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Abstract—A non-tethered Unmanned Aerial Vehicle equipped
with a RF source has been used as a near-field scanner in
the VHF band. In this configuration, the source is not phase-
locked to the receiver local oscillator/clock. A reference antenna,
placed at a proper distance from the antenna-under-test, has thus
been exploited to reconstruct the phase. Experimental results at
175 MHz for the central element of the Pre Aperture Array
Verification System of the Square Kilometre Array are shown.
The comparison with simulations shows very good agreement.

Index Terms—Antenna measurements, near-field measure-
ments, unmanned aerial vehicle.

I. INTRODUCTION

In recent years, radiation pattern measurements based on
Unmanned Aerial Vehicles (UAVs) have been performed on a
variety of radio astronomical facilities and prototypes such the
Low-Frequency Array (LOFAR) [1],[2], the Square Kilome-
ter Array Aperture Array Verification System (SKA-AAVS)
[3] and the Medicina Array Demonstrator [4],[5]. An UAV
equipped with a radio-frequency test source [6] and a differ-
ential Global Navigation Satellite System (GNSS) positioning
device was mainly placed in the far-field of antenna arrays in
order to characterize their radiation pattern exploiting a variety
of scan strategies [7]. As far as the LOFAR telescope is con-
cerned [2], the far-field condition could not be reached owing
to its large overall size. In that case, the UAV performed a few
near-field linear scans over the telescope and the acquired data
were successfully compared to simulation performed in the
same regime [2]. A near- to far-field (NF-to-FF) transformation
was not possible on the LOFAR data due to the lack of phase
information and the limited amount of linear scans, i.e. the
aperture was not fully sampled. In the literature, phase-less
techniques have been already applied to UAV-collected data
[8]. Other researches have proposed a fiber-optic link between

Fig. 1. Example of UAV trajectory during a near-field scan (blue curve).
Trajectories selected for comparison between reconstructed and simulated
phases (red and green markers).

the UAV and ground to recover the phase information in order
to perform a NF-to-FF transformation with an inverse-source
approach [9]. In this paper, an alternative solution exploiting
an additional reference antenna on the ground is proposed and
verified. In this way, the UAV is not tethered to ground so that
there are no limitations on its scan strategy and there is no
additional weight contribution from attached cables.

II. EXAMPLE OF NEAR-FIELD SCAN

Figure 1 shows an example of UAV trajectory measured
with a differential GNSS system (centimetrical accuracy).
The programmed flight was actually set as a regular planar
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Fig. 2. Measurement schematics: the UAV (s) and the reference antenna (ref )
are in far-field condition while s is in the near-field of the AUT (a). Position
vectors ra, rref are considered with respect to a reference system centered
in a and ref, respectively.

raster with a constant height of 25 m and constant line
spacing of about 0.7 m. As a matter of fact, the presented
UAV trajectory is quite irregular and far from the planned
measurement path. It can be envisaged that classical near-
field to far-field transformations are hardly applicable in this
case. On the contrary, inverse source methods [10],[11],[12]
could be exploited owing to their capability of dealing with
arbitrary sample distributions. In both classical and inverse-
source methods, the phase information always provides better
accuracy and faster reconstruction, i.e. less number of samples.
However, the phase knowledge is challenging for UAV-based
measurements because the synthesizer on-board is not phase-
locked to the receiving equipment. Section III reports that the
phase information can be retrieved by means of a reference
antenna placed at a certain distance from the Antenna Under
Test (AUT) (Figure 2). This technique is applied to experi-
mental data and compared to simulations in Section IV.

III. PHASE RECONSTRUCTION

Figure 2 shows the measurement scheme that is used to
reconstruct the phase difference

∆ϕas = ϕa − ϕs (1)

where ϕa is the phase of the received voltage measured at the
AUT port, whereas ϕs is the phase of the transmitted signal
from the UAV (which is unknown). It should be noted that
∆ϕas is the phase information required to perform NF-to-FF
transformations.

The proposed technique requires the usage of a two-channel
receiver on the ground. Depending on the operative frequency
and bandwidth, several options are available based on either
direct sampling of the RF signal [3] or with a first down-
conversion stage. The two-port receiver performs the mea-
surement of complex voltages at both the AUT (a) and the
reference antenna (ref ) ports.

The reference antenna has to be placed far from the array
in order to be considered as an isolated element that is not
interacting with it. Moreover, the far-field condition between

the UAV and the reference antenna should be satisfied. Under
these hypotheses, the measured phase at the reference antenna
port can be expressed as

ϕref (rref ) = ϕs − k|rref |+ b(pref (r̂ref ) · ps(r̂ref )) (2)

where k is the wavenumber, pref and ps are the polarization
unit vectors of the reference antenna and source respectively
(i.e. p(r̂) = E(r̂)/|E(r̂)| where E is the E-field pattern), rref
is the position vector of the source with respect to the reference
antenna, the symbol b denotes the phase of a complex number;
the hat symbol denotes unit direction vectors. It should be
noted that the second term on the right hand side of (2) is
the propagation phase between source and reference, whereas
the last term of (2) is the phase of the polarization mismatch.
The propagation phase can be estimated using the measured
position of the source. The polarization mismatch can be
instead estimated from the knowledge of both source and
reference radiation pattern. In these conditions, it is apparent
that the phase of the source signal ϕs can be estimated from
the measured ϕref . Finally, by substituting (2) into (1), the
required ∆ϕas can be retrieved as

∆ϕas(ra) = ϕa(ra)− ϕref (rref )− k|rref |+
+ b(pref (r̂ref ) · ps(r̂ref )) (3)

where ra is the position vector of the source with respect
to the AUT (Figure 2). Of course, ra and rref are univocally
related to each other since they represent the source position
in two different reference systems.

Equations (2) and (3) are valid up to addition by a constant
that depends on the receiver calibration. Such a constant does
not depend on the position of the source.

The same measurement scheme is generally applied in
common far-field test ranges. In this case, however, the relative
distance |rref | between source and reference is kept constant
so that knowledge of rref , pref and ps is not required.

IV. EXPERIMENTAL RESULTS

A set of near-field flights has been performed on the Pre
Aperture Array Verification System (Pre -AAVS1) [3] of the
Square Kilometre Array located at the Mullard Observatory
in Cambridge (UK). Such an array is composed of 16 active
dual-pol log-periodic elements oriented at zenith and arranged
in a random configuration with a maximum distance from
the center of about 4 m. In order to test the presented
phase reconstruction technique, another log-periodic antenna
has been placed at 20 m from the array center and used as
reference antenna. All the antenna elements were connected
to the back-end unit by means of coaxial cables.

In this Section, the phase reconstruction method is applied
to the UAV flight shown in Fig. 1, for which the source
frequency was set to 175 MHz. The results are presented for
the array element that is closer to the center.

According to (3), ϕa and ϕref are measured data obtained
from the digital back-end. The relative position data are
obtained from measured differential GNSS data. The quantities



ps(r̂ref ) and pref (r̂ref ) are instead evaluated from look-up-
tables of the source and reference antenna patterns, respec-
tively. In this case, the look-up-tables have been computed
with FEKO. In principle, measured patterns could be used,
however, a complete set of data cannot be easily achieved at
VHF frequencies. Verifications of the used look-up-tables have
been already performed in [3] and [13].

The reconstructed phase ∆ϕas over the whole path of
Fig. 1 is shown in Fig. 3. The UAV-mounted dipole was
mainly oriented along the y-axis in Fig. 1, which is the same
polarization of the considered array-element under test. The
overall phase distribution looks consistent with the radiated
field from a small antenna in the proximity of the array center.

Fig. 3. Near-field Phase reconstruction (y-component) for the array element
that is closer to the center. The 3-D trajectory of the source is shown in Fig. 1.

The reconstructed phase ∆ϕas along the flying trajectories
with red and green markers in Fig. 1 is compared to FEKO
simulations in Figs. 4 and 5, respectively. The overall agree-
ment is very good. The unknown constant (see above) has been
selected to minimize the distance between reconstruction and
simulation. The residual average error between measurements
and simulation is 7◦ and 13.5◦, respectively.

V. CONCLUSION

A method for reconstructing the phase for near-field UAV-
based scans has been presented. The phase of the co-polar
component of the electric field for an embedded element has
been reconstructed at 175 MHz in order to demonstrate the
applicability of the method. It showed good consistency with
the simulated data. This encourages the exploitation of inverse-
source techniques [11],[12] in order to compute the far-field
pattern from the near-field data.
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Fig. 4. Reconstructed (blue curve) and simulated phase (red curve) of
y−component of the AUT near-field along the red trajectory in Fig. 1.
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Fig. 5. Reconstructed (blue curve) and simulated phase (red curve) of
y−component of the AUT near-field along the green trajectory in Fig. 1.
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