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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 ~ 10* 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 ~ 10* active elements.
A similar 80-tile station will be constructed at the site of the
Nangay 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 X 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 X 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 Nangay site is much better, but digital video broad-
casting is currently being rolled out throughout France and will
start to affect the Nancay 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 X 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
(I,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 (/, 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 X 4 grid allowing us to reproduce Fig. 2 with
arrays of 2 X 2, 3 x 3 and 4 x 4 tiles. The tiles were scanned
over a regular (/, 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
a5 x 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 = Gacra’G? + &1, 6))
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Fig. 3: Image obtained by scanning at 1475.25 MHz with a 2 X2 (top),
3 x 3 (middle) and 4 X 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
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diagonal, a is the array response vector towards Afristar con-
taining phasors describing the geometrical delays between the
tiles, o is the source power of Afristar and o, 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

glg= R@(aHaa'), 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 X 2 array in the center
of the 4 x 4 array, for the 3 X 3 array in the South corner and for
the full 4 x4 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 A, over the system temperature Ty, towards the sun at
(az,el) = (178.0°,23.9°) using

i _ 2kb Psun

= > p 3
Tsys Ssun Pn + Psun

where S, is the flux of the sun, Py,,/ (P, + P,,) is the
ratio of the power received from the sun over the system
noise power including the self-noise from the sun and &, =
1.38 - 102 WK™'Hz™! is the Boltzmann constant. At the
time of observation, the solar flux at 2.8 GHz was about 80 -
10722 Wm™2Hz"!, which corresponds to 14.2- 10722 Wm™2Hz"!
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 _ Psun
(Py+ Pyu)*  Pnt Poun

=0.25. )

Using Eq. (3), we thus find that the sensitivity in the direction
(az,el) = (178.0°,23.9°) is A./Tys = 4.86 - 107> m? /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 A, = (1.06 m)> = 1.125 m?, 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 Ty, as

_ Aqite €08 (66.1°)

Tyys = = 93.8K.
i Ae/Tsys

&)
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 A;;;, may be somewhat larger than the physical area of
a single tile. This effect could easily increase A,;,, and therefore
Ty 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°)
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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 T y4, which is described by
(Gonzalez 1984)
4rN lract - 1—‘optiz

(1 - |ract|2) |1 + ropt

In this equation, Iy, is the reflection coefficient with optimal
matching for minimal noise, 7,,;, is the minimal noise tem-
perature when the LNA is matched to I'y,;, Top = 290 K by
definition, I',.; is the active reflection coefficient, and ry is the
normalized noise resistance. Typical values for the EMBRACE
LNA at 1179 MHz are T},;, = 44 K, ry = 0.031 and I',,; =
—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 |I[",.| = 0.77.

The phase of T, is not well defined since the two reflection
coeflicients were obtained from two different reference planes.
This implies that the value of [, — 1",,,,,' may vary from 0.29
to 1.25. In the most optimistic scenario, in which the phases of
[4er and Iy, 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

= Tin + To

2 ©)
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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 Nancay
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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