 MHz,
38 MHz, and 74 MHz, respectively. The actual contributiams t
the system temperature are less due to the mismatch between
the antenna self-impedance aRg,, but this is automatically
taken into account as a consequence of our definition of the
array manifold, which includes the loss due to impedance
mismatch as well as ground loss. Under these assumptions,
P, is computed using Equation 22.

The internal noise covariance matrl, is computed as-
suming that the internal noise associated with any given
antenna is not significantly correlated with the internalsao
Fig. 2. Geometry of wire grid used to model the dipole. Dimensiare a.SSOCIated Wl.th any other antenna, so tRal becomes a
in meters. Number of segments used in the MoM model are indicatet ndiagonal matrix whose non-zero elements are:
to each wire. The radius of all wires is 1.2 cm, modeling alumirtulring

having square cross-section with 3/4-in sides. The dipolesaare bent5° PLH] = kTp,nRL (28)
downward from the junction with the center (feed) wire.

0.918

1.424

where T, ,, is the input-referred internal noise temperature
associated with the!N antenna. We will further assume that
dipole arms (see Figure 1) have a significant effect on tiad the electronics are identical such tfat,, = 7}, whereT),
relevant properties of the dipoles, and therefore no attésnp is assumed to b250 K, the nominal value of the cascade noise
made to model them. The ground screen is modeled usindeaperature of all electronics attached to a dipole, reteto
3 m x 3 m wire grid with spacing 10 cnx 10 cm and wire the dipole terminals.
radius of 1 mm, which is very close to the actual dimensions. The ratioTr {P_} /Tr {P,} (where “I'r” denotes the trace
The modeled ground screen is located 1 cm above grouderation; i.e., the sum of the diagonal elements) is theegeg
to account for the significant but irregular gap that existe which Galactic noise dominates over internal noise in the
because of ground roughnesshe ground itself is modeled ascombined output, and is found to be2.6 dB, +11.1 dB, and
an infinite homogeneous half-space with relative pernifigtiv +4.1 dB at 20, 38, and 74 MHz, respectively. The 38 MHz
of 3 and conductivity of 100uS, which is appropriate for and 74 MHz results are consistent with field measurements
“very dry ground” [20] which predominates in New Mexico,(see Figure 6 of [1]), however the same measurements sug-
where LWA-1 is located. (It should be noted that we suspegest 20 MHz should also be Galactic noise-dominated. The
that the ground permittivity at the LWA-1 site is significhnt apparent reason for the discrepancy is that the 20 MHz result
higher; this is addressed below.) Each dipole is connected tis relatively sensitive to ground permittivity, both besatthe
“active balun” which presents a balanced input impedance loss associated with Earth ground increases with decigasin
Ry = 100 . For additional information on this design, thérequency, and also because the ground screen becomes tiny
reader is referred to [1] and the references therein. (only 0.2X x 0.2)) at 20 MHz. Larger assumed permittivity
It will be useful later in this paper to know the performancé our calculations results in Galactic noise-dominatedqre
of a single stand, neglecting the rest of the array. We begimnce at 20 MHz, even if the loss tangent is also increased.
The effect of the change of ground parameters on the 38 MHz

SExperiments with this model show that the results are not temso the
separation between ground screen and ground. 4N=2 because we analyze both dipoles in a stand simultaneously
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& however, that these values cannot be used directly to edécul
/ /f a “A./Tsys" type sensitivity metric, sincéls,, in this case
would be T., reduced by the impedance mismatch, plus
/f// T,; and the mismatch efficiency is not available as part of
f this analysis. This underscores the usefulness of SEFD as a
/ sensitivity metric for this class of systems, in contrast4ip
(or antenna gain) oA, /Tsys.

20 MHz

N
o

~

38 MHz

6.5 g = B. Computation of the LWA-1 Array Manifold

MM 74 MHz The arrangement of stands in the LWA-1 array is as shown
in Figure 4. We now consider the problem of modeling this
array so as to obtain the array manifold. In principle this is
5-50 10 20 30 40 0 60 70 80 90 simply a m.atter of ad(jing 255 i.dentical stands .to the model
0 [deg] described in the previous section, and repeating the MoM
analysis. In practice, however, this leads to an intragtibe
Fig. 3. SEFD estimates for a single LWA-1 stand (alone; th¢ oéshe mOde_I with prohibitively Iarge computational burden. Wrese
array is not present) in the = 0 half-plane. Note that lower SEFD is betterthe single stand model (including the ground screen) uses
(more sensitive). 2074 segments, the complete array so modeled would require
530,944 segments, which is well beyond the capability of

) ) i commonly-available computing hardware. A more reasonable
and 74 MHz results is very small in comparison. We shallget is a model with about 11,000 segments, which fits in

continue to use the original ground parameters in this papeGe of RAM and takes 1-2 hours to run on a recent-vintage
as they can be considered to be safely conservative. workstation-class computer.

Using the array manifold and the noise covariance matrices| this study, the number of segments used to model the
calculated as described above, the resulting SEFD for atesingrray at 38 MHz and 74 MHz is reduced by performing the
stand (and neglecting the rest of the array) can be compuiggy analysis for one stand at a time, using the following
from Equation 27. The result for the = 0 plane is shown ,5cequre: (1) The present stand of interest is modeled as
in Figure 3. Note Figure 3 is also essentially a patteiflescribed in the previous section; (2) The dipoles for the
measurement; as such the expecteds"-type behavior is remaining 255 stands are modeled using a simpler “surrbgate
evident; in particular, the response is seen to go 10 Z&jphole, described below; and (3) The ground screens for the
at the horizon, as expected. Note that the performance 1&f stands closest to the stand of interest are modeled using a
38 MHz and 74 MHz is similar despite the large difference,rogate (sparser) wire grid, also described below, aodrgt
in frequency; this is because both the Galactic noise and §igeens are not included for the remaining 237 stands, under
effective aperture of the antennas decrease with frequengx assumption that they do not have a significant effecs Thi
at approximately the same rate [1]. The calculated 20 MHZ,qe| requires slightly fewer than 11,000 segments, anghis r
performqnce is somewhat worse for the reasons described g times (once for each stand) to complete the analysis of
the previous paragraph. o the array at one frequency. Analysis at one frequency reguir
~ The stand performance can also be described in the tragiroximately 1 month of continuous computation using a
tional way, in terms of gain, through the effective aperturgster of 4 computers. The approach used for 20 MHz is
A. Let the power delivered to the load?() be Pr. Note the same in all respects, except a coarser grid is used for
Pp = S(¢)Ac(¥) gassumlng a co-polarized incident field)¢he syrrogate ground screens, which allows the number of
and alsoPp, = |I|” Ry. SinceS(y) = |E*()|” /n, where syrrogate ground screens to be increased to 108.

E*(¢) is the co-polarized incident electric field, we have that The surrogate dipole model replaces each triangular wire
the effective aperture for any given antenna attached taa IQyrig dipole “arm” with a single thick wire of length 1.7235 m

SEFD [ logyq Jy ]

Ny Y

Ry is ) with radius 6 cm, which is divided into 3 segments. This
A () = 11| . (29) results in segment lengths @£038), 0.073, and 0.142)
‘ |Ei ()| at 20 MHz, 38 MHz, and 74 MHz, respectively. This model

Assuming thatl, is computed using the MoM model Ole_yields nearly the same impedance vs. frequency around res-
onance as the original bowtie dipole. The surrogate ground

scribed above, this definitioncludesimpedance mismatch screen model increases the arid spacing to 75 cm for 20 MH
as well as loss due to the conductivity of the grodnd. ' grid spacing Z,

Using Equation 29, the zenith value of, is estimated to 22?re?;(p)>ocr$ t]:grog f é\/l (gg )\ar;dn d704 O%thzgemfrggs,\m?ngs
be 0.25 M, 8.72 nt, and 2.48 m for 20 MHz, 38 MHz, By ’ ' ; ’

and 74 MHz, respectively for each dipole in the singl and 74 MHz, respectively. The wire radius is increased to

stand system described in this section. It should be noted, "™ to c_ompensate fqrthe increased grid spacing while keep-
Ing the wire cross-section well clear of the Earth grounde Th

5These factors can be computed independently and removedijiédesee requ”ed numbe_r of Su_rmgaFe ground screens was determined
[5] and [21]. using an experiment in which the embedded pattern of the
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R
-60 Fig. 5. Ac(%) for all 256 North-South aligned antennas in #he= 0 plane
-60 -40 -20 0 20 40 60 at 20 MHz, relative to the same value for a single stand in fslaNote this
West - East [m] is essentially a measurement of the effect of mutual couplintherantenna
gain.
Fig. 4. Arrangement of stands in the LWA-1 array. The minimunadise
between any two masts is 5 H.83)\, 0.63)\, and1.23)\ at 20 MHz, 38 MHz, )
and 74 MHz, respectively). All dipoles are aligned NorthiBoand East- =
West; ¢ = 0 is East. For additional information about the array geometry, &£
see [1]. g 15
©
g
2
stand of interest was observed as the number of surrogate os
ground screens used in surrounding stands was increaset%, . — =
starting with the closest stand and working outward. It was ®
found that ground screens within abolitsA were often 2 s
important, whereas ground screens for stands further away
had negligible effect. To be conservative, 19 surrogatemgdo £
Q
screens were used for the 38 MHz and 74 MHz results,z 5 —
whereas 108 surrogate ground screens were used for thg - 7
L . . . 2 i
20 MHz results; in each case this yields a MoM model with 80 60 40 20 o 20 40 60 80
slightly fewer than the “maximum manageable” number of 8 [deg]
segments (11,000) identified above.
MOM analysis reveal_s that the behavior _of_stant_js @n th€y. 6. Same as Figure 5, except for 38 MHz.
array is considerably different from stands in isolatiomisT
is demonstrated in Figures 57, which shows the patterns of
all 256 North-South aligned antennas in the= 0 plane at 2
frequencies of 20 MHz, 38 MHz, and 74 MHz, respectively. €
It is clear that the combination of non-uniform spacings and% 15
mutual coupling leads to disorderly embedded patterns. Atz
. . ©
20 MHz and 38 MHz, the the pattern tends to increase slightly g e -
toward the zenith, and decrease slightly more toward the2 05— g
horizon. At 74 MHz this trend is not as pronounced, but the § |
pattern tends to be greater f20° < 6§ < 60°. 2
2 05
IV. SEFD PERFORMANCE OF THELWA1 ARRAY :’% 1
Using the currents obtained as described in Section IIEB, i .% 15
is possible to calculate the SEFD as defined in Equation 275
. - . -2 i 1
Figure 8 shows results in the= 0 plane. For each frequency, 0 0 a0 20 o 20 20 e 80

results are shown for two beamforming schemes: (1) “simple”
beamforming, in which the coefficientb)(are determined by
geometrical delays (and no other considerations); andq@) “ Fig. 7.
timal” (maximum SNR) beamforming, in which is chosen

0 [deg]

Same as Figure 5 and 6, except for 74 MHz.
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Fig. 8. Calculated SEFD of LWA-1 for beam pointing in thhe= 0 plane. For Fig. 9. The result from Figure 8 divided by the result expddtem pattern
each frequency, the upper (dotted) curve is the result fople beamforming, Multiplication (i.e., the SEFD from Figure 3, divided by 256)
and the lower (solid) curve is the result for optimal beamfognin

(2]

to be the eigenvector associated with the largest eigeanaflu
R, 'R, (as discussed in Section Il). As expected, optimal
beamforming consistently outperforms simple beamforming
with the typical improvement being in the range 1-2 dB.

If the principle of pattern multiplication applies, then we o
would expect the Figure 8 to be identical to the Figure 3.
result (for the single stand in isolation), scaled by the ham
of stands (256). However, this is not the case, as is showR. B Sseacews
in Figure 9. The SEFD is greater (i.e., worse) than the resul@
predicted by pattern multiplication by about 1-6 dB (vagyin ® -
with frequency and)) for 6 greater than abou20°, and is
different (not consistently better or worse) férless than 0 02w 409 [deg]so 7o 89
about 20°. Two possible culprits are mutual coupling and
Galactic nOIS? qurelfathr," From Section III-B It, is cleant [Fig. 10. Same as Figure 9, except computed with external (Gglamise
mutual coupling is significant. However, the primary culpricorrelation “turned off” (see text). Fa# < 75°, the results for 20 MHz,
is Galactic noise correlation, as demonstrated in Figure 138 MHz, and 74 MHz are very close.

This figure shows a recalculation of the Figure 9 result with

P"™ set to zero fom # m; i.e., forcing the correlation of _ _ o

the external noise received by different antennas to be. zelfo!S interesting to note that the correlation exhibits a s
This yields a result which is relatively close to that preeit function-like trend as a function of separation in wavelésg

by pattern multiplication; thus correlation of externalise However, it should be emphasized that this result assumes

between antennas is primarily responsible for the reducg@iform sky brightness, and (as pointed out earlier) theact
sensitivity. situation is somewhat different. Non-uniform sky brigtgse

Given the large effect mutual coupling is seen to have cW]ill introduce structure in the external noise covarianca-m
individual antennas patterns, it is interesting that theuits 11X (P2) that is likely to cause corresponding-dependent

of simple beamforming should be so close to the patteYgriations in SEFD.

multiplication results. Also interesting is the finding tha

optimum beamforming still provides a benefit of about 1 dB V. CONCLUSIONS

at all frequencies foR0° < # < 75°, even with external  This paper has considered the sensitivity of large arrays

noise correlation “turned off”. Mutual coupling is, in thisof low-gain antenna elements at low frequencies for which

sense, beneficial; although optimum beamforming coeffisierGalactic noise can be an important or dominant part of the

are required to realize the benefit. system temperature. General expressions were developed fo
Further insight can be gained from Figures 11-13, whic®BNR (Equation 23) and SEFD (Equation 27) for beamforming

show that Galactic noise correlation is quite large forelps in terms of the array manifold and internal and external

spaced stands, and in many cases is large even for anteromgriance matrices. Some results are shown using LWA-1 at

on opposite sides of the array. Thus, it is not surprising tha0 MHz, 38 MHz, and 74 MHz as an application example. It

sensitivity tends to be degraded relative to a similar datmn shown that for beams pointing more th&f—20° away from

in which external noise correlation is assumed to be zetthe zenith, the combination of mutual coupling and corretat

e to pattern multiplication ]

4

Simple beamforming

0 g 2 2 g R ARK

:

B relativ
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OKX
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Fig. 11. The magnitude of the sky noise correlatE[j”m] at 20 MHz as
a function of separation between standsand m, shown as a scatter plot
where each point corresponds to one pair of stands. Thetsdsave been
normalized so that the maximum value (i.e., for= m) assuming pattern
multiplication is unity (1). Note the minimum spacing betwebee masts of
any two stands is 5 m; thus no points exist for spacings grélaer zero and
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less than 5 m.
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Fig. 12.
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Fig. 13.
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Same as Figure 11, except at 38 MHz.

0 20 40 60 80 100
stand separation [m]

Same as Figure 11 and 12, except at 74 MHz.

of Galactic noise between antennas results in sensitiviighv

is significantly worse than predicted by pattern multigiica
beginning with single antennas in isolation. Closer to the
zenith, the result is frequency-dependent, and can berbette
or worse than the result predicted by pattern multipligatio

It is also shown that improvement of 1-2 dB is possible
by using beamforming coefficients specifically designed to
maximize SNR, as opposed to coefficients derived solely from
geometrical phase and which therefore neglect externaknoi
correlation as well as mutual coupling.

The ultimate intended use of LWA-1 is not solely as a
stand-alone instrument, but rather as one of 53 identical
“stations” distributed over the State of New Mexico whicle ar
combined to form images using aperture synthesis techgique
[1]. Because the minimum separation between stations will
be on the order of kilometers, the effects of mutual coupling
and spatial correlation of Galactic noise will be negligibl
in the process of combining station beams into an image.
Thus, the SEFD for imaging will be better by a factor of
/Ns(Ng — 1) than the SEFD for the station beam, where
Ng is the number of stations. Adopting a value of 3200 Jy for
the typical zenith-pointing SEFD from Figure 8, the SEFD
for imaging near the zenith wittiNg = 53 is expected to
be about 61 Jy. The resulting near-zenith image sensitivity
assuming 1 h integration, 8 MHz bandwidth, and SANR,
is about 2 mJy. This is consistent with the result derived
in [1], which neglected Galactic noise correlation. Howeve
results for imaging at larger zenith angles will not be cetesit
with [1], for the reasons discussed above. Better estinfates
pointing directions in the = 0 plane can be obtained starting
with Figure 8.

Finally, it should be noted that the theory and techniques
described in Section Il are generally applicable; even tayar
employing regular spacings, with or without mutual couglin
and dominated or not by external noise. Other findings in
this paper may be specifically relevant for arrays used in
other radio science applications, including HF/VHF direct
finding arrays, radar arrays for measuring the atmosphere or
ionosphere, and riometers.
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