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Electromagnetics-Aware Path for UAV-Based
Near-Field Antenna Measurements Implemented

With a High Dynamic Range SDR
Lorenzo Ciorba , Fabio Paonessa , Member, IEEE, Marco Righero , Giorgio Giordanengo ,

Giuseppe Addamo , Member, IEEE, Giuseppe Vecchi , Life Fellow, IEEE,
and Giuseppe Virone , Senior Member, IEEE

Abstract— An electromagnetics-aware path for drone-based
near-field (NF) antenna measurements is implemented in an
outdoor experimentation. This technique allows us to significantly
reduce the scan duration with respect to a standard half-
wavelength NF scanning, using knowledge of the antenna under
test (AUT) electrical size only. The validity of our approach is
corroborated with planar outdoor NF measurements performed
with an untethered drone transmitting at 750 MHz. To deal
with the absence of phase coherence, the phase information is
retrieved from a reference antenna, while a software-defined
radio (SDR) having four super-heterodyne receiving channels is
used to properly sample the high-dynamic signals resulting from
the large scanning surface.

Index Terms— Antenna measurements, near-field to far-field
transformation (NFT), reduced order model, software-defined
radio (SDR), unmanned aerial vehicle (UAV).

I. INTRODUCTION

IN RECENT years, unmanned aerial vehicles (UAVs)
opened up new possibilities for the antenna measurement

community by facilitating outdoor operations even in complex
environments [1], [2]. Their use is widely documented in
literature as a solution for in situ far-field (FF) testing [3], [4],
[5], [6], and in 2021 a UAV-based procedure was added in the
IEEE recommended practice for antenna measurements [7].

Thanks to their affordability and flight precision, unmanned
rotorcrafts such as quadcopters and multicopters are particu-
larly suitable for in situ measurements of big antennas that
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cannot be placed inside an anechoic chamber, or for which
the environment cannot be adequately reproduced indoor. This
is the case, for instance, of modern radio telescopes such
as the square kilometer array (SKA) [8], the low frequency
array (LOFAR) [9], [10] and the electronic multibeam radio
astronomy concept (EMBRACE) [11], [12].

To both comply with the maximum flight height allowed
by regulations (120 m in Europe, 400 feet in USA) and
ensure safe operability in complex scenarios, near-field (NF)
measurements represent the natural evolution of UAV antenna
testing. Standard NF techniques generally employ automated
scanners (e.g., planar, cylindrical, or spherical) and a NF to FF
transformation (NFT) to predict the FF antenna behavior [13].
UAV-based NF measurements are also reported in [14], [15],
and [16]; however, their applicability is still not consolidated
for the reasons summarized below.

First, in the absence of a wired link between the UAV and
the ground equipment, the receiver cannot share the same
frequency reference as the transmitter (i.e., they are not phase-
locked); hence, the measured phase will rapidly drift even
if the probe is stationary with respect to the antenna under
test (AUT). Magnitude-only (phaseless) transformations were
proposed for UAV-based measurements [14]; however, this
approach turns to a nonlinear and nonconvex problem where
local minima can occur. To achieve phase coherence, fiber-
optic links were used both outdoor [15] and indoor [16].
These approaches exploit a physical link to transfer the RF
signal through RF-over-fiber technology (RFoF). However, the
presence of the tether represents a constraint for the UAV,
which is forced to execute mainly vertical flights (e.g., planar,
or cylindrical). A further method, applicable with a receiving
AUT, consists in measuring the relative phase between the
AUT and a reference antenna [7, pp. 91–92], [17] so that the
phase drift of the UAV generator is completely removed. This
eliminates the necessity of a wired link but requires a multiport
vector acquisition system.

Second, differently from standard NF scanners where the
probe always points toward the AUT (in cylindrical and
spherical scanning, typically), in UAV-based measurements the
probe orientation coincides with the aircraft attitude (i.e., the
state of the three angles that describe the spatial orientation
of the aircraft, namely yaw, pitch, and roll), which in turn
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depends on its motion. For this reason, probe compensation
becomes necessary. Moreover, the dynamic of the measured
signal can significantly increase with respect to the same
scanning strategy performed with a standard scanner system.
In fact, even in the case the probe is scarcely directive
(e.g., a half-wavelength dipole), its radiation pattern can be
considerably altered when mounted on the UAV [18], and nulls
can appear in the observation direction of the AUT. Rotorcrafts
can arbitrarily vary the heading angle; this capability can be
exploited to keep the horizontal pointing direction locked to
the AUT, but it only helps in some flight configurations and
partially mitigates the problem since neither pitch nor roll
can be arbitrary. The strong coupling between the UAV and
the onboard probe, especially at low frequencies, also limits
the applicability of gimbals to accomplish the continuous
adjustment of the pointing direction.

Finally, the measurement time required by a standard NF
scanning can be prohibitive for close range UAVs due to the
normally required sampling density (λ /2 or less) [13, p. 23].
For example, a half-wavelength planar scanning at 350 MHz
over a station of the SKA, whose diameter is 40 m [6], gives
a 5 km long path that requires a flight of about an hour.

Antenna characterization using sparse scanning and min-
imum set of NF samples [19], [20], [21], [22], [23] is
documented in literature, with a focus on minimizing the
number of samples needed to specify the radiated field. To the
best of the authors’ knowledge, there is no application of
techniques to reduce the number of scanning acquisitions in
UAV measurements that explicitly consider the length of the
flight and are experimentally validated.

The main novelty of this article is the implementation of
a UAV-based NF measurement that uses an electromagnetics-
aware path and a multichannel receiver based on a software-
defined radio (SDR). Our approach is based on the combined
use of a factorized representation of the radiation operator to
determine the waypoints that shall be reached by the UAV,
of a standard optimization algorithm to determine the shortest
path visiting each of the waypoints and of an inverse-source
based NFT. Preliminary results were shown in [24] and [25].

Here, the path generation algorithm is presented and the
measured results from an outdoor experimental campaign
at 750 MHz, including the NFT, are thoroughly discussed.

A further novel aspect is the usage of a multiport SDR with
high dynamic range (superheterodyne-based). With respect to
commonly employed vector network analyzers (VNAs), SDRs
offer scalability and modulation/demodulation capability. The
latter opens up, in a future perspective, new possibilities
for over-the-air (OTA) or multiple-input multiple-output
(MIMO) characterization of complex antenna systems with
UAVs. So far, the use of SDRs for antenna measurements
has been mostly documented inside anechoic chambers
employing homodyne receivers with limited dynamic range
[16], [26], [27].

It is worth mentioning that although this work concerns
UAVs, an EM-aware path approach can be generalized to other
scenarios in which different positioners are used.

This article is organized as follows. Section II describes
the EM-aware path derivation in the case of a horizontal

Fig. 1. Block diagram of the EM-aware path generation.

planar outdoor scenario where the scanning time is reduced
by four times with respect to its respective standard λ /2
planar scanning. Numerical tests are performed to assess the
scalability of the method with respect to the size of the AUT
and to compare it with more traditional approaches, such as a
λ /2 raster scan and a scan along a spiral path with λ /2 pitch.
Section III presents the SDR receiving system addressing the
aspects of dynamic range and synchronization with the UAV
data. Section IV reports the experimental setup and phase
retrieval from reference antenna. Finally, Section V discusses
the results comparing them with simulations, FF measurements
and a standard λ /2 planar scanning.

II. EM-AWARE PATH CALCULATION

A factorized representation of the radiation operator under-
pins the proposed strategy to determine the waypoints that
shall be reached by the UAV to acquire the needed amount of
information [20]. The approach is based on the inverse source
NFT using equivalent currents that produce the AUT field.
Such a technique is able to deal with an irregular grid of
measurement points, for example, a cloud of points coming
from UAV-based measurements.

The algorithm rationale is illustrated in the high-level block
diagram of Fig. 1 and the more detailed flowchart of Fig. 2.
First, the principles of the inverse source technique are briefly
recalled (see red frames). A virtual surface enclosing the AUT
is defined, then, equivalent electric and magnetic currents
representing the AUT field are defined over this surface.
By enforcing a null field inside the virtual surface, the cur-
rents are directly related to the tangent electric and magnetic
fields [28]. The virtual surface is then discretized through an
appropriate tessellation, and Rao–Wilton–Glisson (RWG) [29]
basis functions are defined over it. In this way, each current is
expanded as a linear combination of RWGs through unknown
coefficients.

As far as the EM-aware path computation is concerned,
a matrix B is built containing samples of the radiator operator
evaluated between L source points r ′

ℓ distributed around the
volume of the AUT and M target points rm distributed to scan
the region of interest where the UAV could fly

Bmℓ =
e−ik0∥rm−r ′

ℓ∥∥∥rm − r ′

ℓ

∥∥ . (1)

It should be noted that columns and rows of B are
related to equivalent source position and measurement points,
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Fig. 2. Flowchart of the EM-aware path generation algorithm.

respectively. Hence, undersampling the measurement points is
equivalent to subsample the rows of B.

For this purpose, a truncated CPQR factorization (yellow
frames) is evaluated for the transpose of B in order to extract
the most electromagnetically significant waypoints [30], [31]

BT (
:, π

)
= Q R (2)

where π is an array of pivot indices of length M . Given
a threshold ϵth, we determine the number of waypoints K
looking at the element of the matrix R

K :


|Rkk |

|R11|
≥ ϵth, if k ≤ K

|Rkk |

|R11|
< ϵth, if k > K .

(3)

The waypoints are then the K target points rπ(1), . . . , rπ(K ).
The shortest route connecting all the K waypoints is found

(green frames) solving the traveling salesperson problem, and
the path for the UAV flight is defined. The AUT is then
characterized from samples acquired along this path. This
means that the matrix used to enforce equality between the
field radiated by the currents and the measured samples is
computed considering points along the EM-aware path.

Fig. 3. Map in the xy plane of 350 most electromagnetically significant way-
points (orange dots) and shortest path connecting them (blue line) determined
for a two-element array having a characteristic size of 8.5λ at 750 MHz.
Starting and arrival waypoints located close to the origin.

Fig. 3 shows the EM-aware planar path for a two-element
array having an overall size of 8.5λ at 750 MHz, computed
at a height of 4 m (≈10λ ) (orange markers highlighting
the 350 most electromagnetically significant waypoints) with
ϵth = 10−3. The figure highlights that the EM-aware path
provides a dense sampling near zenith, whereas greater spacing
between samples is allowed for large values of the zenith
angle. This is also in agreement with other results in [32],
[33], and [34].

Rigorously speaking, it should be noted that only the most
electromagnetically significant waypoints (red dots in Fig. 3)
must be sampled. This means that all the other points acquired
during the UAV flight (when the UAV is moving between
two consecutive waypoints) represent redundant information.
On the other hand, the UAV is not capable of precisely follow
the programmed path, that is, the acquired samples will lie
close to the programmed ones. However, this inaccuracy is
compensated for by the strong unavoidable oversampling that
occurs between two consecutive waypoints.

Fig. 4 shows the path length of the EM-aware path strategy
and of a spiral scanning in relation to the length of an
equivalent standard half-wavelength NF acquisition. It should
be reminded that once the desired angular validity of the
NFT is chosen, the size of the NF scan only depends on the
distance between AUT and probe [35], in this case equal to
4 m (≈10λ ). As shown in the figure, the amount of time saved
by adopting the EM-aware path strategy ranges from ∼35%
to ∼90% of the time required by a standard λ /2 planar raster,
depending on the AUT electrical size, flight height, chosen
angular validity and truncation threshold ϵth, and compares
favorably with the results of the spiral scanning, which is
constant around 20%.

Finally, we studied how the truncation threshold ϵth affects
the accuracy of the reconstructed FF. We considered a testbed
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Fig. 4. Overall scan length of an EM-aware path and of a spiral path
with respect to the standard planar NF λ /2 raster, as a function of the AUT
electrical size. In the legend, ϵth denotes the truncation threshold, whereas θFF
the angular validity of the NFT.

consistent with the experimental setup in Section IV-B. It fea-
tures two antennas 2.5 m apart simulated at 750 MHz with an
in-house method of moments (MoMs) code [36], considering
a square 30-m wide scanning area at a flight height of 4 m.
We evaluated the FF pointwise error as

1FF(θ, φ) = 20 log10

(
FFref)

− 20 log10 (FFrec) (4)

that is, the logarithmic difference ([37]) between the magnitude
of the FF obtained from the MoM solution FFref(θ, φ), and
the magnitude of FF obtained applying the inverse-source
method to NF samples (from the same MoM code) at the
location determined by the proposed CPQR-based algorithm,
FFrec(θ, φ). We then computed the mean absolute error as

1FF =
1

MFF

∑
{|θn |≤θFF}

|1FF(θn, φn)| (5)

where θFF is the validity angle imposed by the limited scan
area and (θn, φn) are direction, where the FF is evaluated
and MFF is the number of directions (θn, φn) such that
|θn| ≤ θFF. Fig. 5(a) shows the scaling of 1FF (blue line)
and of the number of waypoints K (orange) as a function of
the truncation threshold ϵth. The truncation value ϵth = 10−3

(see vertical dotted line) adopted for the path implemented in
this work (Fig. 3, 350 waypoints) provides a negligible error
of ∼0.06 dB. A higher truncation level of 0.1 would instead
provide only ∼200 waypoints and a reconstruction error of
∼0.4 dB. Further details about the relationship between the
FF error 1FF and the length of the path through the waypoints
identified with (2) and (3) are shown in Fig. 5(b).

III. SDR-BASED RECEIVER

The adopted device is an Ettus Research X310 [38] USRP1

with two TwinRX [39] daughterboards; this configuration

1Trademarked.

Fig. 5. (a) FF error 1FF and number of waypoints as a function of the
truncation threshold ϵth with the simulative testbed. (b) FF error 1FF as a
function of ratio of the EM-aware path length with respect the length of a λ /2
planar raster, with cases corresponding to ϵth = 0.1 and ϵth = 0.001 marked
with a square and a circle, respectively.

provides four coherent receiving channels and can be further
scaled up.

The hardware architecture of the X310 incorporates two
daughterboard slots with a baseband bandwidth of 160 MHz
each. The radio also contains a GPS disciplined oscillator
(GPSDO), which provides timestamp capability with ±50 ns
of synchronization accuracy to UTC time. In other words, the
data stream incorporates the timestamp for each sample. This
feature is particularly important since the UAV data and the RF
data are sampled asynchronously. To allow the postprocessing,
the collected RF data are merged with the UAV position data
by a linear interpolation of the latter at the RF sample time.

As far as the daughterboards are concerned, one TwinRX
implements two independent superheterodyne receivers tun-
able from 10 MHz to 6 GHz with 80 MHz of instantaneous
bandwidth each. The daughterboards can share the local oscil-
lator (LO) across different boards, thus enabling coherent and
phase-aligned measurements. Configurable attenuation and
amplification stages allow to achieve the maximum dynamic
range of 110 dB at 2.4 GHz [39]. It should be noted, however,
that the maximum value can be achieved by dynamically
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Fig. 6. Screenshot of the developed user interface during a laboratory test in which three coherent continuous waveforms were captured by three separate
SDR channels. From top to bottom: (a) magnitudes and (b) phases of the complex signals acquired within one frame for channel 1 (blue), 2 (orange), and
3 (yellow). (c) Power spectra (the curve of CH2 is hidden by CH3). (d) Phase difference between CH1 and CH3 (blue curve) and between CH2 and CH3
(red curve) within one frame. The standard deviation of the phase difference was 0.21◦ (CH1/CH3) and 0.27◦ (CH2/CH3). Additional buttons and text boxes
to set gain, center frequency, and start/stop acquisition.

adjusting the total channel gain (in the range 0–93 dB). This
operation introduces a discontinuity in the measured phase,
which must be detected and compensated by the acquisition
software. Within one value of gain, laboratory tests under
different conditions highlighted a maximum dynamic range
of about 70 dB where linearity was verified. Moreover, the
measured standard deviation of the phase difference between
coherent waveforms was within 0.3◦ see Fig. 6).

The SDR samples the signals with a default rate
of 200 MS/s, while a decimation filter can reduce the sample
rate by a factor of 1–1024. The complex samples are then
grouped in frames of arbitrary length and streamed one frame
at a time through a digital interface.

To communicate with the device, we developed a custom
application with MATLAB.2 The program allows to set the
main parameters of the radio (e.g., center frequency, gain,
and sampling rate), acquire the data and store them on the
hard drive. Real-time data processing functionalities are also
available; in particular, a fast Fourier transform (FFT) is
performed in real-time to show the acquired signals in terms
of magnitude, phase, and spectral power distribution (Fig. 6).

Within the scope of this work, the test-source transmitted a
continuous wave (CW) signal. With such a narrow-band signal,
a decimation factor of 1000 was used to save throughput
demand. This value gives a measured bandwidth of 200 kHz,
which is still enough to account for misalignments of the
center frequencies between the test-source and the SDR, and
for possible modulations induced by the vibrations of the
UAV [40]. The frame duration was set to 10 ms (2000 samples

2Registered trademark.

per frame), therefore, the distance traveled within a frame
is λ /40 assuming a UAV speed of 1 m/s. A smaller frame
duration (e.g., 1 ms) could in principle be set, but this
would have produced excessive fragmentation of the data
stream, degrading the transmission speed. The frame data were
acquired by our software at the rate of 100 fps; however,
to save computational and storage demand, only 6 fps were
kept while the others were discarded. For each valid frame,
the complex FFT together with the associated timestamp was
stored on the hard drive for postprocessing. This corresponds
to a nominal sampling density of about λ /2.4 if the UAV
moves at 1 m/s.

IV. MEASUREMENT SETUP

A. UAV

We employed a multicopter equipped with a programmable
frequency synthesizer and a dipole antenna made of aluminum
rods [Fig. 7(a)].

The UAV positioning takes advantage of a real-time kine-
matic (RTK) receiver, namely a u-blox NEO-M8P, which
provides time-stamped position data with a horizontal position
accuracy of about 2.5 cm [41]. The vertical accuracy of
single-frequency RTK systems is generally twice the horizon-
tal one. As stated in the introduction, the operating frequency
was 750 MHz, hence the adopted hardware guaranties about
λ /8 of position accuracy (worst case). It should be mentioned
that in standard NF measurements, a position accuracy of
λ /100 to λ /50 is suggested [13, p. 24] to achieve maximum
accuracy. Therefore, a nonnegligible level of uncertainty will
be expected in the measured data. Nonetheless, we decided
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Fig. 7. (a) Picture of the UAV (top left), the array (right), and the reference
antenna (bottom left). (b) Nominal antenna arrangement on the field seen
from above (compass cross indicating the cardinal directions). (c) Connection
scheme.

to work in these challenging conditions to test the overall
measurement procedure.

The UAV attitude is measured through the flight controller’s
inertial measurement unit (IMU). Time-stamped orientation
data are used to compute the position of the probe phase center
(input for the NFT) using knowledge of the UAV position and
the probe location in the UAV frame. It should be noted that
standard IMUs generally provide accuracy of a few degrees.

It should be pointed out that the probe pattern is significantly
directive at 750 MHz, with nulls at 62◦ from nadir and a
11-dB drop at 45◦. This behavior limits the angular validity
region of the NFT and highlights the need to perform probe
compensation.

B. AUT

The proposed EM-aware path was tested along with the
SDR measurement setup in outdoor environment.

Absence of RF interference within the receiver bandwidth
(200 kHz, Section III) was verified in the measurement field.
This condition meets the requirement of a SKA station, which
is located in a radio quiet zone to minimize RF interference

TABLE I
MEASURED COORDINATES OF THE ELEMENTS

issues [42]. However, it is worth mentioning that signal pro-
cessing capabilities of SDR-based setups could be exploited
to deal with interfering signals.

To perform a horizontal planar NF flight at a sufficiently
high altitude, a large AUT on the ground is needed to pro-
duce a reasonably large Fraunhofer distance. For this reason,
we used a two-element array consisting of a PMM LP-02
log-periodic antenna [43] and an Orbit/FR AL-2308-0.75-N
standard-gain horn operating in the range 0.75–1.2 GHz. The
array elements were deployed along their E-plane, pointing
toward zenith [Fig. 7(b)]. The log-periodic and horn antennas
were mounted over a wooden tripod and a pallet, respectively.
The log-periodic antenna had a maximum width of 900 mm
and a height of 1093 mm. The horn had an aperture of
800 × 600 mm and a height of 1115 mm. The center-to-
center distance between the two elements is 2514 mm. Hence,
the largest dimensions of the array are 3264 mm (width) and
1115 mm (height). This implies that the FF region starts at
about 53 m from the AUT. The reference antenna consisted
in an additional log-periodic antenna placed at approximately
10 m from the array. Any other scattering object was farther
than 50 m from the antennas.

The position of the elements was determined with the RTK
receiver of the UAV and is reported in Table I. The adopted
local reference system is such that the x-axis points toward
East, while the y-axis points toward North and lies in the
common E-plane. The z-axis completes the right-handed triplet
and points toward zenith. Each array element was connected
to a channel of the SDR through coaxial cables [Fig. 7(c)].

The test conditions described above (receiving AUT,
antenna orientation, RF interference, CW test signal) are
consistent with those of an in situ measurement of a SKA
station [6], [44], with difference that the operating frequency
of 750 MHz challenges the positioning accuracy of the source.

C. Phase Retrieval

The phase measurement is based on IEEE standard
[7, pp. 91–92], with the difference that the source and the
reference antenna move relative to each other.

The phase of the received signal at the reference antenna
port can be expresses, based on Friis transmission equation,
as

ϕr

(
r
)

= ϕs

(
r
)
− kdsr

(
r
)
+ ̸ ⟨ p̂r (r̂), p̂s(r̂ , ψ)⟩ (6)

where ϕs is the phase of the transmitted signal (unknown), k is
the wavenumber, and dsr is the distance between the UAV
and the reference antenna, whose position is arbitrary. The
aforementioned quantities depend on the position vector of the
UAV in the local reference system, r . The symbol ̸ denotes
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the phase of a complex number. The hat symbol ˆ denotes
unit vectors. p̂r and p̂s are the polarization unit vectors of
the reference antenna and the UAV-mounted one, respectively,
( p̂ = E/|E |, where E is the electric field vector). Both
p̂r and p̂s depend on the unit vector of the UAV position,
whereas p̂s also depends on the UAV attitude, defined by the
angles ψ = (α, β, γ ) (yaw, pitch, and roll). For each sample,
p̂r and p̂s are evaluated from lookup tables of UAV source
and reference antenna radiation patterns.

The NFT requires information of the phase of the transmis-
sion coefficient between source and AUT, 1ϕas . Such quantity
can be written as

1ϕas = ϕa − ϕs (7)

where ϕa is the phase of the signal measured with the SDR
at the AUT port.

The phase term ϕs can be derived from (6) using ϕr
and r , both measured quantities, and knowledge of source
and reference antenna polarization vectors. By substituting ϕs
in (7), we can obtain 1ϕas through the following equation:

1ϕas

(
r
)

= ϕm
a

(
r
)
− ϕm

r

(
r
)
− kdsr

(
r
)
+ ̸ ⟨ p̂r (r̂), p̂s(r̂ , ψ)⟩

(8)

where the subscripts a, s, and r denote the AUT, the UAV,
and the reference antenna, respectively; and the superscript m
denotes measured quantities.

It should be noted that ϕm
a and ϕm

r are streamed through the
digital interface of the SDR as time series. The time-stamped
UAV data (position and attitude) are then linearly interpolated
into the SDR timestamps to obtain a consistent dataset.

V. RESULTS

A. NF Data

The EM-aware path was generated as described in Section II
on the base of the nominal array morphology and programmed
as the mission for the UAV. The flight plan consisted of
350 waypoints within a square flat area of 900 m2 at the
nominal height of 4 m (Fig. 8). Such a scanning should
in principle provide a validity angle of 75◦ for the NFT;
however, the expected value is limited to about 45◦ due to
the sharp probe pattern (Section IV-A). The flight duration
was 10 min. The measured path is slightly different from the
programmed one in Fig. 3 because of wind phenomena and
real performance of the UAV navigation system. However,
as mentioned above, such measured path is known with the
accuracy of the RTK GPS.

As already stated in the introduction, in addition to the
EM-aware flight we also performed a standard λ /2 planar NF
scan and a direct FF measurement for more comparisons. The
raster consisted in 51 equally spaced horizontal scans parallel
to the y-axis, covering a reduced area of 100 m2 with 0.2 m
of line spacing and 4 m of flying height. Its limited 10-m
side length was chosen to provide limit the flight duration to
15 min. A validity angle of 45◦ for the NFT is expected for
the raster regardless of the probe pattern.

During all the flights, the programmed UAV heading coin-
cided with the north direction, that is, the onboard dipole

Fig. 8. Measured EM-aware path (solid line) above the array. Elements
represented in their real position (Table I). Reference antenna (circle), horn
(square), and log-periodic antenna (triangle).

axis always lied in the yz plane with small variations mainly
dependent on the wind. This strategy allows sampling the
y-component of the AUT electric field.

The average UAV altitude during the EM-aware path and
the raster was approximately 3.5 and 3.2 m from the top of the
AUT, respectively. The UAV relies on the barometric sensor to
control the altitude, this explains the different flying heights;
nevertheless, the accurate RTK measured altitude is available
in postprocessing. The error of the barometric sensor forced
us to remain at a safe distance of about 3 m from the top of
the AUT. This region corresponds to the radiating NF for both
the elements and the whole array. The average and maximum
UAV velocity were approximately 0.6 and 1.2 m/s.

The raster is discussed at first due to its ease of inter-
pretation. The received power (normalized to its maximum)
measured during a section of the flight at the horn channel
is reported in Fig. 9 (orange line). The curve is roughly
characterized by a repetition of positive and negative peaks
having a periodicity in accordance with the consecutive UAV
scans, that is, positive peak occurring when the UAV is at
the minimum distance from the horn. The predicted dynamic
range of 70 dB is confirmed. The blue dashed line of Fig. 9
shows the simulated response assuming a highly simplified
model, in which the received power is computed under FF
hypothesis through the Friis equation (i.e., using knowledge
of the UAV position and orientation and the simulated AUT
and test-source patterns) [3]. In particular, an electromagnetic
model was set up for each involved antenna, that is, the array
elements, the phase-reference, and the UAV-mounted dipole.
Owing to the large distance between the array elements and
their reasonably high directivity, each antenna was individually
simulated in free space.

Considering samples above the threshold of −30 dB in
Fig. 9, the discrepancy is within 1.7 dB. It should be pointed
out that such a simplified simulation only aims at estimating
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Fig. 9. Raster flight: normalized measured (orange) and simulated (blue
dashed) power received at the horn port during a section of 16 consecutive
passes.

Fig. 10. Raster flight. (a) Retrieved (orange) and simulated (blue dashed)
phase at the horn port during 16 consecutive passes. (b) discrepancy between
measured and simulated phase.

the required dynamic range and the roughly expected response.
To further validate the measurements, a full-wave simulation

was performed with CST Microwave Studio.2 The model
included both the horn and the UAV with the measured path
and attitude, and the complex transmission coefficient was
simulated. Owing to the high computational load, only small
portions of the flight were simulated, showing a maximum
discrepancy of 1.5 dB.

Fig. 10(a) shows, for the same portion of the raster flight, the
measured and simulated phase traces at the horn channel after
the retrieval process through the reference antenna (orange and
blue dashed curves, respectively). Fig. 10(b) shows the dis-
crepancy between simulated and measured response. It should
be noted that large values of discrepancies arise when the
received power at the horn channel or the reference antenna

Fig. 11. EM-aware path: normalized measured (green) and simulated (blue
dashed) power received at the horn port during the whole flight.

channel drops close to the noise floor of the receiver. In fact,
considering only the samples with an acceptable signal to noise
ratio (SNR); that is, above −60 dB (relative to maximum
power of received signal), the discrepancy between measured
and simulated phase exhibits a standard deviation of 35◦

=

7π /36 rad. The latter is equivalent to a displacement of

deq =
7π

36kw f
≈ 4 cm (9)

where kw f is the wavenumber at the working frequency
(750 MHz). Hence, the phase discrepancy is consistent with
the position accuracy of both the UAV and the array elements.
The contribution of the SDR already mentioned in Section III
(0.3◦) is instead negligible with respect to the observed 35◦.

It should be also noted that the phase discrepancy of
Fig. 10(b) is characterized by periodic fluctuations of about
±π /4 rad (which corresponds to an equivalent length of
about 5 cm), having the same periodicity as both the phase
diagram of Fig. 10(a) and the power diagram of Fig. 9. For
this reason, the discrepancy can be partially interpreted as
a systematic error ascribable to intrinsic uncertainty of the
RTK and residual positioning errors of the antennas on the
ground. The effect of such a significant nonrandom error on
the transformed data will be discussed in Section V-B.

As far as the EM-aware path is concerned, Fig. 11 reports
the measured and simulated received power (normalized to
their maxima) at the horn channel (green and blue dashed,
respectively). Starting and arrival waypoints are located over
the array, as can be deduced from local maxima of the traces.
A remarkable dynamic range of 80 dB was measured during
the whole flight; the higher value, with respect to the raster,
arises from the larger covered area that implies both a higher
free-space path loss and a lower probe gain in the AUT
direction.

The measured and simulated phase traces are shown in
Fig. 12(a) (green and blue dashed, respectively). The differ-
ence between the curves is shown in Fig. 12(b), solid/dashed
line representing the samples above above/below −60 dB. The
standard deviation of the phase discrepancy for the EM-aware
path is 45◦ (i.e., ∼5 cm of equivalent distance). This result is
consistent with the raster case; however, the higher value of
the EM-aware path arises from the increased path tortuosity
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Fig. 12. EM-aware path. (a) Retrieved (green) and simulated (blue dashed)
phase at the horn port during the whole flight. (b) Discrepancy between mea-
sured and simulated phase, solid/dotted line representing samples above/below
−60 dB. (c) 2-D colormap of the phase discrepancy on top of the flight
path (only samples above −60 dB), square/circle marker indicating the
horn/reference antenna.

that entails frequent variations in the UAV attitude, which in
turn affects the accuracy of the reconstruction of the probe’s
phase center position (Section IV-A). Such a phenomenon is
visible in Fig. 12(c) where the phase discrepancy is reported
on top of the flying path: a peak of phase discrepancy was
observed when the UAV was approximately between the horn
(square marker) and the reference antenna (circle). In this case
an abrupt flight maneuver is the cause of the peak discrepancy.

B. FF Pattern

The radiation pattern is computed from the NF mea-
surements applying the inverse source NFT of Section II.

Fig. 13. Normalized array pattern, E-plane cut. Direct FF simulation (blue
dashed), NFT of the measured RF data during the EM-aware path (green
dash-dotted), NFT of the measured RF data during the λ /2 raster (orange
solid), and direct FF measurement (black dotted).

Samples below the threshold of −60 dB are discarded, retain-
ing the samples illustrated in Fig. 12(c). The used SDR-based
receiver allows digitizing each element signal and imple-
menting digital beamforming. As reported in Section V-A,
radiation patterns of the two array elements (horn and log-
periodic antenna) are computed from the NF EM-aware path
through the inverse source NFT. The two element patterns are
then equalized at zenith (magnitude and phase) and summed
together to obtain the beam toward zenith. In this way the
possible differences in the gains of the receiver channels are
calibrated out.

Fig. 13 shows a comparison of the obtained array patterns
on the E-plane cut. The NFT output from the EM-aware path
(green dash-dotted line) is reported together with the result
from the standard raster (orange solid), the direct measurement
in FF (black dotted), and a direct FF simulation (full-wave
simulation using MoM [36]) (blue dashed). The FF flight only
consisted of one scan along the y-axis at 60 m height and 3 m/s
of speed, to measure the E-plane cut. Such flight lasted 3 min.
The FF measurement is a consolidated procedure [3], [6], [40]
with an error in the order of 0.5 dB. We will use it as reference
data in the following discussion.

Grating lobes are present due to the large spacing between
the two elements (6.27λ ). All the curves are in good agree-
ment in the main lobe and first grating lobes regions (at ±9◦),
including the position of the first nulls (at ±4.5◦ and ±13◦).
The dispersion of the curves increases approaching the NFT
validity boundary (at ±45◦ from zenith) due to the progres-
sively lower probe gain toward the AUT and therefore a less
efficient compensation; this is particularly evident in the raster
since the UAV flew at a lower altitude. However, the overall
accordance of the result from the EM-aware path (green dash-
dotted) with direct FF curves (blue dashed and black dotted)
is remarkable. With reference to Fig. 13, the good agreement
between direct FF measurement and direct FF simulation
demonstrates the accuracy of the EM model of the AUT.
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Fig. 14. Comparison between simulated array pattern, E-plane cut. Direct
FF measurement (black dotted), NFT of the measured RF data during the
EM-aware path (green dash-dotted), NFT of the simulated RF data along the
actual EM-aware path (gray solid).

The residual discrepancy is related to absence of the soil in
EM model.

In order to explain the discrepancy between direct FF
data and the measured EM-aware result, we performed a NF
simulation of the AUT along the actual EM-aware path and
applied the NFT. In this way, we removed the uncertainty of
the RF data generated by the measurement equipment. The
NFT result of such data is reported in Fig. 14 with gray solid
curve. The black dotted curve corresponds again to the direct
FF measurement (same as in Fig. 13). The gray solid curve
(NFT of simulated RF data) shows a better agreement to the
FF measurement with respect to the original green one (NFT
of measured RF data). This confirms that the error on the
EM-aware measured curve is mainly related to the errors in
the acquired RF data. As discussed in Section V-A, such errors
are mainly related to the uncertainty of the differential GPS.
The residual discrepancy of the gray curve is still related to
absence of the soil in EM model.

Though the FF measurement provides the best accuracy
level, it should be remarked that within a flight duration com-
parable with the EM-aware path, the direct FF measurement
only returns a small number of cuts while the NF approach
allows measuring the full radiation pattern.

For a complete comparison over the full azimuthal angle,
2-D maps of the transformed and simulated array patterns
are reported in Fig. 15(a) and (b), respectively. The dashed
black circle represents the NFT angular validity (45◦ from
zenith). The general shape including grating lobes is predicted;
however, the suboptimal probe pattern (Section V-A) and
the rough adopted probe compensation do not allow to fully
reconstruct the FF array pattern in the proximity of the angular
validity threshold. The mean absolute error [see (5)] inside the
angular validity range is 2.95 dB and is mainly caused by small
discordances in the positions of the sharp nulls. The main
beam and the sidelobes are not perfectly parallel to the x-axis
(i.e., φ = 0◦) but show a small rotation (approximately in the

Fig. 15. 2-D chart in the uv plane of (a) transformed array pattern from
EM-aware measurement. (b) Simulated FF array pattern. The dashed black
circumference delimits the angular validity of the NFT from the EM-aware
measurement (45◦).

TABLE II
DURATION OF DIFFERENT SCAN STRATEGIES

plane φ = −3◦). This is because the elements are not located
exactly on the y-axis (x = 0 m) but have a little displacement
along the x-axis (less than 0.2λ , Table I).

Finally, the durations of different flight strategies are sum-
marized in Table II.

VI. CONCLUSION

An electromagnetics-aware path strategy for NF antenna
measurements was implemented in a UAV-based scenario.
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Using only knowledge of the AUT bulk spatial occupancy, the
EM-aware path was computed and tested outdoor. The high
dynamic signals were acquired using a commercial SDR with
multichannel coherency and scaling possibility. The proposed
strategy drastically reduces the scanning time required in
UAV-based planar NF acquisitions. Moreover, it allows a
complete control of the truncation error and its relationship
with the path length can be numerically determined in advance.

It is worth mentioning that a more sophisticated path-
generation algorithm could enforce additional constraints to
improve the overall accuracy; for example, avoiding exces-
sively sharp curves or intercepting probe nulls. The proposed
method can be also generalized to arbitrary measurement sur-
faces (nonplanar) in scenarios involving standard positioners.

The presented results show one of the possible measurement
configurations that can be explored with an UAV-based NF
setup. The method has been presented for planar scan of an
antenna array pointing at zenith. However, it can deal with
arbitrary distribution of sources and arbitrary shapes of the
available test area, by inserting an appropriate sampling of
the source and the test regions in (1). For example, elongated
structures such as leaky coaxial cables can be handled by the
algorithm considering L source points r ′

ℓ positioned along
the cables. Path reduction with respect to standard raster or
cylindrical scan should be assessed in real scenarios. Similar
considerations apply to distributed sources.

Despite the uncertainty of the UAV positioning system, the
obtained measurement accuracy is acceptable. The effect of
the phase error cannot be easily quantified as it depends on
its distribution; therefore, the method was validated through a
cross comparison between direct FF measurement, direct FF
simulation, and NFT of the simulated RF data in NF. The
consistency between the data confirms that the uncertainty of
the EM-aware measurement mainly originates from errors on
the acquired RF data, in which the phase uncertainty is not
negligible.

The positive results achieved with this proof-of-concept
encourage further activities in more challenging configura-
tions; that is, on larger arrays, different AUTs, sparse sources,
other pointing directions, other scan surfaces (e.g., vertical,
hemispherical, cylindrical), other feeding schemes, and more
complex environments (presence of scatterers).

As far as the experimental setup is concerned, other
optimized scanning strategies such as [45] could be also
considered owing to the generality of the programmable paths
on the UAV.

Our findings can be further explored using more accurate
six-degrees-of-freedom positioning solutions (i.e., for both
probe position and orientation) integrated into the flight control
loop, such as camera-based tracking systems [46], advanced
IMUs [47], and/or laser trackers [15]; these devices could
allow the implementation of the EM-aware scanning method
in the reactive NF and the usage of all the resources of modern
SDRs working in C-band to operate at higher frequencies
with respect to the presented activity. The integration of
UAVs and SDRs can, in perspective, provide the wireless
communication industries advanced tools to perform MIMO
testing and OTA characterization of active antenna systems

in highly interfered environments exploiting signal processing
capabilities of SDRs.
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