VERSION JUNE 22, 2010 1
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Abstract— The Low Frequency Array (LOFAR) is a phased In view of the keen interest of the radio astronomical
array radio telescope that is currently being built in The Nether-  community in low frequency studies, several other instritse
lands with extensions throughout Europe. It was officially opened are also being developed. Examples of such instruments are

on June 12, 2010 and is an important pathfinder for the Square . . .
Kilometre Array. The Dutch LOFAR system will consist of 36 the Murchison Wide-field Array (MWA) [5] and the Long

stations covering the 10 — 250 MHz frequency range. In this paper Wavelength Array (LWA) [6]. These groups have reported
we discuss the sky noise limited design of the antenna system andresults from in situ measurements to determine the ratio

present a novel technique to obtain the ratio of effective arearad  of the affective aread. and the system temperatug,,,
system temperature directly from the calibration results, despite which is the key sensitivity parameter for radio telescopes

the presence of multiple sources within the 2 sr field of view of : e
the antennas. This ratio is the key sensitivity parameter for radio These measurements exploit the global distribution of the

telescopes. The presented technique allows in situ performanceSKy noise which is higher in the direction of the galactic
evaluation using astronomical calibration sources, i.e. without plane and lower towards the galactic pole. Such measurement

the use of reference sources, a controlled environment or lab gre quite challenging and provide a precision of order 10%
equipment. We use this.technique to evaluate the performance of [7], [8]. The Y-factor method [9] can produce more precise
some of the already available LOFAR hardware and demonstrate - - .
that LOFAR has the desired sky noise dominated performance. res',ults, but requires t\_No measuremerits at distinct ambient
noise temperatures. Since the sky noise temperature cannot

be tuned, this requires special equipment.

In this paper we present a technique that exploits the
availability of astronomical calibration sources and iataa
I. INTRODUCTION precision of order 1%. This should allow equally accurate in

The Low Frequency Array (LOFAR) is a phased array radigitu estimates ofd. /T, if the flux of the calibrator source
telescope that is currently being built in The Netherlands w is known with sufficient accuracy. Another attractive featu
extensions throughout Europe [1], [2]. It was officially opel  ©f the proposed method is that it can determihg/T;, from
on June 12, 2010 and is an important pathfinder for the Squ&adibration parameters provided by the array calibratmrtine
Kilometre Array [3]. The Dutch LOFAR system will consist ofand does not require additional measurements. Integration
36 stations each with 96 low band antennas (LBA) operatir‘ilj the sensitivity estimation with the multi-source antann
between 10 and 80 MHz and 768 high band antennas (HB@yay calibration described in [10], [11] also ensures prop
covering the 110 — 250 MHz frequency range. Each Europefiatment of the presence of multiple sources within thes2
LOFAR station will consist of 96 LBAs and 1536 HBAs. Thefield-of-view of the antennas.
signals from the antennas are digitized and digitally beam The paper is organized as follows. The design of the antenna
formed by on site FPGA based processing boards. The Séﬁétem is described in Sec. Il. Section IV presents an oeervi
processing boards can also be used to correlate the anteP#ye calibration problem and its solution based on the data
output signals. model is presented in Sec. Ill. The method to estimate the

At the LOFAR operating frequencies, it is feasible to desigpensitivity is described in Sec. V. We conclude by applying
a non-cryogenic, low-cost antenna system that is sky noféés method to data from the LOFAR system showing that it
dominated, i.e. a system for which the contribution of th@chieves sky noise dominated performance.
antenna and receiver noise temperature to the overallmyste
temperature is lower than the contribution of the backgdoun Il. ANTENNA DESIGN
or sky noise temperature. This also allows to turn a simp > Low band antenna
dipole into a broad band antenna by introducing a carefully ]
chosen mismatch between the antenna impedance and theOFAR uses phased array stations of LBA elements to
input impedance of the first stage low noise amplifier [4]€C€ive signals in the 10 — 80 MHz frequency range. Each
These design considerations and their impact on the desfjftion consists of 96 elements. The LBAs are required to

of LOFAR's low and high band antenna are discussed in S&€ Sky noise dominated: the noise added by the antenna and
I receiver should be smaller than the sky noise. Furtherntioee,

radiation pattern of the individual elements should be trima

This work was supported by the Netherlands Institute fori&@adtronomy  maximize Sensitivity at low elevations. The antenna elemen
(ASTRON). . . .
S.J. Wijnholds and W.A. van Cappellen are with ASTRON, Dwilap, € arranged in a sparse random configuration [12]. Apant fro

The Netherlands. Email: wijnholds@astron.nl, cappellesi@a.nl the functional requirements, the antenna elements have to b
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B. High band antenna

In the 110 — 250 MHz frequency range, LOFAR uses arrays
of dual polarized vertical bow-tie antennas of 45 cm height.
The elements are grouped into subarrays ("tiles”)4ok 4
elements on a rectangular lattice. The element pitch is 1.25
m, which is\/2 at the lowest frequency of the 120 — 240
MHz range for which the design was optimized. The elements
within a subarray are combined in an analog beamformer to
increase the sensitivity in the 110 — 250 MHz range without
increasing the number of receivers. The reduced instaotesne
field-of-view is outweighed by the increase in sensitivity.
The beamformer is implemented with analog 5-bit true-time
delays with a maximum delay of 15 ns. The resulting average
beamformer efficiency is 90% at 240 MHz. The outputs of the
subarrays are digitized and further combined digitally\c&8ese
the element spacing exceeflg2, grating lobes can occur in
. . . . the station beam pattern. To reduce the impact of the grating
cost-effective and environmental regulations allow a mmaxn | . S .

obes, the rectangular lattice of each station is rotatetth wi

height of 2 m. respect to the others. When the outputs of two stations are

Wideband power matched antennas covering frequenclﬁﬁrelated, the grating lobe of the first station is supmedsy
down to 10 MHz are usually very large and exceed thge igelobe level of the other [13]. EM simulations of a HBA
maximum height of 2 m. However, the LBA is receiveyarray confirm that the effective area of a HBA element,
only which enables the use of an active balun. The elemetpadded in a subarray, in the 110 — 180 MHz frequency

consists of two orthogonal inverted-V shaped dipoles aboyg,qe 5 aphout equal to the physical area of the element, that
a square ground plane. The LBA dipoles are resonant aroqgci'25 %« 1.25 m2 = 1.6 m2.

57 MHz. The antenna impedance away from the resonance

frequency is either strongly capacitive (below resonarare)

inductive (above resonance). Each dipole is connected to an

active balun. The balun has a voltage sensing differentfal Data model

input and an unbalanced coaxial output. The input stage isThe electromagnetic field probed by the antennas of the

based on two ATF-54143 transistors. The active baluns df ba@perture array can be described as a superposition of electr

polarizations are on a single PCB which is molded in epoxpagnetic waves coming from all directions at different fre-

for environmental protection. The antenna height (1.70 sn) guencies. Most signals relevant to radio astronomersraigi

a compromise between high and low frequency performandgm such vast distances that the curvature of these waves

A lower antenna will reduce its radiation resistance at lo@ver the array may be neglected. This allows us to describe

frequencies resulting in a decreased antenna efficiency.th®e electromagnetic wave with wave veclorimpinging on

higher antenna has a reduced gain in zenith direction whiéa@ receiving element located at positignat time ¢t as the

the antenna height exceed§/8)\ at the highest operating plane wave

frequency. The dipole arms are placed in an inverted-V shape (kT E— ke

to increase the E-plane beamwidth. A metal mesh ground E (€. k,t) = By (k, t) e I(< & ket 1)

plane of3 x 3 m? is located under the antenna to reduce thehe wave vectok = —2n f1/c fully characterizes the plane

dielectric losses in the ground and to reduce the variation @ave coming from directioh at frequencyf. The plane wave

antenna performance due to varying ground conditions. ThgectrumE (k,t) = [Eoe,Eo¢,E0r}T describes the complex

radiation pattern of a single LBA has been simulated usirgnplitude distribution along the three polarization diiets

the commercial IE3D MoM software. Its directivity is about,, e; and e,. Since a plane wave does not have a field

7 dB up to 65 MHz. Above 65 MHz the directivity decreasesomponent along the direction of propagatidiy, = 0 and

to 5.7 dB at 80 MHz. The E-plane half-power beamwidth i is therefore sufficient to describe the field amplitude bstj

77, 82 and 85 degrees at 30, 50 and 80 MHz respectivalyo components, i.eEq (k,t) = [EOQ,E%]T.

The H-plane beamwidth is above 115 degrees over the entirefhe amount of power absorbed by htl receiving element

frequency band. subject to an electromagnetic wave with wavenumkend
The fact that the low noise amplifier (LNA) is not noisepolarization [Eoe,Eod,]T depends on the sensitivity of the

matched to the antenna means that we do not reach tkeeiving element to radiation from that direction at that

lowest noise temperature that could have been obtainecein frequency with that polarization. Using reciprocity, ttgen-

matched case. But as indicated above, as long as the realigiéidity pattern can be determined by measuring the ramhati

noise is well below the sky noise this has only minor impact guattern of the array while applying an input currdptto the

the system sensitivity. Additionally, this intentional smiatch pth element while leaving the terminals of all other elements

allows us to make a very wideband system using a cheap apén. This is called the embedded open circuit loaded iadiat

simple otherwise narrowband (dipole) radiator. patternE,, and will be referred to as the element beam pattern.

Fig. 1. LOFAR low band antenna sparse pseudo-random array.

I1l. THEORY



VERSION JUNE 22, 2010 3

antenna arrayz 4 Since correlations can be described by a multiplication

in the frequency domain according to the Wiener-Kinchin

theorem [17], we will assume that the narrowband condition

holds. This can be described mathematically by assuming an
—————————————————————————————————————————— infinitely narrow frequency response of the system centered
aroundjy, i.e.

V(l,fo,t) = / G Voc (f,l,t)5(f—f0)df
f0) Q (fo) voe (L £, fo) 4)

where ¢ (f — fo) denotes the Dirac delta function. We will
stop mentioning the frequency dependence explicitly frbis t

Fig. 2. Schematic representation of an antenna array ancedsiving POINt for notational convenience. The output voltages) can
network. now be described by integrating (4) over direction, i.e.

. o 0= [ Gavenan )
The open circuit voltage at the antenna terminals is thusngiv Q
by The details ofv,. (1,¢) follow from (1) and (2). By splitting

receiver networkZr, G

ArigoelKléo i ; ; &
Voo — mj&oe (ka t) 'E, (k) @) Eo (1,t) = e (l,t).s (1,t) in a unit polar.lzatlon vectoeo_(l,t?
k[ 7o and a source signaé (1,¢), we can introduce a direction
whereg, is the distance at which the element beam patterng§Pendent gain for theth receiving element
measured ang = +/u/¢, with 4 ande as the permeability and 4rigoellkléo
dielectric constant of the propagation medium, is the ristz gop (1,1) = Tkl (Lt)-Ey(1). (6)
impedance.
The open circuit voltages of alP elements of the an- 1hese gains can be stored |nTPa>< 1 vector go (1,t) =
tenna array can be stacked into /ax 1 vector v, = [901 (1,2) , 902 (1,2) .-+, gop (1,1)]". The phase of an in-

[Voe.1> Voe.2s** * 5 Voc, P] The impedance of the output termi-coming plane wave at each rece|V|ng element can be de-
nals of the array can be described by a mutual impedarfé@ed by a phasom, (1.t) = exp (—j (k"¢, — |k|ct)),
matrix Z 4. The array is loaded by a receiver chain netwoerh'Ch can be stacked in aD x 1 vector a(lt) =
generally consisting of a low noise amplifier behind cadh1 (1Lt),az2 (Lt) -+~ ap (L,1)]". If the receiver locations are
receiving element as depicted in Fig. 2, characterized §§acked in a matrisg = [¢,,&,,---,&p]" the array response
its mutual impedance matriZ; and direction independentvectora(l,¢) can be written in the convenient form

yoltage gaingy, for each receiver cha;n, which can be stacked a(lt) = Lefj(Ekf\k\ct) @

ina P x 1 vectorg = [g1,92,- - ,gp]" . The voltages at the ) VP )

output of the receiver chain network are thus described by )
which is normalized such thgt (1, ¢)[|7. = a” (Lt)a(L,¢) =

vikt) = G(NZr()(Zr()+Za(N)) vae () 1.

= G(f)Q(f) voe (k,t) (3) Equation (5) can now be written as
where G = diag (g). The matrixQ = Zp (Zgr+Za) " v (t) :/GQ(a(l,t)@go (Lt)s(Lt)dQ,  (8)
describes the effect of mutual coupling between the reggivi Q

elements of the array. The output of each element is a mixtwiere © denotes the Hadamard product or element-wise
of the response of the element itself and the scaled andetlayroduct of two matrices or vectors. If this signal is sampled
responses of the other elements in the array. The anteraa awith period 7", the nth sample of the array signal vectein]
and its receiving network can also be described in terms igfgiven by
their scattering matrices or mutual admittance matricddés T 0o
leads to the same result, i.e. that= GQv,. [14], [15]. x[n] = / v(t)d(t—nT)dt =v (nT). 9

The output voltages of the receiver netwovKt) are the —o0
result of the superposition of voltages induced by elecagm Equation (8) not only describes the superposition of source
netic waves coming from all directions at all frequencids. bignals, but also the contribution of the homogeneous sky
these signals originate from celestial sources, they amhas- background noise. In our analysis, we will include the sky
tic in nature. Although each celestial source has its owngvownoise in our noise model, so we can write the array signal
spectral density, their signals in individual narrowbard®][ vector as a superposition ¢f spatially discrete source signals
frequency channels may be modeled as independent idéyticahd noise, i.e.
distributed (i.i.d.) Gaussian noise. Due to the stochasdtare
of the signals of interest, radio astronomical measuresn@m (] (Z a, (nT) ® gog (nT)) 54 (nT) | +n (nT).
based on measuring the spatial coherency between antenna -
signals, the visibilities. (10)
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The @ source signals can be stacked i@ a1 vectors (nT') =
[s1 (nT),s2(nT),---,so (nT)]". Introducing the P x Q lo.os
matricesA = [al, ag, - ,aQ] andGU = [g()l, 202, * ,gUQ], '
we can write the array signal vector as 109
x[n]=GQ(A®Gy)s(nT)+n(nT). (11) é 02 lo.ss
N samples can be stacked in B x N matrix X = [
[x[1],x[2], - ,x[N]], which is a data set used for shori .

term integration. Over this short term integration intérva £
referred to as snapshot, the array covariance mavix= A
E{x[n]x" [n]} is estimated by the short term covarianc
matrix estimateR = XXH /N, which is computed by a

correlator and stored for later use. Its expected valuecbas _"
on (11) is h - - -
R=GQAOG)Z(A0G)' Q"G +%,, (12 West - | . East

whereX = & {s (nT) sH (nT)} is the Q x Q source covari- Fig. 3. Calibrated all-sky map for a single polarization at\8Biz from a
ance matrix an®,, = £ {n (nT) n? (nT)} isthe P x P is 48-element LOFAR prototype station. The image shows the sijegted on

. ; . the horizon plane of the station
the noise covariance matrix.
The noise covariance matrix can be obtained by integrati

1 -
(8) over the homogeneous sky background noise and add
the receiver noise powers. This gives 08 1o0.25
0.6
Y, = kpTre.BI + kaskyB‘Ilv (13)
< 04 0.2
whereT,.. and T, denote the receiver and sky noise temr o 02
perature respectively;, = 1.38 - 10723 J/K is the Boltzmann 1 1015
constant,B is the observing bandwidth anl is the element % 0 '
pattern overlap matrix, whose elements are given by [14] [1 c
1 [ g
U, =—— [ Ep, (1)-E,p, (1)dQ. 14 0.4
pre = 5o [ B (0B ) (1)

-0.6
This matrix describes the overlap or correlated power vecki

by the array elements integrated over the homogeneous
background. The element pattern overlap matrix is norredliz

-0.8

-1

- . . -0.5 0 0.5
such that its diagonal elements are unity. The first term &) (1 West — |  East

represents the noise in the receiver system. This term dhoul
be replaced by a non-diagonal matrix as well if noise COlgplirFig- 4. Calibrated all-sky map based on the same observatahtogproduce

191 ol ianifi t rol Fig. 3 using only baselines longer than four wavelengthss $hows that after
[ ] p ay§ a S|gn'.|can role. . ) . . spatial filtering the received signal can be accurately nestiély two point
To avoid cluttering of the discussion in the rest of this papeources.

by too many distracting details, we will make the following
simplifications:

« We will assume that mutual coupling effects can either g
ignored or have the same impact on all antennas. The fi
assumption holds if the array is sufficiently sparse, the R=GAXA'GY +3,, (15)
second holds for dense regular arrays. In the latter case, . ) o
the impact of mutual coupling on the overall array gaiWhereX; = GoXG{' is a diagonal matrix with the apparent
can be described by a perturbation of the element be&@Hrce powers as measured by the antennas on its main
pattern that is the same for all elements. This allows g4agonal ands,, = kT, BI whereTyys = Trec + Ty
to takeQ = I and¥ = I. The impact of this assumption
on the accuracy will be discussed in Sec. VI. IV. ARRAY CALIBRATION

« We will assume that all signals are unpolarized. This The individual antennas have an extremely wide field-of-
allows for a single polarization treatment of the problemiew and detect signals coming from any direction on the sky.

« We will assume that we have an array of identicafhis is illustrated by the all-sky image made from a snapshot
elements. This allows us to také, = diag (go) where observation with a single LOFAR station shown in Fig. 3. This
g0 = [go1,902: - g0q) . i-e. the direction dependentimage shows that the source structure is more complex than a
gain is the same for all antennas. few point sources. If the same image is made after applying a

We would like to emphasize that our system model can includpatial filter using only correlations between antennasadha
these effects, but including them would distract too muolmfr at least four wavelengths apart, we obtain the image shown

e key results of this paper. These simplifications redbee t
ta model to
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in Fig. 4. This image is dominated by the two bright poinData and calibration solutions affected by such effectshmn
sources Cygnus A (Cyg A) and Cassiopeia A (Cas A). Thilagged by assuming that variations due to the instrument and
was achieved by introducing a non-diagonal noise covagiancalibration sources are intrinsically slow in time and fregcy.
matrix X, containing a free additive parameter for evenA more detailed discussion on the full calibration pipeline
baseline shorter than four wavelengths. This noise cavegia outside the scope of this paper. Interested readers ameagfe
matrix represents the unknown or hard to model contribgtioto [24]. In view of this paper, the main point is that the
of cross-talk between receiver chains and extended emissoalibration routine determines the apparent source pofiteeo
from, e.g., the Galactic plane. These short baseline effectlibratorss, and the system noise powey, of the antennas.
are thus described phenomenologically instead of exilicitThis allows us to compute the instantaneous SNR ofgthe
physically modeled. This approach is further discussed®.[ source as

All these parameters can be stacked in a column vegigr gHng
which can be related t&,, using a selection matrik, such SNRy = —5 0 : (17)
thatX,, =I.0,. p=1 Ynpp +878 Zq:l Oq

At LOFAR'’s operating frequencies, the ionosphere can hailéne numerator describes the total output power of the receiv
serious impact on the propagation of radio waves. This cang system due to the source signal from tile source. The
be modeled by one or more phase screens [20]. The snu#ghominator describes the total noise power plus the s&léno
footprint of a LOFAR station ensures that in the direction aff the sources. The latter may contribute significantly te th
each source the station is only sensitive to the local phaseerall system noise power if a strong calibrator is used lik
gradient and, under more severe conditions of ionosphetite sun at the highest frequencies in the HBA operating range
turbulence, the local phase curvature. The local phaseegtad
causes a shift in the apparent source position of each s@ace V. DETERMINING A/T
the calibration has to estimate the position of each sodite. A \eathod

local phase curvature acts like a lens and may focus or defocu h itivity of | d : he |
the image of the source causing a change in the observed '€ Sensitivity of a telescope determines the instantaneou

source power. Although source positions and source fluxes &\R Of thegth source. The instantaneous SNR per receive

known from tables, they can therefore not be assumed know%th of this source follows from

when calibrating the array. SNR. — Jogkv Ty B (18)
The calibration problem can thus be formulated as a7 kyTsysB
{@,X,Es,ﬁn} _ The flux received from an unpolarized source by tita
' ) receiving element is given by
argmin H W (R — GAZ,APGH - zn) w H : ko T,
gA0..0, F Se= 379 /3, (19)
(16) . o . .
- ~whereT, is the source temperature, i.e. the increase in antenna
whered = [1,13,--- ,1,]" is a column vector containing temperature induced by thgh source. From (19) it follows

the source locations2; = diag (os) and W is a weighting that T, = S,A./ (2k,) and therefore that
matrix. The optimal weight for Gaussian sourcesWs = g A
R-1/2 [21]. SNR, = 2q 9oglle (20)

This covariance matched weighted least squares estimation 2k Tiys
problem can be split into four estimation problems for th&his shows that the instantaneous SNR of tfle source is
four subsets of parameters: the complex valued signal pakétermined by the ratid. /T, the key sensitivity parameter
gainsg (direction independent gains), the source locatians for radio telescopes, and the element beam pattern dedcribe
the apparent source powers and the parameters describindy go,. Since SNR,, directly follows from the direction in-
the noise covariance matrix,,. In [11], several approaches todependent gains, the apparent source powers and the noise
estimateg are discussed and a closed form solutiondqris covariance matrix (see (17)), the calibration resultsvallo
derived. The source locations can be obtained using welghtes to computegy,A./Tsys Which can be interpreted as the
subspace fitting [22], [23]. A closed form solution fet, is sensitivity of the phased array telescope in the directibn o
derived in [10]. Wijnholds and Van der Veen [10], [11] havehe source.
proposed to alternatingly solve for these subsets of paeame This also implies that the sensitivity of a phased array
Although such an iterative scheme is not guaranteed to geovielescope depends on the position of the observed source
an optimal solution for the complete problem, their Montand on the time of observation, since the effective area of
Carlo simulations indicate that it provides an asymptdiica the telescope depends on the elevation of the source due
statistically efficient and unbiased solution to the stataelir to the direction dependent antenna gains and the sky noise
bration problem. They also show that the use of closed fommperature depends on the elevation of the Galactic plane
solutions is computationally efficient as well. and especially the rise and set of the Galactic center. Tsie fir

When working with actual data, radio frequency interfereffect can cause the largest variation in measured setsitiv
ence or transient phenomena, such as lightning or a solar, buespecially for sources that trace out a large range of étesat
may hamper calibration using the approach sketched aboVbe hemispherically integrated sky noise temperature can
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vary by 40%. The exact impact of these sky noise variatiol

depends on the element beam pattern (determines the eela 30| ‘ - y
contribution from different parts of the sky) and the relati y L X x
contribution of the sky noise temperature to the overaltsys ¢ 201 x x X )
temperature. This makes the impact of the sky noise vanatic S x X x
. Z 10, X
frequency dependent. In Sec. VI, we will see that the sen L x
tivity towards Cas A may vary daily by as much as a factc T o o . o .
5. ; % . X
' -10 . x
B. Flux of Cassiopeia A E } } x «
o _ L
The flux of thegth source,S,, is assumed to be known & Z % S x
from, e.g., sky catalogs. This may seem to contradict o _30! " x y
cautionary remark on ionospheric effects, but those aeerz ‘ ‘ O ‘
out over time as nicely illustrated by the results from th -40 -20 0 20 40
48-hour measurement presented in the next section. In « West — x (m) - East

experiments, we used Cassiopeia A (Cas A), the brightest

radio source in the constellation of Cassiopeia, as reererfid- 5- Armay configuration used for the LBA measurements.

source. Cas A is one of the brightest sources observable from

the northern hemisphere and can be found3ft2326.4°

right ascension anéi8.827° declination [25]. This implies that dense array that is suitable for the upper part of the freqquen

this source never sets and transits withith from the local range. We opted for the sparser arrangement to avoid the

zenith of our LOFAR stations in the northern parts of theomplications of strong coupling between the antennasig th

Netherlands. Baars et al. [26] have established the fluxipecdemonstration. In this particular configuration, the sksirt

density for frequently used calibration sources, inclgd@®as distance between two antennas is 3.07 m while the average

A. According to Baars et al. the flux spectrum of Cas A iglosest neighbor distance is 7.29 m. Based on simulatiods an

the 1965 epoch can be described by field experiments this separation is sufficient to reduce the

impact of mutual coupling on the antenna response below the
-17 dB level.

(21)

. . On 10 November 2009 at 15:31:26 UTC, a 48-hour mea-
where f [MHz] denotes the observing frequency expressed in ; . .
. surement campaign was started in which the correlator at the
MHz. The annual decrease of the flux of Cas A is

station was used to sweep over all 512 195 kHz subbands
d(f)=0.97—0.30log,, (f [GHz]) (22) inthe 0 — 100 MHz frequency range with 1 s integration per
subband. This produced 290 frequency sweeps and 20.4 GB of
percent per year. _ _data, that was processed automatically. The data was fed int
More recent _observatlons suggest that (22) overestimaleg, i, frequency interference (RFI) detector and an aatenn
the rate at which the flux of Cas A decreases [27], [28)re detector to flag data unsuitable for calibration aglere-

These observations can either be explained by a lower ﬁxﬁ%nts outside the 10 — 90 MHz pass band of the filter were

annual decrease based on observations over a longer pefiotl ey in the calibration routine. After calibration fol¥ing

of time [28] or by a linear decrease in the fading rate of Cafe rocedure sketched in Sec. IV, the calibration resuttew
A of 0.02%/yr [27]. The outcome of both explanations is, ;1omatically checked for erroneous results (outliers).
consistent with recent observations, but we will assume theAS described in Sec. V, thd, /T, ratio towards one of
decreasing fading rate model, since it is explicitly basad n e sys

observations in the 38 — 300 MHz frequency range, whm?ge calibrators follows directly from the calibration résu

is relevant for low frequency telescopes like LOFAR. We igure 6 shows thme/ﬁys ratio measured towards Cas A
- versus frequency and time for the full 48-hour measurement
thus calculate the actual flux of Cas A by determining thfe

. . . . or a single polarization. This plot shows many gaps due to
flux of Cas A in 1965 using (21) and applying a fading rat . . . .
corresponding to the empirical result stated in (22) for5L9 agging of RFI. During the first day of the observation, altnos

: o .~ “all measurements below 30 MHz have been flagged. The
subtracting 0.02% for each later year, i.e. if the fading riat feasibility of observations below 30 MHz strongly depends o
1.3% in 1965, we take 1.28% in 1966, 1.26% in 1967, etc., Y I SOW - >trongly dep

ionospheric conditions. At night time, the ionosphere Inees
more transparent, so radio transmissions will propagéte in
space instead of being reflected back to the ground. As & resul

A. Low band antenna the spectral occupancy of RFI decreases at night allowing us
For the evaluation of the LBA, we use data from the statid® observe even below 20 MHz during good nights.

referred to as RS503. The LBA station array consists of 96 Figure 6 also shows the variations over frequency and time.

antennas of which 48 can be used simultaneously. Figuré/ariations over time are due to the Earth rotation. Cas A neve

shows the 48 antennas used in our experiments. Forty-sixsets, but its elevation varies from2tb 83. This effect is best

the other 48 LBAs are located in the center forming a velseen in cuts at specific frequencies such as shown in Fig. 7.

Scas. 1965 (f) = 105:625-0-634 log, (f[MHz])—0.023 log2, (f[MHz])

VI. PERFORMANCE EVALUATION
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Fig. 9. Plot showing the estimatéd,, s for the LBA based on the directivity

values obtained using IE3D MoM software versus frequenay.cemparison,
the average sky noise [29] is shown as well.

These curves clearly show an asymmetry around the peak.
This is caused by the Northeast-Southwest orientation @f th
dipoles producing an element beam pattern that is elongajgds T.,s of the LBA below 60 MHz is dominated by the
along the Northwest-Southeast direction. When Cas A risg;gy noise. TheT.,. curve shown here was obtained using
from the East, we therefore measure a steeper slope of {Re girectivity values from commercial IE3D MoM software
element beam pattern with elevation than when Cas A sefs 5 single LBA dipole quoted in Sec. Il. Unfortunately,
towards the West. a sparse irregular configuration with finite ground planes

Figure 8 showsA. /T, over frequency measured towardger antenna is computationally prohibitive to model. Ths i
Cas A at the highest point of its orbit, which is onl§ ffom |ikely to be one of the reasons why this plot suggests that
the zenith (bore sight). This plot shows that the sensjtivithe system temperature is fully determined by the sky noise
around the antenna resonance near 60 MHz is more thamperature over the 40 — 60 MHz range. Another reason is
twice the sensitivity at 30 MHz, despite the sparse arrafle aforementioned dependence of the measured sensitivity
configuration that should provide maximum effective area pghe source position and the time of observation. From this
dipole. This slope can largely be explained by an increag@alysis we should thus be careful making detailed statemen
in Ty,s due to the increase i, Which is proportional to |ike claiming that the system temperature is for over 90%
f~2% at these frequencies going from 2060 K at 75 MHz tgetermined by the sky noise temperature over the 30 — 70 MHz
21-10° K at 30 MHz [29]. range, but we can conclude that the LBA performs sufficiently

This is nicely demonstrated in Fig. 9 which demonstratesgell to call LOFAR a sky noise dominated instrument at the
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Fig. 10. Array configuration used for the HBA measurements. Fig. 11. Plot showing the variation 0. /Ts,s with frequency measured
towards Cas A, which was at a zenith distance 76f at the time of
measurement.

LBA operating frequencies.
Figure 8 also shows a sharp dip at 62 MHz which is . . . .
observed consistently. Several experiments with modifred nd 200 MHz with 1 s integration per subband. During mea-

tennas have shown that it is caused by a small loop at the eﬁlﬂcﬁer_"_e_”t' the tiles were track_mg C‘?‘S A o prowde_ maximum
of the dipole arms which is needed to fix the antennas. sensitivity. The antenna configuration is shown in Fig. 10.

Figures 7, 8 and 9 give an indication of the precision (ﬁach tile is a uniform rectangular array ¢fx 4 HBAs with

the method. All points are measured independently but sﬂ11.2d5 2 spacJElhng,t'\I/vhll)Ie the tiles are ﬁ)l&(\jce? on ? r;ehgular 5;5 m
produce a smooth curve with only incidental outliers. A fid. since ine tile beams are pointed close fo he zeniih, no

demonstrated in [11], [24], the calibration method appea%alting lobes are present in the .110 — 190 MH.Z frequ_ency
to be statistically efficient, which means that the CéaRao range of the selected band pass filter. The array is suffigient

bound may be used to estimate its precision. Such an anal Ig[ge (768 antennas) and regular that most elements arecsubj

shows that order 1% precision in the direction independebtt':je sargeéngtual ccr)]upllng.efftehcts. II\/IutuatI (t:)oupllng (i?mhtl;] ¢
gain solutions is easily achieved for every individual sarudb € described Dby a change in the element beam pattern tha

with only 1 s integration time. If more precise results arlg :htf] sa:cne for "Jl‘” ante_nnai, e>§_cept ;otrhth?ste Ion thg edgfes,
required, we can simply increase the integration time or t €y form only a minor fraction of the fotal humber o

bandwidth (assuming that the gains vary only slowly Witﬁlntgnnas. _
frequency). Figure 11 shows the averagk. /T, per tile versus fre-

Biases due to, e.g., ionospheric scintillation in a pakticu GUeNcy measured towards Cas A, which was in transit at

observation or inaccurate interpolation of the source pow@ Zenith distance off® at the time of measurement. The
speciral density to the frequency of interest, are moslyiikeS€NSitivity seems to increase with frequency up to 160 MHz.

the dominant sources of error. Figure 7 gives an indication §92in, this is mainly due to the decrease of the sky noise with
the impact of ionospheric effects, that differ from day tg.da ffeduency.

By comparing the results for the two days, we find that the This is confirmed by assuming that the effective area of
variations in the sensitivity estimate caused by the iohesp the tiles equals their physical area, which is generally adgo
may be as high as 3%. This error can be mitigated by repeatfpumption in (dense) regular arrays as long as no grating
the experiment over time. The bias due to inaccuracy {fPes are present. The latter condition holds over the 119D-1
the assumed source flux can be mitigated by using differd}iz range for the 1.25 m-spaced HBA elements when pointed
calibrators. This also provides the data required for a moi@Zzenith. The effective area is slightly reduced due to i
detailed characterization of the instrument necessanyope c former efficiencynpp, which is 90% at 240 MHz. Since the

with the source and time dependent variation of the seitgitiv [0SS€s in the beam former are mainly due to round off errors in
the discrete delay steps, the beam former efficiency imgrove

) guadratically with wavelength. The system temperatureeur
B. High band antenna derived usingA. = nprAphys iS Shown in Fig. 12 together
For the performance assessment of the HBA tiles we uagéth the sky noise. Compared with the LBA results, there is
data captured with the HBA array at the station referred #clear difference between the sky noise temperature and the
as RS208 on 24 November 2009 between 18:10:15 UBgstem noise temperature. With the cautionary remarks made
and 19:28:06 UTC, an interval centered around the transitthe previous section, we conclude that the sky noise &xgpla
of Cas A. The data was obtained using the station correlatoughly half the overall system temperature and that this
to sweep over all 512 195 kHz subbands between 100 MHtaction increases towards lower frequencies and thatwbelo
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(6]

(7]

(8]

El

[20]

150 MHz, the HBA system is largely sky noise dominated. [11]

VIl. CONCLUSIONS

[12]

In this paper we have presented a novel technique that de-

rives the system sensitivity, expressed as the ratio ottfe

[13]

area and system temperature, towards a given source girectl
from the calibration solutions despite the presence of roté4l

sources within the 2 sr field-of-view of the antennas. This

method has a high statistical precision, but may be subject[is

systematic errors due to effects such as calibrator souwrze fl

uncertainties, ionospheric scintillation and mutual dmgp

Such errors may be reduced by observing multiple calibrator
sources at distinct times. This should be done anyway fidr]

a full characterization of a phased array telescope due
the direction dependence of the element beam and the ti

i

dependence of the integrated sky noise power over the etemen
beam. This was nicely illustrated by our practical exampleélg]
We have applied this method to both the low and high
band antenna system of LOFAR described in this paper to
assess their performance. Although comparison of the rsyst&0
temperature derived from a single source with the average sk,

noise temperature should be done with care, we can conclude

that both antenna systems exhibit sky noise dominated perfg

mance, where the sky noise determines about half the SySI%IZ"J]

temperature for the HBA and an even higher fraction for the

LBA.
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