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Abstract

In order to assess the polarimetric performance of phased
arrays for radio astronomy, the Intrinsic Cross-
polarization Ratio (IXR) can be adopted as a figure of
merit. An innovative technique employing an Unmanned
Aerial Vehicle (UAV) to measure the IXR of
low-frequency instruments (VHF/UHF bands) has been
recently exploited on a station of the Low Frequency
Array (LOFAR) radio telescope. We present results from
a spin flight measurement demonstrating 35 dB IXR in
boresight, a value close to the performance limits of the
current measurement system.

1. Introduction

Many scientific aims for modern radio astronomy require
the measurement of the polarization state of radio signals
emitted by  celestial sources. The Intrinsic
Cross-polarization Ratio (IXR) [1] estimates the
orthogonality between the output channels of a
polarimeter independently of the chosen coordinate
system. For this reason, such figure of merit can be
effectively adopted to assess the polarimetric performance
of radio astronomical phased arrays [2]-[6].

The IXR of a dual-polarized antenna system can be
computed from the two complex-valued feed radiation
patterns. In the case of low-frequency arrays for radio
astronomy, such as the Low Frequency Aperture Array
(LFAA) of the Square Kilometer Array (SKA) [7] and its
precursors, the experimental determination of phase
patterns is not straightforward. In [8], an innovative
procedure to characterize the IXR without the knowledge
of the absolute phase patterns has been described. It
employs a linearly-polarized flying test source mounted
on an Unmanned Aerial Vehicle (UAV) [9] to excite the
antennas with several polarization angles (spin flights).
This tool (see Fig.1) was already wused for the
characterization of the amplitude radiation pattern of
single elements, embedded elements and arrays based on
various antenna configurations [10]-[13].

Figure 1. Partial view of the LOFAR array with the UAV
flying above it.

This paper presents an experimental result in which the
UAV-based technique has been applied to the Low
Frequency Array (LOFAR) radio telescope [14].

2. Measurement technique

The output of a polarimeter in response to an incoming
plane wave (far-field) can be described by its Jones matrix

= i)

where v, and v, are the voltages measured at the output
of the two polarimeter channels a and b, respectively,
whereas EL* and E™ represent the two field components
of the incoming plane wave. It should be noted that all the
terms in (1) depend on the observation direction (9, ),
which is understood for conciseness.

According to the relation (18) in [1], the IXR can be
directly computed from the condition number of the Jones
matrix k(J). Moreover, it can be also shown that the Jones



matrix can be fully determined from the two complex
radiation patterns of the polarimeter antennas a and b.

In [8], a convenient representation of the Jones matrix has
been proposed in order to identify the pattern parameters
involved in the IXR calculus and provide some physical
interpretations. The relationship (4) in [8], hereby
reproduced for convenience,

1 0 11 0 cos(8,) sin(8,)e’%a
S« [0 ej"’ab] [0 mab] [— sin(8,)e/?»  cos(6,) |
Q).

allows to represent the Jones matrix by means of the
following parameters. m,, and ¢, represent the
magnitude and the phase, respectively, of the complex
ratio between the radiation pattern of the two
polarizations a and b; whereas the angles §,, ¢,, 6, and
¢ parametrize the two polarization unit-vectors (i.e. the
normalized field components). From (2), it should be
noted that the parameter ¢, does not affect the condition
number of the Jones matrix k(J).

This parametrization can be represented with the Poincaré
sphere, as shown for a single polarization in Fig. 2, where
T and ¢ are the tilt and ellipticity of the corresponding
polarization ellipse. Each colored circle represents the
polarization states than can be achieved within a 180°
variation of ¢ and with a constant value of |§|. For
example, the blue circle is obtained for |§| = 45°,
whereas the cyan is obtained for |§| = 15° . The
equatorial plane in Fig. 2 (¢ = 0) corresponds to all the
linear polarization states whereas the north and south
poles represent the two circular polarization states. The
parametrization is complete because all the possible
polarization states can be represented.

As described in [8], the experimental evaluation of the
aforementioned parameters, which in turn allow to
compute the IXR, is performed using a flying
linearly-polarized field source which can rotate around the
vertical axis (variable bearing angle, i.e. heading). The
known quantities ES* and E[*° depend on the scan
strategy. For example, for a spin flight at zenith,

E%"C o« cos(a) 3).
¢ o¢ sin(a)
where « is the bearing angle of the UAV, i.e. the
horizontal rotation measured counterclockwise from the
East direction (see illustration in Fig. 3). Combining (1),
(2) and (3), the following relations for the voltage output
of the two polarimeter channels can be obtained:

v, % cos(8,) cos(a) + sin(8,)e’?e sin(a)
vy, & my,el?ab(—sin(8,) cos(a) e/ + cos(8,) sin(a))

.
The parameters required for the IXR computation i.e. 8,

Qa> Op, @, and mg, are obtained from the polarimeter
response (5) through a best-fitting procedure with
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Figure 2. Representation on the Poincaré sphere obtained
from the parametrization in (2). Colored circles for
constant values of |§| and 180° wvariation of ¢ .
Solid/dashed lines for positive/negative §. Black markers
for § = 0° (left) and |&] = 90° (right).
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Figure 3. Illustration of the parameters §, (magenta), &,
(green) and the UAV bearing angle a (blue) in a
Cartesian reference system.

parametrized curves. In the next section, an experimental
result obtained on a station of the LOFAR radio telescope
is discussed.

3. Experimental Result on LOFAR

LOFAR consists of several stations spread over Europe,
each of them composed of two subarrays: a Low Band
Antenna (LBA) array and a High Band Antenna (HBA)
array, covering the frequency range 10-90 MHz and 120-
240 MHz, respectively.

The LBA consists of two orthogonal inverted-V dipoles
above a ground plane [14]. The two antenna polarizations
are nominally oriented along the North-East (NE)
direction and the North-West (NW) one. With reference
to Fig. 3, 62°™ = §7°™ = 45° (nominal values).

A spin flight above the center of the LBA array has been
performed. In this configuration, the UAV slowly rotates
around the vertical axis i.e. the bearing angle  is varied
(see Fig. 3), while aiming to keep a fixed position at the
zenith (9 = 0°) of the central element of the LBA array
(LBA antenna #0). Fig. 4a shows the UAV bearing angle



vs. time, acquired by the onboard Inertial Measurement
Unit (IMU) whereas Fig. 4b shows the observation angle
with respect to the zenith direction (I coordinate of the
UAYV), computed from the Differential GNSS position
data [11].

The amplitude response for both LBA #0 polarizations is
shown in Fig. 5 as a function of UAV bearing angle
(magenta and green curves). The working frequency is
57 MHz. Both curves have been normalized with respect
to their maximum value. The difference between the
normalization values, corresponding to m,, in (3), is
within 0.1 dB. This difference yields IXR levels higher
than 40 dB, which can be considered as negligible with
respect to the contributions discussed below.

The plot in Fig. 5 also shows, for each polarization, the
best-fitting curves (blue and red) that allow to quantify the
angular parameters &,, ¢4, 0p and ¢y, of interest for the
IXR estimation. The best-fit ¢, and ¢, values are
basically 0°. This is consistent with the deep nulls in
Fig. 5. The measured angular positions of the minima
(best-fit curves) are §, = 40.3° and §,, = 41.8°.

An angular offset of the minima for both polarizations is
apparent, i.e. e, =&, — d3°" = —4.7° (NE pol.) and
€q =0, —6;°™ =-3.2°(NW pol.). The average of
these two errors reveals a rotation offset between the
measured polarization directions and the expected ones.
The orientation of the LBA polarizations have been
experimentally verified by means of topographic tools
(total station). The measured rotations with respect to the
nominal values were within 0.2°. Therefore, the
aforementioned rotation offset is basically due to the
magnetometer calibration error in the UAV.

Nevertheless, the relevant quantity as far as the IXR
measurement is concerned is the difference between 6,
and . This affects the condition number of the matrix in
(2). Their difference, i.e. §, — 6§, = —1.5°, gives an IXR
better than 35 dB at zenith.

It should be pointed out that this small angular value is
comparable to the accuracy of the IMU on board the UAV
(about 2°). Therefore, the estimated IXR level of 35 dB
can be considered as the limit of the present measurement
system implementation. This is already useful in the
context of SKA1-LOW development, where the IXR
requirements are in the order of 15 dB [15]. Other
techniques, such as laser tracking, could provide superior
accuracy in the measurement of the UAV orientation, at a
higher cost.

4. Conclusion

A UAV-based measurement procedure for the estimation
of the IXR has been experimentally applied on a station of
the LOFAR radio telescope at the working frequency of
57 MHz, obtaining valuable preliminary results. The
estimated accuracy is consistent with the IXR
characterization requirements of phased arrays for radio
astronomy. A more extended validation work for the
presented procedure is ongoing.

100

-100
-200

Bearing (deg)

-300

=)

()

=

@

]

o

[o%

>

<

-]

20 40 60 80 100 120

Time (s)
(b

Figure 4. (a) UAV bearing angle during the
measurement. (b) UAV position (9 coordinate) in the
array-centered reference system.
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Figure 5. Normalized amplitude response for the spin
flight at the zenith of the LBA array. Measurement, NE
pol. (magenta); measurement, NW pol. (green); best
fitting curve, NE pol. (blue); best fitting curve, NW pol.
(red).
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