
Final Astronomical Test Report for EMBRACE

compiled by S.A. Torchinsky

Project supported by the

European Commision

Contract no. 011938

DS5T3.4

Doc.nr.: DS5-101

Rev.: 1.0

Date: 22-Feb-2010

Class: Public

1 of 22



Project supported by the

European Commision

Contract no. 011938

DS5T3.4

Doc.nr.: DS5-101

Rev.: 1.0

Date: 22-Feb-2010

Class: Public

2 of 22



Distribution list:

Group: Others:

DS-Manager: G.W. Kant

Task Leader: S.A. Torchinsky

SKADS-MT

SKADS Project Office

Document history:

Revision Date Section Page(s) Modification

1.0 2010-Feb-22 - - First preliminary release

Approvals:

First Author: S.A. Torchinsky ................................... Date: 22 February 2010

Task Leader: S.A. Torchinsky ................................... Date: 22 February 2010

Design Study Leader: G.W. Kant ................................... Date: 22 February 2010

Project supported by the

European Commision

Contract no. 011938

DS5T3.4

Doc.nr.: DS5-101

Rev.: 1.0

Date: 22-Feb-2010

Class: Public

3 of 22



Project supported by the

European Commision

Contract no. 011938

DS5T3.4

Doc.nr.: DS5-101

Rev.: 1.0

Date: 22-Feb-2010

Class: Public

4 of 22



Contents

1 Introduction 7

2 Solar observations with a single tile 8

3 Profiling the EMBRACE tile beam using GPS satellite carriers 10

4 EMBRACE: First Experimental Results with the Initial 10% of a 10,000 Element

Phased Array Radio Telescope 16

Project supported by the

European Commision

Contract no. 011938

DS5T3.4

Doc.nr.: DS5-101

Rev.: 1.0

Date: 22-Feb-2010

Class: Public

5 of 22



Project supported by the

European Commision

Contract no. 011938

DS5T3.4

Doc.nr.: DS5-101

Rev.: 1.0

Date: 22-Feb-2010

Class: Public

6 of 22



1 Introduction

This document reports the results of tests with the EMBRACE system that was available in De-

cember 2009 (the end of the SKADS contract). For reasons described in the deliverables for DS5T2,

the full arrays of 160 m2 and 90 m2 in the Westerbork and Nançay locations were not available for

testing. We therefore report results with the smaller systems that were available.

At the Nançay site, a single prototype tile (ie. 72 antenna elements) was available as of October 2009.

This was used to measure signal from the Sun, and to make detailed measurements of the synthesised

main antenna lobe using GPS satellites. The Sun measurements are described in Section 2 by

L. Chemin. The GPS measurements are described by A.O.H. Olofsson et al. in Section 3. This

is reprinted from the article which was published in “Proceedings of Wide Field Astronomy and

Technology for the SKA,” (eds. S.A. Torchinsky et al., ISBN 978-90-805434-5-4).

At Westerbork, a system of 10 tiles was used in October 2009 to measure interferometric fringes from

the Sun. These were the first astronomical results with EMBRACE. In December 2009, a system of

16 tiles made all-sky interferometric image maps with the geosynchronous satellite “Afristar” clearly

detected on the horizon. These results are described by S.J. Wijnholds et al. in Section 4. This is

reprinted from the article published in “Proceedings of Wide Field Astronomy and Technology for

the SKA,” (eds. S.A. Torchinsky et al., ISBN 978-90-805434-5-4).
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2 Solar observations with a single tile

Laurent Chemin, Observatoire de Paris

The passage of the sun through the primary beam of the tile was observed around 11 a.m. on

2009 October 8. The tile was setup such that several orientations in azimuth and elevation angles

could be used for measurements (see Fig 1). As can be seen in the image, the tile angle approximately

matches the sun elevation on October 8 at 11:00 CET (∼ 33◦). The exposure time was ∼2 hours,

which is enough to see the sun passing through the primary beam of the tile.

Figure 1: EMBRACE tile installed in the radome at Nançay.

Figure 2 shows the image derived from the signal received by the antennas. There is significant radio

frequency interference, but all polluters are constant as a function of time. The important thing to

notice is the region between 165◦ and 180◦ which is brighter than at other times. This is the passage

of the sun through the beam.

Figure 3 displays the spectra integrated in time (left-hand panel) and in frequency (right-hand

panel) of the same image. In the left-hand panel we have modeled and subtracted the baseline by

a polynomial function. The resulting spectrum nicely shows the emission lines produced by RF

intereferences. We used the spectrum in the right-hand panel to model the passage of the sun

between 1.165 GHz and 1.22 GHz. Only this range can be used because it is the most quiet band

from RF interference. A Gaussian curve is fitted to the spectrum. Its full width at half maximum

is 13.6◦. The expected beam width for a L = 1.06 m antenna at ν = 1.1925 GHz is θ ∼
ν

L
= 13.7◦.

Therefore the measured and expected widths are in good agreement. To the first order, the SKADS-

EMBRACE primary beam can be well modeled.
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Figure 2: Image of the first measurements with an EMBRACE tile at Nançay. The ordinate is the time shown

in degrees.

Figure 3: Left-hand Panel: Time integrated emission of an EMBRACE tile as a function frequency. The

spectrum has been baseline subtracted. Right-hand panel: Frequency integrated emission of an EMBRACE

tile as a function time. The dashed curve represents a Gaussian fit to the observation.
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3 Profiling the EMBRACE tile beam using GPS satellite carriers
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4-6 November 2009, Château de Limelette, Belgium

Profiling the EMBRACE tile beam using GPS satellite carriers

A.O.H. Olofsson1,2, S.A. Torchinsky3, L. Chemin1, S. Barth3, S. Bosse3, J.-M. Martin1, W. Paule3, P. Picard3,
S. Pomarède3, P. Renaud3, C. Taffoureau3, G.W. Kant4, J.E. Noordam4, S.J. Wijnholds4, R. Keller5, and

S. Montebugnoli6

1 GEPI, Observatoire de Paris, 5 place Jules Janssen, Meudon, France
2 Onsala Space Observatory, Chalmers University of Technology, SE-439 92 Onsala, Sweden
3 Station de radioastronomie de Nançay, 18330 Nançay, France
4 ASTRON, Oude Hoogeveensedijk 4, NL-7991 PD Dwingeloo, The Netherlands
5 Max-Planck-Institut fuer Radioastronomie (MPIfR), Auf dem Huegel 69, 53121 Bonn, Germany
6 I.N.A.F.-I.R.A., Via Fiorentina 3508/B, Medicina (BO), Italy

Abstract. The L2C carriers of multiple GPS satellites have been used to trace out a nearly complete beam pattern out to 45◦

away from the main lobe centre for a horizontally mounted single EMBRACE tile. The beam was formed along its bore-sight

direction, i.e., staring at the local sky zenith. The result is very close to design specifications although there is evidence for at least

one side lobe rising above the achieved noise level. We have also used the older L2 carrier to estimate the system temperature,

although an exact figure in addition requires knowledge of the aperture efficiency.

1. The EMBRACE instrument

The dense aperture plane phased array system called

EMBRACE is the Electronic MultiBeam Radio Astronomy

ConcEpt. Densely packed Vivaldi antenna elements are organ-

ised into tiles each consisting of 72, single-linear polarised

elements. There are two arrays being constructed. One in

Westerbork consisting of 144 tiles and one in Nançay with 80

tiles. A prototype tile is undergoing characterisation testing in

Nançay.

EMBRACE is a prototype being designed for developing

technology needed for the mid to low frequency portion of the

Square Kilometre Array (SKA) project. For more details about

EMBRACE see in these Proceedings Picard et al. (2010);

Wijnolds et al. (2010); Berenz et al. (2010); Monari et al.

(2010); Bianchi et al. (2010)

2. GPS – a brief introduction

2.1. Frequencies

The GPS satellites transmit at a number of frequencies and

while the primary carrier is at 1575 MHz, it is the L2 signal

at 1227.6 MHz which is the most useful for EMBRACE test

observations. At this frequency (λ=24.421cm), the largest di-

mension of the tile RF beam is about 15◦ if the instrument is

approximated with a traditional dish with a diameter equivalent

to the tile side of 1068 mm. The signal is right-hand circularly

polarised which is advantageous since the projection onto a lin-

early polarised receiver does not change over time.

2.2. Orbit

The GPS satellites are in what one might call “semi-

synchronous” Earth orbits (SSEO), i.e., they perform two or-

bits in exactly one sidereal day. Thus their groundtrack will be

repeated every 24h and this puts constraints on which satellites

will ever be available for direct overhead passes. All GPS satel-

lites have inclinations of about 55◦ which is fortunate since it

allows zenith passages at the Nançay latitude (about 47.4◦).

The SSEO is at a large distance (∼20,000 km) which means

that they are visible in a large area on the ground and that a pass

takes a long time (up to 7h).

2.3. Tracking

The information about identity and positions of the satellites

can be found from NORAD, e.g. via the webpage http://

celestrak.com/NORAD/elements/. Positions are calculated

and extrapolated from so called Two Line Keplerian Elements

(TLEs) which contain, among other things, orbital parame-

ters and drag coefficients. The latter is more important for low

earth orbit (LEO) satellites for which orbital decay occurs more

swiftly. The TLEs are updated regularly when new telemetry is

available.

At any given time, about 10 of the satellites are above the

horizon in Nançay. An illustrating snapshot is shown in Fig. 1.

Furthermore, two of them pass almost directly overhead,

GPS BIIR-11 and GPS BIIA-25 (maximum elevation>89◦),

and another handful comes well within the HPBW. It is worth

reiterating that each satellite continuously provides observation

opportunities once every 24 hours.

3. Method

The “EMBRACE Nançay Tile”a was put in a recently fabri-

cated cradle in the fully horizontal setting, see Fig. 2. The fine-

pointing of this setup was not known a priori. The reference ro-

a A tile retroactively modified to mimick the ultimate design chosen

and shipped to Nançay in advance of standard array tiles.



254 A.O.H. Olofsson et al.: Profiling the EMBRACE tile beam using GPS

Fig. 1: Global map in Plate Carrée projection (also called Equirectangular projection) showing the ground track for two consecutive orbits of

a satellite passing overhead at Nançay (light-blue line) and the instantaneous sub-satellite-position of all other operational satellites. Also of

interest is the red line showing the area within which a satellite (at this orbital height) must be, such that it is above the horizon from the chosen

station (EMBRACE-Nançay, coordinates lat. 47.3819◦, long. -2.1993◦)

Fig. 2: The single EMBRACE tile mounted on its trolley in the hori-

zontal position.

tation of the tile was such that the sides were along the Cardinal

Directions. Due to the diagonal placement of the Vivaldi ele-

ments, that corresponds to a linear polarisation of 45◦with re-

spect to an east-west line. A 30 MHz bandpass was sampled

every minute with 500 channels using a spectrum analyser that

included the GPS L2 frequency at 1227.8 MHz. At the time

of writing, 335 hours of observation had been performed using

two different spectrum analysers as backends. To ensure that

the pattern was sufficiently sampled in all directions, the tile

was rotated in steps of 15◦ between zero and 60◦ inbetween

some of the measurements.

The intensity was integrated over the central 2 MHz as the

L2C (not the weaker L2) carrier was strongly concentrated here

and we attempted to avoid a pair of nearby parasitic signals.

In order to assign satellites to observed signals and to pro-

vide sky trajectories as a function of time (which was later con-

verted to tile-centric coordinates), we employed the older, free

version of “SatTrack” which is simple yet flexible since it may

be customised by the user (as long as it is not spread under

the copyright agreement). The positions were calculated every

30 seconds and later resampled to the points in time of the sig-

nal samples.

MatLab was later used for number crunching and visuali-

sations once the identification phase was over.

4. Results

4.1. Detections

We first list the satellites that were unequivocally detected (but

with some caveats, see below) in order of succession. The ob-

served time signal from one measurent is shown in Fig. 3. to-

gether with satellite markers at their transit times.

Comments to table:

– The satellites with an M (for “Modernized”) in their desig-

nation was found to have much stronger signals offering a

very large SNR in each spectrum (and hence in each pass).
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Fig. 3: A time sequence of the integrated intensity from the first multi-day measurement performed. The signal has been marginally smoothed.

Designation Peak Carrier Signal overlap

elevation type (or comment)

GPS BIIA-24 86.2 L2 w. A-25

GPS BIIA-25 89.4 L2 w. A-24,

dominant

GPS BIIR-11 89.0 L2

GPS BIIR-03 88.4 L2 w. A-10,

dominant

GPS BIIA-10 89.8 L2 w. R-03

GPS BIIR-04 83.2 L2 marginally

w. R-03/A-10

GPS BIIR-02 89.3 L2

GPS BIIRM-4 87.3 L2C (strong)

GPS BIIRM-3 83.9 L2C (strong)

GPS BIIRM-7 79.6 L2C (strong) far from

beam centre

GPS BIIRM-5 86.9 L2C (strong)

This is consistent with the stated addition of the C (Civil)

signal also at the L2 frequency in this generation of GPS

satellites (previously only used at L1 at 1575 MHz).

– Overlap means that one satellite had not yet completed its

pass before another approached transit and the correspond-

ing signal is a superposition of the two carriers.

– Two additional satellites, GPS BIIRM-6 and

GPS BIIRM-8, were also likely detected but only

through their passage through suspected side lobes, see

further below.

4.2. 2D beam pattern

In order to produce a two-dimensional beam pattern, we com-

bined the signals from the satellites with the L2C carrier (which

has a much higher signal-to-noise ratio than the older L2) taken

with five different tile rotations. Figure 4 shows the trajecto-

ries for the portions of the signal sequences we used. We could

make sure that these satellites had comparable intrinsic line

strengths by looking at points in which their trajectories over-

lapped. The variations at the intersections we checked were

within 10% of the beam-centre strength. Blending – i.e., when

the next satellite approaches the beam pattern before the pre-

vious one has left it – was sometimes a problem and we trun-

Fig. 4: Trajectories of 5 different satellites observed using 5 different

tile rotations. The coordinates are fixed with respect to the tile and

shown as looking onto the tile where φ=0 is along the local x-direction

(along a tile side incresing to the right). With the tile in the reference

postion, the x-axis is parallel to an W-E line, increasing to the east.

cated the signal in these cases. It is important to note that while

blending effects can produce artifacts, it cannot falsely produce

a flatter – or better – pattern. Thus our results are to be consid-

ered a worst-case scenario.

We have neglected to take into account any variation of

transmitter antenna gain when the satellite are farther from

zenith. Even if we assume a “worst-case” scenario, in which the

transmitter has Gaussian beam which is pointing to the nadir

(directly down-looking) as seen from the satellite, we estimate

that the HPBW would be &50◦b while the ground-station would

only be 10◦ away from nadir when the satellite is at 45◦ eleva-

tion in the local sky. Nor would the increased path length away

from zenith impose a relevant change; the received power has

a square dependence on the distance but the high orbit ensures

that the difference is only 1% one full beam width (13◦) away

from zenith and about 15% at 45◦ elevation.

b Based on an unconfirmed bore-sight GPS antenna gain of 11.5 dB.
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However, the GPS transmitting antennae actually have

beam patterns that try to minimise both these effects. As is visu-

alised in Hurtado et al. (2001) and references therein, the cen-

tre of the main lobe – the part that subtends across the surface

of the Earth – is “concave” in shape, i.e. significantly weaker in

the middle compared to the directions towards the limb of the

Earth.

The result can be seen in Fig. 5. A 2D circular Gaussian fit

gives an HPBW of 12.7◦ and a pointing offset of only about half

a degree in the negative x-direction. We cannot however disen-

tangle the contributions from the instrument trolley and the tile

hardware itself due to the rotations performed between mea-

surements. Using both L2 and L2C satellites in one single rota-

tion indicated an offset closer to 1◦. A slight mis-alignment in

the mount structure would also serve to widen the beam some-

what and the HPBW estimate above should be considered an

upper limit.

There are two areas of interest away from the main lobe,

slightly below y=0 and roughly symmetrical around the y-axis,

seen as elevated regions in the Figure. It seems rather likely

that at least the one at positive x is a real side lobe since it is

seen in several satellies and disappears when the tile is rotated

so that a given trajectory no longer passes over that region.

4.3. System temperature and aperture efficiency

Tsys and ηA can be related to the received power through

Tsys

ηA

=
PtGtS noiseLpolAtile

4πd2PrkB

where S noise is the output noise power measured over band-

width B, Lpol=3dB is the penalty loss for using a linearly po-

larised antenna to receive a circularly polarised signal, and Atile

is the physical tile area. P, G, t, r, and d, represent Power, Gain,

transmitted, received, and distance, respectively. Atmospheric

loss and sky noise have been neglected.

Accurate figures for Pt are not available in official docu-

ments as it is classified information, only minimum power flux

numbers seem to be stated (to allow GPS receiver manufactur-

ers to design in adequate SNR budgets). In a few non-official

sources, a figure of 4 W was however mentioned for the L2

carrier in seemingly fairly approximate contexts. To obtain an

independent estimate, we have used some archived high-SNR

GPS observations from the Onsala 25m telescope. This had the

additional benefit of delivering a template for the full L2 car-

rier spectral shape (weaker but broader than the L2C) which

was used to correct for a baseline slope in the EMBRACE data

which did not encompass the signal fully.

Our current best estimate lands on a carrier strength of

Pt≈2.5 W but caution that it could be somewhat higher. While

it is certain that it was tracking a GPS satellite, the information

of the exact telescope pointing at the time of aquisition was

not available and we assume that it was relatively close to lo-

cal zenith (GPS satellites may come within a few degrees from

zenith at the Onsala latitude).

As a gauge of the L2 carrier in the EMBRACE data set,

we used GPS BIIR-02 which passes very close to zenith and is

Fig. 5: a) Interpolated colour map of signal trails tracing out the beam

pattern. b) 3D view.

entirely unaffected by blending with other signals. Its strength

was in extremely good agreement between the two spectrum

analysers used (the output noise baseline level was however

inexplicably about a factor of 10 too high in one of them and

was not trusted).

Plugging in appropriate values in the expression above, we

find a Tsys/ηA of about 190, and, should the aperture efficiency

for instance turn out to be 0.5 at this frequency, we have a sys-

tem temperature of slightly below 100 K which is consistent

with expections given the various uncertainties – which may

easily amount to 50% – in this simple estimate.

4.4. Summary

Detailed beam characterisation using GPS satellites is feasible

but crowding and signal blending would be a serious problem
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for beams larger than the EMBRACE beam, or for complex

beam patterns with strong side lobes. The high orbits result

in slow progression on the sky yielding higher instantaneous

SNR but also rather curved trajectories. The stability and re-

peatability of both the tile and the GPS satellite signals appear

excellent.

Preliminary results indicate that the tile performance is

close to expectations.
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Abstract. The Electronic Multi-beam Radio Astronomy Concept (EMBRACE) is the first full-scale prototype of an SKA phased

array station. This single polarization demonstrator operates between 500 and 1500 MHz. The station that is currently being built

at the site of the Westerbork Synthesis Radio Telescope, will ultimately consist of 144 tiles with 72 single polarization Vivaldi

antennas each, giving a total of ∼ 104 elements. The station is equipped with a LOFAR station backend with 192 input channels,

which can be exploited for real-time digital beam forming in 248 frequency channels of 195 kHz (∼ 48 MHz total bandwidth)

and correlation in a single 195 kHz frequency channel. In this paper we present the results from a number of system validation

measurements and the first fringes on an astronomical source, the sun. These initial measurements indicate a system temperature

between 103 K and 117 K. These results corroborate the feasibility and applicability of phased array technology at frequencies

below 1500 MHz. They also provide valuable insights for the aperture array verification program, the next step in aperture array

development towards the SKA.

1. Introduction

The Electronic Multi-beam Radio Astronomy Concept

(EMBRACE) is the first full-scale prototype of an SKA phased

array station. EMBRACE is a single polarization demonstra-

tor operating between 500 MHz and 1500 MHz. The antenna

has been designed for two polarizations, to include all electro-

magnetic effects. The station that is currently being built at

the site of the Westerbork Synthesis Radio Telescope (WSRT)

(Kant et al. 2010), will ultimately consist of 144 tiles with 72

receive channels each, giving a total of ≈ 104 active elements.

A similar 80-tile station will be constructed at the site of the

Nançay radio astronomy facility.

In this paper we present results obtained using the hardware

that was available by the end of December 2009 in Westerbork

as described in more detail in the next section. These include

validation of the analog beamforming using Afristar, an inter-

ferometric measurement on GPS Satellite SVN49 and the first

fringes observed with EMBRACE on an astronomical source,

the sun. The last observation indicates that the system temper-

ature lies between 103 K and 117 K. Furthermore, the redun-

dancy in the array may be exploited for calibration purposes.

This demonstrates the feasibility and applicability of phased

array technology at the EMBRACE operating frequencies and

provides a nice starting point for more detailed testing within

the aperture array verification program, the next phase of the

aperture array development path towards the SKA.

⋆ This work was supported by the European Commission

Framework Program 6, Project SKADS, Square Kilometer Array

Design Studies (SKADS), contract no. 011938.
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Fig. 1: EMBRACE configuration in Westerbork. The colored tiles are

installed and the 10 tiles used for the fringe experiments in this paper

and the 4 × 4 array of tiles equipped with high pass filter have been

indicated.

2. Measurement setup

By the end of October 2009, 72 out of 144 tiles were installed

at the WSRT site in a 6 × 12 regular array as shown in Fig. 1.

To minimize the antenna sensitivity towards the nearby radio

and television tower in Smilde, the main diagonals of the tiles

make an angle of about 6◦ with the quarters of the compass.

The active antennas are roughly oriented North-South. Each

tile consists of 72 antennas distributed over six hexboards. The

signals from these hexboards are combined in the center board,
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which provides two independent beams. A more detailed de-

scription of the frontend is provided by Ruiter & Van der Wal

(2009).

Each beam will be connected to a control and down con-

version (CDC) board, which mixes the frequency range of in-

terest to the 110 – 190 MHz interval (Bianchi 2010). For the

experiments presented in this paper, 16 CDC boards were avail-

able. Initially, we selected 10 tiles on two uniform linear arrays

(ULA) with roughly East-West orientation consisting of four

and six tiles respectively. These tiles are indicated in Fig. 1.

During the roll-out of the 72 tiles at the WSRT site, the

power spectrum at the output of the different components in

the analog signal path was checked using a spectrum analyzer.

From these system tests, we learned that the IP3 of the beam

former chip was too high given the presence of strong DVB-T

transmissions near the WSRT site. At this moment, the RFI sit-

uation at the Nançay site is much better, but digital video broad-

casting is currently being rolled out throughout France and will

start to affect the Nançay site within one year. This problem can

be solved by including a 950 MHz high pass filter in the signal

path before the beam former chip. Sixteen still-to-be-installed

tiles were modified accordingly and arranged in a 4 × 4 array

to allow observations that are not affected by intermodulation.

These tiles became available by the end of December 2009 and

were used to produce the multi-tile Afristar images in this pa-

per. Their position has been indicated in Fig. 1.

The output channel of a CDC board is connected to a dig-

itizer board, reused from LOFAR. A full backend with 192 re-

ceive channels is installed at the WSRT site. This backend is

equipped with FPGA based digital processing hardware capa-

ble of beamforming two times 48 MHz bandwidth and correlat-

ing all 192 input channels in a single 195 kHz wide frequency

channel. It can also produce autocorrelation statistics of each

signal path and of the beamformed signal with 195 kHz fre-

quency resolution. The integration time can be specified in in-

tegral multiples of one second. A detailed description of the

digital processing is provided by Picard et al. (2010).

3. Tile beam former validation

The analog beamformer was validated by scanning the beam

of one of the first ten tiles over the sky at 1475.25 MHz.

This is within the operating range of the geostationary

satellite Afristar (1469 – 1481 MHz), which is located at

(az, el) = (162.1◦, 28.1◦) corresponding to direction cosines

(l,m) = (0.27,−0.84) as seen from the WSRT site. The result-

ing image, shown in Fig. 2, clearly shows the image of Afristar

at the expected location as well as its grating lobe close to the

northern horizon. This indicates that the analog beamformer is

working correctly.

The image also shows a few artefacts. The most visible

artefacts are the bright blob in the center of the image and the

ripples running over the image from Northwest to Southeast.

These features are produced by an interplay of several effects:

Intermodulation As discussed in the previous section, the

IP3 of the beamformer chip turned out to be too high to pre-

vent intermodulation products of the DVB-T signals from
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Fig. 2: Image obtained by a sky scan on an (l,m)-grid with 0.05 reso-

lution at 1475.25 MHz. The integration time per pointing was 1 s. The

image shows Afristar close to the southern horizon at the correct loca-

tion, but also shows that the array is suffering from several detrimental

effects. The color scale is logarithmic (dB).

.

the nearby radio and television tower in Smilde from ap-

pearing over the whole operating frequency range.

LO power tuning By careful measurements at different

points in the LO distribution system, we achieved a con-

siderable improvement in gain and noise performance after

this measurement.

Reflections The EMBRACE tiles are placed between tele-

scopes 4 and 5 of the WSRT interferometer. A simple

experiment with the beam pointed at telescope 4 demon-

strated that the pointing of that telescope has considerable

impact on the signal levels observed by the tiles.

Edge effects The image shown in Fig. 2 was made with a tile

at the edge of the array. Later images produced using tiles

which are fully enclosed by other tiles did not show the

ripple. For phased array stations, size does matter.

We have made considerable progress on the first two is-

sues since this initial observation. This can be demonstrated

using the sixteen tiles equipped with a 950 MHz high pass fil-

ter to mitigate the intermodulation products. These tiles were

arranged in a 4 × 4 grid allowing us to reproduce Fig. 2 with

arrays of 2 × 2, 3 × 3 and 4 × 4 tiles. The tiles were scanned

over a regular (l,m)-grid with steps of 0.02. For each pointing,

the output signals of all tiles were correlated with 1 s integra-

tion and stored to disc. The advantage of correlation over beam

forming is, that we can apply different beam forming schemes

and produce images with and without calibration. We also in-

creased the resolution in the image demonstrating that an all

sky map may be produced by mosaicing.

The results shown in Fig. 3 were obtained by imaging on

a 5 × 5 grid with a resolution of 0.004 around each pointing.

The array was calibrated based on a single 1 s observation on

Afristar before the sky scan was made. The data model for the

covariance matrix R obtained in this calibration observation is

R = GaσaHGH
+ σnI, (1)



S.J. Wijnholds et al.: EMBRACE: First Results with the Initial 10% of a 10,000 Element Phased Array 261

West ← l → East

S
ou

th
 ←

 m
 →

 N
or

th

 

 

−1 −0.5 0 0.5 1
−1

−0.5

0

0.5

1

110

112

114

116

118

120

122

124

126

West ← l → East

S
ou

th
 ←

 m
 →

 N
or

th

 

 

−1 −0.5 0 0.5 1
−1

−0.5

0

0.5

1

115

120

125

130

Fig. 3: Image obtained by scanning at 1475.25 MHz with a 2×2 (top),

3 × 3 (middle) and 4 × 4 (bottom) array of tiles with 0.02 resolution

using interpolation with imaging techniques to a resolution of 0.004.

The integration time per pointing was 1 s. The images show Afristar

at the correct location with increasing resolution and sensitivity. The

color scale is logarithmic (dB).

where G = diag (g) is a diagonal matrix with the unknown

complex valued gains of the individual signal paths on its main

diagonal, a is the array response vector towards Afristar con-

taining phasors describing the geometrical delays between the

tiles, σ is the source power of Afristar and σn is the system

noise power of the individual tiles, which is assumed equal

for all tiles and uncorrelated between tiles. Since Afristar is

the single dominant source on the sky, we can follow the

same approach as used by Wijnholds et al. (2004) to calibrate

LOFAR’s initial test station on a RFI source, i.e. compute

gHg = R ⊘
(

aHaσ
)

, (2)

where ⊘ denotes the element wise division of two matrices and

obtain g using an Eigenvalue decomposition.

Figure 3 shows the results for the 2 × 2 array in the center

of the 4×4 array, for the 3×3 array in the South corner and for

the full 4×4 array. The images show a gradually decreasing ar-

ray beam width as expected. The SNR does not improve at the

expected rate. A possible explanation is that, as the images also

show, the sky noise is structured, implying that it cannot just be

treated as spatially white Gaussian noise. Such structures have

been observed with the thousand element array (ThEA), the

precursor of EMBRACE (Wijnholds 2003). For ThEA, simi-

lar structures could be explained by grating responses pointing

towards nearby trees with a temperature close to 300 K instead

of to the sky with a temperature of about 3 K. As a result, the

contribution of the environment to the noise is structured and

produces features in the image.

4. Fringe measurement on the sun

On October 28, 2009 the first ten tiles were connected to the

LOFAR backend for the first interferometric solar observations

with EMBRACE. Solid engineering tests have made it possible

that a solar fringe was already measured in the first test obser-

vation. This is very reassuring in view of the system integration

of even larger prototype systems and ultimately the SKA. At

the end of the morning the tiles were pointed one hour ahead

of the sun for a drift scan through the tile beams. Some of the

resulting fringes are shown in Fig. 4. The observation was done

in a single 195 kHz channel at 1179 MHz with 10 s integration.

The curves show the correlations of the tile at the indicated

distance from the first tile of the 4-element ULA (dashed) and

the 6-element ULA (solid). The width of the envelope of these

fringes has a size that corresponds to the beam width of a sin-

gle tile, as expected. The amplitude of this envelope allows us

to determine the sensitivity, expressed as the ratio of effective

area Ae over the system temperature Tsys, towards the sun at

(az, el) = (178.0◦, 23.9◦) using

Ae

Tsys

=
2kb

S sun

Psun

Pn + Psun

, (3)

where S sun is the flux of the sun, Psun/ (Pn + Psun) is the

ratio of the power received from the sun over the system

noise power including the self-noise from the sun and kb =

1.38 · 10−23 WK−1Hz−1 is the Boltzmann constant. At the

time of observation, the solar flux at 2.8 GHz was about 80 ·

10−22 Wm−2Hz−1, which corresponds to 14.2·10−22 Wm−2Hz−1

at 1179 MHz assuming that the Rayleigh-Jeans approximation

holds for the solar radio spectrum at these frequencies.
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Fig. 4: Plot showing fringes on the sun at 1179 MHz on a number of

baselines with the indicated lengths from the 4-element ULA (dashed)

and the 6-element ULA (solid). The observation was done in a single

195 kHz frequency channel at 1179 MHz with 10 s integration per

sample.

The correlation coefficients shown in Fig. 4 are computed

by dividing the power in the crosscorrelation between two tiles

by the square root of the product of the autocorrelations of

the corresponding tiles. From this definition, it follows that the

crosscorrelation coefficient is directly related to the instanta-

neous SNR of the sun:

Psun
√

(Pn + Psun)2
=

Psun

Pn + Psun

= 0.25. (4)

Using Eq. (3), we thus find that the sensitivity in the direction

(az, el) = (178.0◦, 23.9◦) is Ae/Tsys = 4.86 · 10−3 m2/K.

In an infinite dense phased array, the effective area of an

element can not be larger than its physical area within the ar-

ray. We can use this fact to find an upper limit for the system

temperature by assuming that this also holds for the tiles that

are fully enclosed by other tiles in the array. The physical size

of the tile is Atile = (1.06 m)2
= 1.125 m2, which we have to

multiply by the cosine of the zenith angle of the sun in the mea-

surement (66.1◦) to account for projection effects. We can thus

estimate Tsys as

Tsys =
Atile cos (66.1◦)

Ae/Tsys

= 93.8K. (5)

This result is better than we expected. Since the tiles surround-

ing the tiles used for this experiment are not powered, the edge

elements of the active tiles may pick up currents from neighbor-

ing tiles thus effectively enlarging their effective area. This im-

plies that Atile may be somewhat larger than the physical area of

a single tile. This effect could easily increase Atile, and therefore

Tsys calculated above, by 10 to 25%. This implies that the actual

system temperature probably lies between 103 K and 117 K. In

the future, this measurement should definitely be repeated with

the full array powered on to determine the impact of this edge

effect more accurately. The low elevation of the sun (23.9◦)

might be another source of error, since the EMBRACE system

was only designed for scan angles up to 45◦ from zenith.

The LNA noise temperature is expected to be the domi-

nant contribution to the overall system temperature. We may

thus judge the reasonableness of our result by examining the

expected LNA noise temperature TLNA, which is described by

(Gonzalez 1984)

TLNA = Tmin + T0

4rN

∣

∣

∣Γact − Γopt

∣

∣

∣

2

(

1 − |Γact |
2
) ∣

∣

∣1 + Γopt

∣

∣

∣

2
. (6)

In this equation, Γopt is the reflection coefficient with optimal

matching for minimal noise, Tmin is the minimal noise tem-

perature when the LNA is matched to Γopt, T0 = 290 K by

definition, Γact is the active reflection coefficient, and rN is the

normalized noise resistance. Typical values for the EMBRACE

LNA at 1179 MHz are Tmin = 44 K, rN = 0.031 and Γopt =

−0.48. The absolute value of the active reflection coefficient of

an infinite array in the direction of the sun was obtained from a

full EM-simulation in HFSS and was found to be |Γact | = 0.77.

The phase of Γact is not well defined since the two reflection

coefficients were obtained from two different reference planes.

This implies that the value of
∣

∣

∣Γact − Γopt

∣

∣

∣ may vary from 0.29

to 1.25. In the most optimistic scenario, in which the phases of

Γact and Γopt are the same, the second term in Eq. (6) may be

as low as 27.5 K. This gives a total LNA noise temperature of

71.5 K. Adding a second stage contribution in the system of

approximately 25 K and the sky noise contribution of 3 K, the

expected minimum system noise temperature is around 100 K

for this specific scan angle.

Given that the accuracy of the measurement is hampered

by the fact that the position of the sun was outside the scan

range specification for EMBRACE and that the simulation re-

sults are difficult to interpret due to the mismatch in reference

planes for the reflection coefficients, it is very reassuring that

the numbers obtained from simulations and experiments are as

close as they are. However, it would be nice to further improve

the accuracy and confirm these numbers on different sources.

Several attempts were therefore made to observe Cas A having

a flux of about 2 kJy at 1179 MHz. This should, extrapolating

from the solar results, give a correlation coefficient of about

1% at the moment of transit, which happens at only 7◦ from

the zenith. Unfortunately, artifacts produced by intermodula-

tion already appeared at 2% to 3% level. The intermodulation

products were therefore overpowering Cas A, even in bands

that look free of intermodulation products at first sight.

There are many redundant baselines in a dense regu-

lar phased array like EMBRACE. This can be exploited for

calibration purposes as discussed by Noordam & De Bruyn

(1982), Wieringa (1992) and Noorishad et al. (2010). We

therefore checked the visibilities on several redundant base-

lines to see whether they showed similar behavior over time. As

an example, we show the phase measured on a number of re-

dundant 1.51 m and 3.20 m baselines as function of time during

the solar observation in Fig. 5. Since the array is uncalibrated,

the measured phases are not the same, but it is clear from this

plot that they only differ by a phase offset that could be cali-

brated out. The behavior of visibilities on redundant baselines
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Fig. 5: Example of phase measurements during the fringe measure-

ment on the sun obtained for a number of redundant 1.51 m (top) and

3.20 m (bottom) baselines.

looks promising, which implies that detrimental effects like

mutual coupling and edge effects have a limited impact on the

redundancy of the visibilities, which clears the path for exploit-

ing it in station calibration and imaging routines.

Figure 5 shows a number of samples at the edges of the

time interval for which the redundant behavior seems to break

down. These are the moments at which the sun moves into and

leaves the main beam respectively. When the sun is outside the

main beam, the SNR of the celestial signals is so low that the

intermodulation products dominate the measurements. These

signals may be subject to near field multipath effects due to

reflections on the nearby WSRT dishes, different IP3s of differ-

ent beamformer chips and edge effects due to the low elevation

of the source of the DVB-T signals causing the redundancy to

break down.

5. Interferometric detection of GPS satellites

During one of the drift scan observations at 1179 MHz we ob-

served the fringes shown in Fig. 6 on a number of baselines

with the indicated lengths within the 6-element ULA depicted
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Fig. 6: Fringes measured in the GPS L5 band at 1179 MHz from satel-

lite SVN49. This measurement was done in a single 195 kHz channel

with 30 s integration time.

in Fig. 1. The fringe rate of about 22.5◦/h is too fast for an

astronomical source, which hints at a satellite signal. It turns

out that on 24 March 2009 Lockheed Martin has launched GPS

satellite SVN49, which includes a prototype transmitter for the

GPS L5 band (1176 ± 12 MHz). This observation thus turned

out to be the first interferometric detection of a GPS satellite

with the EMBRACE system.

At the other, widely used, GPS frequencies more satellites

can be detected which traverse different paths over the sky. This

can be exploited for beam measurements by pointing the beam

of a tile at a given position and waiting for several GPS satel-

lites to drift through the beam following distinct paths. Such

an experiment was conducted with a tile located at the Nançay

site using a spectrum analyzer as reported by Olofsson et al.

(2010)

6. Conclusions

In this paper we have presented the first experimental re-

sults obtained with the EMBRACE station at the WSRT site.

Although the system validation measurements indicate that we

still have to tackle a few challenges imposed by the environ-

ment (presence of strong DVB-T signals, nearby WSRT dishes)

before we can observe weak astronomical sources like Cas A

and HI, the first fringes of the sun observed at an elevation of

only 24◦ look very promising. They indicate that the system

temperature probably lies between 103 K and 117 K. Moreover,

the visibilities on redundant baselines showed very similar be-

havior in this solar observation, which is very reassuring from a

station calibration perspective. Our results corroborate the fea-

sibility and applicability of phased array technology at frequen-

cies below 1500 MHz.

In view of further aperture array developments towards

SKA, we can learn a few important lessons from these sim-

ple experiments. If the goal is to demonstrate that aperture ar-

rays form an astronomically viable and cost and power effec-

tive solution at these frequencies, the next prototype needs to
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be build at a location that has a RFI environment similar to that

of the candidate SKA sites. This will ensure that the high dy-

namic range design of the analog system can be tailored to the

radio astronomical application instead of to the RFI environ-

ment, which will save a lot of man power and reduce the power

consumption of the analog system considerably. Operation of

future prototypes on such a site also helps to focus on issues

that are important to astronomers like image fidelity, stability

and polarization instead of putting the focus on technical issues

like RFI mitigation and multipath effects that will play a role at

much lower signal levels in the final SKA stations than at the

EMBRACE sites.
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