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Abstract: This contribution analyses the performance of an unmanned aerial system for antenna measurement (UASAM) for
different kinds of measurement scenarios. UASAM is conceived for antenna diagnostics and characterisation at the operational
location of the antenna under test (AUT). The system measures the amplitude of the near field radiated by the AUT. Then, these
measurements are post-processed using phase refrieval techniques and equivalent currents methods to obtain an
electromagnetic model of the AUT. This model can be used for antenna diagnostics and for evaluating the far field pattern.
Similar to antenna measurement systems in anechoic chamber, UASAM allows defining different acquisition grids depending on
the type of AUT (planar, cylindrical, arc cylindrical), which also influences the flight time. In addition to this, the capability to
measure circularly polarised antennas from amplitude-only measurements is presented, discussing the limitations found during

the tests, and comparing the results with those from measurements at a spherical range in an anechoic chamber.

1 Introduction

Advances in unmanned aerial vehicles (UAVs) technology have
resulted in a burgeoning amount of disruptive applications that
make use of their capabilities for accessing remote areas,
exploration speed, and ease of operation. Earth observation and
mapping [1], infrastructure inspection [2], crops monitoring [3],
detection of buried improvised explosive devices such as
landmines [4], and acting as hotspots for extending wireless
networks coverage [5], are just some of the areas where UAVs,
commonly known as drones, have been successfully introduced.

In the area of telecommunication networks, where the front-end
infrastructure can be located in remote access places (e.g. on top of
a building or a mountain), additional costs for inspection a
reparation task can be derived with respect to the case of such
devices located in accessible places. Even more, in the case of the
antennas, they are usually placed several meters above ground.
Thus, it is clear that UAV-based systems would be of help for
monitoring these elements.

Airborne-based systems for antenna measurements were
already developed in 1963 using manned aircrafts [6]. In recent
years, developments on small, low-cost consumer UAVs, have
made possible the use of these platforms for in-situ antenna
measurement and testing at a fraction of the cost of those systems
based on manned aircrafts. One of the advantages of using
airborne-based systems for antenna measurement is that the
antenna can be tested in operational conditions, taking into account
how the surrounding environment affects its performance (e.g.
reflections in nearby buildings). This kind of test cannot be
conducted in antenna measurement facilities such as anechoic
chambers, where the antenna is characterised alone. Although the
technology maturity of airborne-based antenna measurement
systems cannot offer the same accuracy as anechoic chamber
measurements, the aforementioned possibility of evaluating the
influence of the antenna surroundings on its performance is an
added feature of special interest for forthcoming 5G
communications systems which will rely on multipath and MIMO
techniques [7, 8].

Although different UAV-based systems for antenna testing have
been developed recently, the majority are based on a radio-
frequency transmitter [9—11] or receiver (a power sensor [12, 13]
or a compact spectrum analyser [14]) on board the UAV. Signal
levels recorded at each position of the UAV flight path are then
geo-referred and latter post-processed (e.g. converting spatial
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coordinates in polar ones) in order to obtain the radiation pattern of
the antenna under test (AUT). In the case of electrically large
antennas, or low-frequency communications systems, far-field (FF)
distance can be located tens or hundreds of metres away from the
AUT, so measuring even a single cut of the radiation pattern could
become challenging due to the resulting long flight path for
antenna measurement in the FF region. Apart from limitations in
the flight autonomy of most UAVs (up to 15-20 min), flight
regulations over restricted areas (e.g. crowded places) may add
additional constraints. For these reasons, UAV-based systems
capable of operating in the near-field (NF) region of the AUT have
been proposed [15-19], so that the distance from the AUT to the
UAV-based antenna measurement system is not greater than several
metres, then applying NF-FF transformation techniques to obtain
the AUT radiation pattern.

This contribution reviews recent advances in the validation and
testing tasks of an unmanned aerial system for antenna
measurement (UASAM), capable of working in the NF region of
the AUT, extending the aim and scope of the contribution
presented at EuCAP 2018 [16]. The system has been
experimentally validated up to C band [15], although simulations
emulating realistic flight conditions and measurement uncertainties
have proven UASAM capability to operate at millimetre-wave
frequency bands [17]. The novelties with respect to the state-of-
the-art are: (i) evaluation of different measurement grids in the NF
region of the AUT, assessing their impact in antenna measurement,
and (ii) capability of UASAM for testing circularly polarised
antennas based on the independent acquisition of two linear
components. For all the tested antennas, fields recovered on the
aperture plane of the AUT as well as the radiation pattern will be
compared with results from measurements conducted at a spherical
range in an anechoic chamber.

2 Description of the proposed system
2.1 UASAM hardware architecture

UASAM prototype, depicted in Fig. 1, is composed by the
following subsystems:

* Flight control subsystem (Fig. 1, text in green colour),
containing the flight controller, the communication devices and
the usual positioning sensor on board the majority of small
consumer UAVs. These sensors are a barometer, inertial
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measurement units (IMUs), and a Global Navigation Satellite
System (GNSS) receiver.

* Accurate positioning subsystem (Fig. 1, text in blue colour),
consisting of a laser rangefinder and a real-time kinematic
(RTK) system. The latter has two elements: one RTK beacon on
board the UAV and the other RTK beacon at a fixed position in
ground. The ground beacon acts as base station sending GNSS
corrections to the rover beacon.

* Antenna measurement subsystem (Fig. 1, text in red colour),
which includes a probe antenna and a power sensor.

* Ground control station (e.g. a laptop) where the geo-referred
amplitude-only measurements are post-processed.

Fig. 2 shows a scheme of the main components of the UASAM
prototype together with the connections between them.

The flight path of the UAV is created using waypoints, taking as
input a pre-defined AUT measurement grid: a cylinder, a
cylindrical arc, or a plane. It must be indicated that the UAV
heading points towards the AUT in the case of cylindrical grids (as
in cylindrical measurement ranges), whereas the heading is
perpendicular to the AUT aperture plane in the case of planar grids.
The UAV coordinates and the measurements of the power detector
are sent to the ground station, where they are post-processed to
perform antenna diagnostics and to obtain the radiation pattern.

2.2 Measurements post-processing

Geo-referred amplitude-only NF measurements need to be
processed in order to calculate the AUT radiation pattern as well as
to obtain antenna diagnostics information (e.g. detection of
malfunctioning elements). NF-FF transformation and antenna
diagnostics techniques [20-24] require information of both
amplitude and phase of the NF. Thus, phase retrieval techniques
from amplitude-only NF measurements have been considered in
UASAM.

Phase retrieval techniques can be classified into two main
groups. On the one hand, indirect off-axis holography is based on
the knowledge of a reference field and an interference pattern with
the field radiated by the AUT [25]. Recent advances on indirect
oft-axis holography allows for independent phase recovery at each
measurement point in the case of broadband antennas [26],
complemented with scalar calibration techniques [27]. On the other
hand, iterative phase retrieval techniques consist of a minimisation
of a cost function relating the amplitude of the NF measured on
two or more acquisition surfaces, with the amplitude of the NF
radiated by an electromagnetic equivalent model of the AUT on
such surfaces. This model can be, for example, an equivalent
currents distribution or extremely NF on the AUT aperture plane
[28-30]. Iterative techniques require less hardware than indirect
off-axis holography, but at the expense of longer acquisition and
processing time. Also, the ill-conditioning nature of the inverse
problem to be solved influences the convergence of the iterative
method. Nevertheless, the requirement of cheap, low-cost hardware
on board the UAV has conditioned the choice of an iterative phase
retrieval technique over off-axis indirect holography.

In the case of UASAM, the phaseless sources reconstruction
method (pSRM) for antenna diagnostics and NF-FF transformation
[30] has been considered for processing geo-referred NF
measurements acquired in two measurement surfaces. A flowchart
of this iterative method is shown in Fig. 3, whereas a discussion
about how geo-referring uncertainties and positioning errors affect
PSRM performance is presented in [15].

2.3 Comparison flowchart

To validate the antenna diagnostics and the radiation pattern
calculated using UASAM, antennas tested in this contribution have
been measured at a spherical range in an anechoic chamber as well.
As depicted in Fig. 4, two methodologies for validation of the
results are proposed: (i) calculation of aperture fields and FF
pattern from complex NF measurements in anechoic chamber
(Fig. 4, green path), and (ii) using an equivalent model of the AUT
from these NF measurements [22], the amplitude of the NF is
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Fig. 1 UASAM prototype. Main subsystems are highlighted in different
colours: flight control subsystem (green), accurate positioning subsystem
(blue), antenna measurement subsystem (red)
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the impedance matrix relating the radiated field E with an equivalent
currents distribution (electric and/or magnetic) I, that radiates the same
fields as the AUT

calculated at the geo-referred flight path positions of the UAV.
Then, these measurements are processed with the pSRM in-situ
measurements (Fig. 4, yellow path). The goal is to have an
assessment of different sources or error, such as positioning and
geo-referring uncertainties, and the nonlinearity of the power
Sensor.

IET Microw. Antennas Propag.
© The Institution of Engineering and Technology 2019



[ |
AUT
UASAM — ¢

A 4 NF measured at spherical
In-situ NF range in anechoic chamber

measurement 1 ‘
Amplitude and phase

UAV positions
acquisition
T

Simulated NF at Sources Regonstruction

UAV positions Method
v
\ 4 EM equivalent model

of the AUT
Phaseless Phaseless
acquisition acquisition
|
Phaseless Sources R uction Method
From phaseless From phaseless From NF|anechoic
NF in-situ meas. simulations chamber measurements

y

I AUT diagnostics and FF pattern I

Comparison of the results I

Fig. 4 Flowchart of the implemented methodology for comparing

measurements accuracy
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3 Evaluation of different measurement grids

In this section, the influence of different acquisition grids in the FF
pattern and in the aperture fields of the AUT, is evaluated. For this
example, a two horn antenna array working at C band (from 4 to 6
GHz) has been selected as AUT [15]. It is fed with a voltage
controller oscillator (VCO) and an RF amplifier which provides a
+10 dBm signal at 4.65 GHz. The AUT is fixed to a mast at 3 m
height and the distance between the horn aperture centres is
approximately 44. The measurement setup is shown in Fig. 5.
Concerning the probe antenna on board the UAV, a commercial
printed monopole working from 4 to 7 GHz with vertical
polarisation and an omnidirectional pattern in azimuth (+1.5dB
accuracy) has been chosen [15, 31]. For this example, only the
copolar component (vertical polarisation) is measured, which also
simplifies the integral equation formulation of the pSRM algorithm
[30], as the x-component of the equivalent magnetic currents on the
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Fig. 6 Grid #1: cylindrical grid of radius R, = 3 m and R, = 4 m, with the
scanning height going from 1.5 to 4.5 m in 0.15 m steps
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Fig. 7 Grid #2: arc cylindrical surfaces of radius R, =3.7m and
R, = 4.5m, with the scanning height going from 2 to 4.5 m in 0.1 m steps
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Fig. 8 Grid #3: parallel planes of 10m width at R, =3.7Tm and
R, = 4.5m, with the scanning height going from 1.8 to 4.5 m in 0.1 m steps

AUT aperture plane, M,, is calculated from the measured z
(vertical)-component of the NF, E,.

3.1 Measurement grids

Measurement grids are defined in a flight plan (composed of
waypoints) that the UAV autonomously tries to follow. Cylindrical,
arc cylindrical, and planar grids evaluated in this example are
depicted in Figs. 6-8. Dashed lines represent the pre-defined flight
paths, whereas the waypoints are represented with thick dots. In the
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Fig. 11 Measured NF amplitude for grid #3 at R, = 4.5m

case of grids #2 and #3, the distance from the AUT has been
increased for safety reasons. For the cylindrical grids, the UAV
heading points always towards the AUT, whereas in the planar grid
the UAV heading is perpendicular to the AUT aperture.

3.2 NF measurements

For each tested grid, the amplitude of the measured NF is depicted
in Figs. 9-11, where the axes are centred at the AUT position (for
the sake of simplicity, only the NF on the surface at distance or
radius R, is shown). AUT — probe antenna misalignment is more
noticeable in planar measurement grids (grid #3). In addition, these
misalignments increase as the acquisition plane gets closer to the
AUT.

The size and geometry of the acquisition grid define the
truncation error, which determines the region of the FF pattern that
can be calculated from NF measurements (angular region of
validity) [20]. Table 1 shows the angular region of validity for the
measurement domains considered in this contribution. Most of the
grids are limited in the vertical direction, as a trade-off between the
limited life of UAV batteries and maximising the angular region of
validity in this direction. In the case of amplitude-only NF
measurements in two or more measurement surfaces, the angular
region of validity is defined by the furthest grid. In the case of
spherical NF measurements, there is no truncation error.

Measurement grid geometry also has an impact in the UAV
flight time, which in this case is directly the NF acquisition time.
For this test, UAV flight times were 25 min for grid #1, 20 min for
grid #2, and 17 min for grid #3. In the case of grid #1, flight time
would have been even longer if the measurements had been taken
at a grid with the same radius as grid #2.

Table 1 Sizes and FF angular region of validity (ARV) of
the measurement domains considered in this contribution (L:
horizontal size, V: vertical size)

Grid (type) R, (grid  Grid size ARV ARV
distance) horizontal  vertical

axis axis

grid #1 4m V=3m full range 41°

(cylindrical)

grid #2 (180°-arc 45m V=25m 180° 30°

cylindrical)

grid #3 (planar 45m H=7m 76° 34°

grid)

— — V=27m — —

example 2 45m H=5m 68° 31°

(planar grid)

— — V=25m — —

3.3 Antenna diagnostics and FF pattern comparison

An equivalent magnetic currents distribution (M,) is reconstructed
on the AUT aperture plane, truncated to a rectangular domain of
60 x 60 cm. This domain is large enough to contain the projected
physical AUT aperture, but not too large to avoid increasing the
number of unknowns (i.e. points where the equivalent magnetic
currents are recovered).

Reconstructed equivalent currents are depicted in Fig. 12 for the
following cases: using complex NF measurements at anechoic
chamber (Fig. 12a), from simulated NF amplitude at UAV
positions for grid #1 (Fig. 12b) (cylindrical), and for NF amplitude
measurements with UASAM for grids #1 (Fig. 12¢), #2 (Fig. 12d)
and #3 (Fig. 12¢). In all cases, the location and relative power of
each element of the horn antenna array can be estimated.

Differences between Figs. 12a and b are mainly due to the use
of amplitude-only NF information in the latter case, and the
truncation error of the cylindrical domain in elevation (z-axis) of
grid #1. In fact, differences are observed along the z-axis rather
than along the x-axis. Next, if Figs. 12b and ¢ are compared, the
effects of geo-referring errors and probe antenna misalignments in
the reconstruction quality can be observed.

When the grid is composed of arc cylindrical surfaces, Fig. 124,
the reconstruction is slightly worse due to the smaller size of the
grid along z yielding greater truncation error (see Table 1) even
though the AUT is directive. The fact that the UAV stops at each
arc endpoint to change direction also implies that the UAV
deviations from the ideal path are slightly increased.

The greatest similarity of reconstructed aperture fields between
anechoic chamber measurements and UAV measurements is
achieved when a planar grid is considered, as observed in Fig. 12e.
This might be because the UAV heading does not change (it is
always perpendicular to the AUT), whereas in cylindrical grids the
UAV heading is continuously changing to point towards the AUT
position. However, the use of planar grids requires to accurately
determine the NF measurement domain containing most of the
radiated power from the AUT, which is typically restricted to the
case of quite directive AUTs.

From the recovered equivalent magnetic currents (i.e. aperture
fields), the FF pattern can be calculated. FF pattern cut in the H-
plane of the AUT is represented in Fig. 13. A good agreement
between the reference FF pattern and those measured with
UASAM can be observed, especially for the main lobes
(0 € [ —20°,20°]). It must be pointed out that the discrepancies are
mainly due to the geo-referring errors (which are around 2 cm in
the horizontal plane and 1 cm in the vertical direction).

4 Measurement of circularly polarised antennas

The capability of UASAM for conducting measurements of
circularly polarised antennas is presented in this section. For this
goal, there are two possibilities: (i) use of a circularly polarised
antenna as probe (or two with reverse handedness if both circular
components have to be measured); (ii) use of a linear polarised
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antenna as a probe, and measuring the amplitude of the NF with the
probe oriented in two orthogonal directions. The latter
methodology is simpler in terms of hardware requirements, as
linear polarised probes are cheaper and easier to manufacture.

An array composed of circularly polarised antennas with
reverse handedness placed in a 3-m height mast is selected as AUT,
fed with a VCO tuned at 4.65 GHz, as in the example of Section 3.
The same monopole antenna of the previous example [31] will be
used as a probe. The measurement setup and the elements involved
are depicted in Fig. 14.

Based on the conclusions extracted from the results presented in
Section 3, as well as the moderate directivity of the helix antenna
(13 dB at 4.5 GHz), the planar acquisition was considered for
measurements with UASAM. Planar grids were located at 3.2 and
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AUT RF station
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Fig. 14 Setup for in-situ measurement of the array of two helix antennas

4.5 m away from the AUT, with the height ranging from 2 to 4.5 m
in 7cm steps. The calculated FF angular region of validity is
indicated in Table 1.

4.1 NF measurements

Two measurements were conducted on each grid, one with the
probe parallel to the ground (a measurement of the |E,|
component), and the second with the monopole antenna probe
perpendicular to the ground (a measurement of the |E,| component).
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As in Section 3, the AUT was measured at a spherical range in the
anechoic chamber, then following the methodology described in
Fig. 4 for the comparison of the results.

The amplitude of the NF measured on the planar domain closer
to the AUT (R, = 3.2) is depicted in Figs. 15 and 16 for horizontal
(IE,]) and vertical (|E,]) components. Projection of the circularly
polarised field onto two orthogonal linear polarisations results in
|E,| and |E/| having similar amplitude levels. Next, UASAM
measurements are compared with the NF simulated using an
electromagnetic equivalent model of the AUT obtained from
spherical NF measurements at a spherical range in an anechoic
chamber [22]. In the case of the horizontal component, there are
some discrepancies between simulations and measurements in the
lobe centred at x= — 1m, also noticeable in the vertical
component (right sidelobe, x = —2m). These differences can be
due to multipath contributions, as the electromagnetic model of the
AUT obtained from anechoic chamber measurements cannot take
into account reflections on the area where the AUT is placed.

It must be mentioned that the limited battery life of the UAV
required two different flights for measuring horizontal and vertical
components on each acquisition grid (i.e. four flights overall).
Even though the same waypoints were uploaded into the UAV
flight controller, UAV positioning errors resulted in small
differences between the measurement positions for each

component, as it can be noticed if comparing positions depicted in
Figs. 15 and 16.

4.2 Antenna diagnostics and FF pattern comparison

Amplitude-only NF measurements are introduced in the pSRM to
recover an equivalent magnetic currents distribution on the AUT
aperture plane. For this measurement setup, the second
electromagnetic equivalence principle [21] can be applied,
allowing decoupling the integral equations relating the two
orthogonal components of the NF (E,, E,) with the two orthogonal
components of the equivalent magnetic currents on the aperture
plane (M, M,). These equivalent magnetic currents can be
combined to obtain the right- and left-handed circularly polarised
components (Mgyc and My yo).

Reconstructed Mpyc and Mpyc are depicted in Fig. 17,
comparing those reconstructed from UASAM measurements with
those reconstructed from the simulated NF on the measurement
grid. In both cases, the highest amplitude corresponds to the helix
antenna that has this polarisation. Note that a null appears at the
location of the other helix antenna that has reverse handedness. As
in the example of Section 3, geo-referring uncertainties result in
worse reconstruction. The displacement in the AUT position comes
from the fact that the AUT is centred at different positions in the
case of anechoic chamber measurements (Figs. 17a and b: =5 cm
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offset) and in-situ measurements with UASAM (Figs. 17¢ and d:
-9 cm offset).

Finally, from the reconstructed equivalent magnetic currents,
the FF pattern can be calculated. Only the area of the aperture
plane within the dashed white line depicted in Fig. 17 has been
considered for calculating the FF pattern, for filtering non-desired
contributions to the FF.
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Comparison of FF patterns calculated from NF measurements at
the anechoic chamber, from simulated amplitude-only NF at UAV
acquisition grid, and from UASAM measurements, is shown in
Figs. 18 and 19. It can be observed an agreement in the main lobe
and the sidelobe centred at € = 30°. However, there are some
discrepancies in the left sidelobe (centred at & = — 30°) which are
related to those observed in NF measurements. The effects of the
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truncated NF measurement domain can also be noticed in the
results plotted in Fig. 18, especially in the v-axis.

5 Conclusion

In this contribution, the use of UASAM for measuring antennas in
their operational location is analysed. In particular, the
performance of different acquisition grids has been tested using a
two-element horn antenna array working at C band as AUT. It has
been shown that measuring at two complete cylindrical surfaces
requires the longest flight time. Truncating it to arc cylindrical
surfaces (160°) degrades the quality of the reconstructed equivalent
currents distribution but the flight time is not greatly reduced.
However, using planar measurement surfaces does not degrade the
quality (as compared to cylindrical surfaces) and it takes around
35% less time. In this case, the main challenges are the increase of
probe antenna misalignments and the need of defining the size of
the planar domain so that most of the power radiated by the AUT is
collected, but also taking into account UAV battery life, which
influences the size of the measurement domain (defined using
waypoints). Based on these conclusions, UASAM capability for
circularly polarized antenna measurement has been evaluated,
selecting an array of two helix antennas with reverse handedness as
AUT. Results proved the capability of recovering both right- and
left-handed circularly polarised field components from the
independent measurement of two orthogonal components
(horizontal and vertical).
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