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Abstract—A  complete electromagnetic model for an
antenna array describes both the amplitude and phase of the
embedded element patterns. The predicted phase response can
usually be validated with an experimental setup in which the
transmitting source is phase-locked with the receiving system.
This is unpractical or even unfeasible in certain situations,
such as in the case of a test source mounted on an Unmanned
Aerial Vehicle (UAV) used for in-situ validation of low-
frequency radio astronomical arrays. In this paper, we exploit
the phase difference between the received signals to further
validate the array EM models. We applied this method on a
subarray of the Low Frequency Array (LOFAR).

Index Terms—antenna arrays, antenna measurements,
phased arrays, radio astronomy, unmanned aerial vehicles
(UAVs)

L INTRODUCTION

The Low Frequency Array (LOFAR) [1] radio
telescope consists of several stations (subarrays) spread
over Europe, each of them composed of two subarrays of
Low-Band Antennas (LBAs) and High-Band Antennas
(HBAs) operating in the frequency bands 10-90 MHz and
120-240 MHz, respectively.

First experimental tests on LOFAR stations were done
exploiting astronomical calibration sources [2] and
artificial sources [3]. More recently, UAV-mounted
artificial sources have been further developed and tested
on a number of isolated antennas [4],[5] and small arrays
[6]-[8] with good results. In March 2016, this
measurement solution was exploited on a single LOFAR
station (subarray of the full LOFAR, see Fig. 1). The main
aim of the campaign was to perform in-situ validation of
the array electromagnetic model. The description of the
campaign and some preliminary results have already been
reported in [9]. Besides providing valuable data for the
validation of the embedded-clement amplitude patterns,
the UAV-based system has been used to measure the
differential phase patterns, i.e. the difference between the
phase patterns of two elements within the array, as well.
Both the procedure and the main results are discussed in
this paper.

Fig. 1. Partial view of the LBA array. The UAV equipped with a 2-m
long dipole is taking off

II.  DIFFERENTIAL PHASE PATTERNS

The LOFAR digital backend has been set up to record
the voltages at the output ports of an LBA station
configuration during the flight of the UAV-mounted test
source. The signals from the individual antennas are
digitized and split into narrowband channels using a
polyphaser filter bank. The time series output of this filter
bank can be recorded for the selected channels.

In this measurement setup, the source is not phase-
locked to the receiver. Therefore, the absolute phase values
are affected by the drift of the two different reference
oscillators. As a consequence, phase pattern measurements
cannot be performed. However, differential phase patterns
with respect to a reference element are sufficient to
completely characterize the radiation pattern of the overall
array as well as for EM model validation.

One array element is selected as phase reference. The
difference between the phase ¢; of the complex signal
acquired from the i-th element and the phase ¢y of the
reference one is measured by correlating the individual
time series. All the time varying quantities ¢; — ¢pp have
been synchronized with the GPS clock. The test source
position is also known with the same time reference.
Therefore, the ¢; — ¢ can be expressed as a function of



the test source position. This dependence is hereafter
understood and therefore not mentioned explicitly.

The UAV-mounted test source can perform constant-
height flights above the array. However, it cannot always
satisfy the far-field condition. Therefore, each array
element is generally illuminated at a different angle from
the source (parallax effect). It means that the measured
differential phase shift ¢; — ¢p,

¢ — dr = —K(R; — Rg) + |M; — | Mg €Y

is a function of both the differential propagation phase
K(R; — Rg) (where K is the propagation constant and R; and
Rpy are the distance between the i-th element and the source
and between the reference and the source, respectively) and
the phase difference between the polarization mismatch
factors M; and My [4]. It should be remembered that the
latter

|M; = " + ¢}
|Mg = "7 + ¢ (2)

contain both the relevant embedded-element phase pattern
values ¢7UT and ¢2YT and the source pattern values ¢; and
¢3. Again, the source pattern value ¢ and ¢3, seen from
the considered element and the reference one, respectively,
are different from each other in the radiating near-field
region (parallax effect). As far as ¢/’T and ¢aUT are
concerned, it should be noted that they are different also in
the far-field, owing to the different element position inside
the array.

The relevant differential phase patterns ¢;VT — paUT
are hence obtained from the measured ¢; — ¢y by
removing both the differential propagation phase and the
other differential source contribution

2T — 9" =i — ¢ + KR —Rp) — (97 — ¢R) (3)

where R; and Ry are obtained from the measured
position of the source, whereas ¢ and ¢3 also requires
knowledge of both the UAV orientation and the source
model [10].

III. EXPERIMENTAL RESULTS

Four flights were performed along the E-plane of the
LBAs oriented North-East. This direction is represented
with the dashed magenta line in Fig. 2 along with the LBA
inner element distribution of a LOFAR station. The
considered array size is about 30 m. Therefore, the far-
field distance is about 350 m at 57 MHz. One flight was
performed at 300 m i.e. approaching the far-field
condition. Three additional flights were performed at a
height of 100 m. These trajectories clearly fall in the
radiating near-field region of the 30-m array, however,
they could have been considered as sufficient to reach the
far-field condition as far as the embedded-element patterns
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Fig. 2. Inner element distribution of LBA elements within a LOFAR
station.
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Fig. 3. Differential phase patterns between element 0 and element 42 at
57 MHz. Measurement in quasi far-field condition (black curve) and near-
field measurements (grey curves) are compared with simulations (red
curves).

are concerned. As a matter of fact, a diameter-of-influence
of about 15 m was estimated from preliminary simulations
of such a random sparse array configuration.

The measured differential phase shift between the
central element (#0 in Fig. 2) and the selected reference
(#42 in Fig. 2) has been processed according to (3).
Element #42 has been selected as reference because it is
quite far from the center, where strong mutual coupling
effects are expected. The results for both the quasi far-field
and the near-field flights are shown in Fig. 3, with the
black and grey lines, respectively. There is good
consistency between the near-field traces (grey lines).
However, the far-field data exhibit a quite different
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Fig. 4. Differential phase patterns between element 2 and element 42 at

57 MHz. Measurement in quasi far-field condition (black curve) and near-
field measurements (grey curves) are compared with simulations (red
curves).

behavior from the near-field ones. These discrepancies
have been explained by further numerical simulations
showing that at 57 MHz the mutual coupling between the
array elements is higher than expected. As a matter of fact,
57 MHz is the resonance frequency of the LBA element
(including the amplifier). At this frequency, the diameter-
of-influence is actually even larger than 30 m.

The simulated differential phase patterns are also
shown in Fig. 3 with the red lines. The curves are slightly
different to each other because these simulations were
performed considering the real trajectories of the UAV [4].
The adopted simulation model exploited far-field
embedded-element patterns. As expected, it provides a
closer agreement with the measured data in the quasi far-
field condition. It is possible to simulate the actual transfer
function between individual antennas and a source in the
radiating near-field of the array. It is expected that the
agreement between measurements and simulations can be
improved further by such simulations.

Similar considerations apply for the differential phase
patterns of elements #2 and #26, which are reported in
Figs. 4 and 5, respectively. These elements exhibit
smoother behavior with respect to the central one.
However, element #2 is still very different from a dipole-
like pattern. They are less affected by mutual coupling
phenomena because the average element spacing is
increasing towards the array boundary (see Fig. 2). As
expected, near-field and far-field measured data are more
similar for these elements.

It should be noted that a phase offset is always present
between measurements (black curves) and simulations (red
curves). This discrepancy is entirely related to the phase
calibration of the receiving chain. For each element, the
phase offset visible in Figs. 3—5 has been estimated by
minimizing the RMS difference between the quasi far-field
measurement and the corresponding simulation. Both the
estimated offset values and the associated residuals are
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Fig. 5. Differential phase patterns between element 26 and element 42
at 57 MHz. Measurement in quasi far-field condition (black curve) and
near-field measurements (grey curves) are compared with simulations (red
curves).
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Fig. 6. Differential phase patterns between elements 0 (red), 2 (green),
26 (blue) and element 42 at 57 MHz: simulation (dashed line), meaurement
with applied phase offet (solid line).

reported in Table I. Fig. 6 shows the quasi far-field
measurements with applied phase offsets (solid lines) in
good agreement with the corresponding simulations
(dashed lines).

TABLE L. COMPUTED PHASE OFFSETS AND RMS RESIDUALS
Element n. Reference Computed RMS after
element Offset correction
0 42 12.4° 9.6°
2 42 5.9° 8.5°
26 42 7.1° 3.64°




IV. CONCLUSIONS

The phase difference between the received signals at
element level has been exploited to further validate the EM
models of the LOFAR LBA inner subarray. A good
agreement has been observed in the quasi far-field
condition of the UAV-mounted test source.

Constant phase offsets between measurements and
simulations have been estimated within the element field-
of-view by minimizing the RMS difference between
measurement and simulation. These values are entirely
related to the residual phase differences between the RF
chains that should be calibrated out. Therefore, the
presented procedure can be also considered as a possible
calibration refinement tool for digitally-beam-formed
phased arrays.
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