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ABSTRACT For antenna measurements, the device under test (DUT) is usually transported to an anechoic
chamber equipped with a scanner system. To measure on-site, unmanned aerial vehicles (UAVs) are a
flexible solution as they can precisely maneuver a probe antenna over a surface in the DUT’s near-field
region. In this work, the designed multi-rotor UAV enables electromagnetically optimal placement of
the probe antenna and effective gravity center re-balacing by payload position adjustment. The on-board
software-defined radio (SDR) serves as a dual-channel receiver for the dual-polarized probe and as a
signal source. For phase-coherent measurements, the source signal is transmitted to the DUT via an
optical fiber tethering the UAV to the ground control station. Power supply cables allow unlimited flight
times. A laser-based tracking system originating from virtual reality (VR) applications measures the probe
position and orientation. The developed operator software guides the UAV along a trajectory and records
the irregularly distributed near-field samples. An inverse equivalent sources solver (IESS) with full probe
correction computes equivalent sources for antenna diagnostics and the DUT far field. The deployed
components make the system very cost-effective. Still, verification measurements demonstrate its usability
and the accuracy of the results for frequencies up to several GHz.

INDEX TERMS Near-field antenna measurement, unmanned aerial vehicle (UAV), software-defined radio
(SDR), radio-frequency over fiber (RFoF), near-field to far-field transformation (NFFFT), inverse equivalent
sources solver (IESS).

I. INTRODUCTION

FOR ALREADY more than a decade, there has been an
unabated fascination for small unmanned aerial vehicles

(UAVs) due to their precise maneuverability and the almost
infinite range of possible applications. Meanwhile, drones
are used for remote sensing and mapping in precision farm-
ing, visual inspection of infrastructure or industrial plants, or
parcel delivery, to name just some of the most popular oper-
ation areas [1]. In April 2021, NASA’s coaxial helicopter
Ingenuity [2] accomplished its first autonomous exploration
flight on the planet Mars.
The motivation to use UAVs in the field of antenna mea-

surements mostly arises from the possibility to measure
on site. This is of major interest when the environment
of the antenna influences the radiated field as it might
occur for broadcast [3], [4], aircraft navigation [5] or mobile

communication [6] systems. On-site testing is also inevitable
when the antenna is immobile or simply too large for any
indoor measurement facility as is the case for the low-
frequency antenna array (LOFAR) radio telescope [7], [8]
and the square kilometer array (SKA) [9]. Small hovering
platforms are also suitable for field distribution measure-
ments due to their minimal scattering behavior compared to
conventional probe positioning systems. This is beneficial,
for example, for the quiet zone characterization of anechoic
chambers [10]. Conventional mechanical multi-axis near-
field scan systems typically perform measurements on simple
canonical surfaces like a plane, cylinder, or sphere. Robotic
arms offer more flexibility in the scan strategy [11], [12].
However, most of these systems have in common that they
are stationary to ensure precise positioning of the probe
antenna at predefined grid locations after alignment and
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calibration of the axes. Furthermore, the range of the axes
strictly limits the size of the scan area. To overcome the scan
size limitations, the portable antenna measurement system
(PAMS) [13] uses an overhead crane to move a gondola
equipped with a probe antenna array around large satel-
lite antennas. Acquiring the near-field measurements using
a hand guided probe [14], [15] is probably one of the most
flexible options to some extent, but impractical for electri-
cally large antennas that require scan times of several hours
and a uniform distribution of the field samples.
Fritzel et al. [16] were among the first to propose the

usage of an unmanned aerial platform for near-field antenna
measurement. The three main ingredients of such a system
are the hovering platform itself that is maneuvered along a
pre-defined trajectory, a 6-D tracking system to measure the
position and orientation, also called pose, of the UAV and the
installed probe antenna, and, of course, the radio-frequency
(RF) equipment whose complexity depends on the possibly
phaseless post-processing deployed.
Small multi-rotor UAVs— the first ingredient—became

affordable and flexible platforms to carry a probe antenna.
That is mainly a result of the development of low-cost iner-
tial measurements units (IMUs) for flight stabilization based
on microelectromechanical system (MEMS) accelerome-
ter/gyroscope chips and fast power electronics for brushless
motor controllers.
Accurate pose information from the tracking system— the

second ingredient— is crucial for the exact transformation of
near-field measurements to the far field. For direct far-field
measurements, the position information is less important. In
outdoor applications, the carrier phase evaluation of satel-
lite signals in real-time kinematic (RTK) global navigation
satellite systems (GNSSs) enables position accuracies of sev-
eral centimeters and can provide attitude information with a
multi-GNSS receiver configuration [17]. The position accu-
racy is sufficient for low frequencies [18], [19], [20], [21],
[22], [23], [24], [25] and electrically small antennas up to
a few GHz especially if magnitude only measurement data
is used [26], [27], [28], [29]. Camera-based motion capture
systems [30] as employed in [14], provide orientation and
position information with sub-millimeter accuracy in a lim-
ited tracking volume using several active or passive infrared
light reflecting markers attached to the UAV. Micrometer
position accuracy is possible with the laser interferometry
technique of laser trackers [31]. They determine the posi-
tion of a spherically mounted reflector (SMR) by precise
distance and angle measurements. Laser trackers were for
example used in [16], [32], [33], [34], [35]. However, the
complex optic and precise mechanics make them very expen-
sive. Furthermore, the SMR’s mirror must be aligned with
the laser beam within a limited field of view angle. Thus,
to avoid tracking losses due to UAV rotations, a com-
plex gimbal mounting is required for the SMR. Even more
sophisticated special active targets are necessary for laser-
based attitude measurements [36]. Nonetheless, laser trackers
achieve the range and accuracy needed for phase-coherent

near-field measurements at several tens of GHz or electrically
large-scale antennas such as satellite reflectors [13].
The RF equipment— the third ingredient—may comprise

a simple power detector at a single polarized probe antenna
on the UAV [26] if the post-processing does not require abso-
lute phase information. Analogously, the UAV may serve as a
flying test source [34], with a spectrum analyzer connected
to the DUT on the ground. For phase-coherent measure-
ments, the RF source and receiver need to be synchronized.
Analog fiber optical connections are well suited to establish
a phase-stable link for transmission measurements between
the DUT on the ground and the UAV’s probe antenna using a
vector network analyzer (VNA) [35], [37]. The optical fiber
tethers the UAV to the ground station, but hardly affects
its maneuverability due to its low weight and mechanical
flexibility compared to coaxial cables.
UAV-based near-field measurements also became feasible

due to the development of near-field to far-field trans-
formation (NFFFT) algorithms that can efficiently handle
irregularly distributed sample points and correct for the
influence of arbitrarily oriented probe antennas. The group
of inverse equivalent source solvers (IESSs) [38], [39],
[40], [41], [42], [43], [44], [45] which determine equivalent
sources on a hull surface around the DUT to reconstruct the
measured near-field samples, offers this flexibility. However,
the evaluation of the underlying integral equations has to
be accelerated, for instance, by the fast multipole method
(FMM) or the multilevel FMM (MLFMM), to reduce the
computational complexity. In this way, reasonable trans-
formation times are achieved even for electrically large
antennas [46], [47]. By appropriate modifications, inverse
source solvers can also post-process magnitude-only near-
field measurements. To reconstruct the phase information,
near-field scans on multiple, spatially separated measurement
surfaces [26] can be used. However, this does not guarantee
to obtain the global optimum of the non-convex problem,
i.e., the correct solution. For reliable phase reconstruction,
multiple probes for partially coherent measurements seem to
be necessary [48], [49] which can be challenging to mount
on the UAV and increase receiver complexity.
The UAV-based measurement system presented in this

contribution differs from the state-of-the-art found in publi-
cations that include concrete measurement results by the
concept of a tethered UAV that allows phase-coherent
near-field measurements and unlimited flight times.
In addition, the authors also had cost-effectiveness in focus

when selecting the system components. Rather than using an
off-the-shelf drone, a specialized UAV frame was designed
that allows optimal payload placement and electromagnet-
ically optimal placement of the probe antenna at the tip
of the drone. The on-board dual-channel software-defined
radio (SDR) serves as a RF source and receiver and simul-
taneously records the signals of the dual-polarized probe
antenna. A power cable tethers the UAV to the ground
to overcome the flight time limitation which would be
imposed by batteries. Several optical fiber connections enable
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FIGURE 1. Overview of the complete UAV-based near-field antenna measurement system.

phase-coherent measurements and Ethernet communication.
A consumer electronics tracking system, typically used for
virtual reality (VR) applications, provides accurate position
and orientation data to control the UAV along a planned path
using a customized software that also records the pose and
RF measurements. The fused measurements form the input
for the fast irregular antenna field transformation algorithm
(FIAFTA) [41], [43], [44] that transforms the irregular dis-
tributed near-field measurements to the far field. This work
is a feasibility study demonstrating that the combination of
the selected components and the custom acquisition software
results in a well performing measurement system suitable for
many (on-site) antenna measurement scenarios, e.g., mobile
communication base station antenna measurements, provided
that the local tracking system can be properly installed.
Preliminary results from the initial version of the measure-
ment system have already been given in [50], [51]. The
experiences gained therein led to the evolved system in this
work with improved RF and pose tracking performance.
Section II starts with an overview of the system architec-

ture. Then, the UAV components and the RF equipment are
described. The measurement data post-processing, includ-
ing the FIAFTA, is briefly explained in Section III. Finally,
validation results for a horn antenna are presented in
Section IV.

II. UAV-BASED MEASUREMENT SYSTEM
A. MEASUREMENT SYSTEM CONCEPT
The overall architecture of the measurement system is shown
in Fig. 1. Four Valve [52] Index lighthouse base stations
on tripods are placed around the DUT. Together with the
HTC Vive tracker [53] on the UAV, they form the 6-D
tracking system. The UAV also carries the dual-polarized
probe antenna connected to the on-board SDR receivers.

The RF source signal, also generated by the SDR, is trans-
mitted to the AUT over the RF over fiber (RFoF) link. Flight
controller, tracker, and SDR are all connected to the compan-
ion PC that communicates with the ground station Laptop
PC via a Ethernet over fiber link. A 24V switching DC
power unit on the ground supplies the tethered UAV with
the required energy. If necessary, the power cables can also
be replaced with extremely thin and lightweight wires using
a high voltage switching-converter-based power transmission
as proposed in [54]. The essential system components are
described in more detail in the following.

B. UAV-BASED PROBE ANTENNA POSITIONING
PLATFORM
1) MECHANICAL UAV FRAME DESIGN

Most commercially available multi-rotor UAV designs con-
centrate the payload in their center. That minimizes the
moment of inertia and ensures good maneuverability.
However, mounting the probe antenna close to the grav-
ity center has the consequence that the drone frame and
propellers affect the probe radiation pattern [55], [56], [57]
and, thus, also the field measurement results as observed
in [10]. To overcome this drawback of commercially avail-
able UAVs, a custom drone frame as shown in Fig. 2 was
designed. It allows the placement of the probe antenna at the
very front of the UAV. The aluminum frame consists of two
parts: The upper section comprises the “H”-shaped propul-
sion system platform. The four brushless motors with 13 in
propellers, the motor controllers, the flight controller, and
the landing gear are rigidly installed to it. The lower section
mainly consists of a center beam. The tracker-probe-antenna
unit and the equipment carrier are attached to it. To balance
the weight of the tracker-probe-antenna unit at the tip of the
drone, the position of the equipment carrier for the compan-
ion PC, SDR and fiber-optic converters is adjustable along
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FIGURE 2. CAD drawings of the customized quadrotor UAV. The assembled frame in
(c) consists of (a) the upper section for the propulsion system and (b) the lower
section for the measurement equipment distributed on the tracker-probe-antenna unit
and the slidable equipment carrier.

the center beam. Moreover, the lower section is mechanically
decoupled from the upper section with elastic strings, which
are not shown in the drawing, to keep propeller vibrations
away from the measurement equipment. That is especially
important for the IMU inside the HTC Vive tracker since the
sensor fusion algorithm is tuned to track smooth movements
of humans and, to the best of the authors’ knowledge, can-
not be tweaked to improve its robustness against vibrations.
The power cable and the optical fibers from the ground sta-
tion are connected to the gravity center of the UAV using a
cardan joint to allow unobstructed rotations around all three
UAV rotation axes for precise attitude control. Finally, all
frame parts were painted in matte black to minimize reflec-
tions from the laser beams emitted by the lighthouse base
stations, which would lead to tracking errors.

2) 6-D TRACKING SYSTEM

The tracking system is a core component of any near-field
measurement system that is not based on precise mechani-
cal positioners to move the probe antenna and/or the AUT

FIGURE 3. Operating principle of the tracking system illustrated for the 2-D case.
The lighthouse base station emits a modulated rotating laser beam received by the
photosensors of the tracker.

since the NFFFT requires accurate position and orientation
information. The advent of VR applications led to the devel-
opment of cost-effective methods to track players or objects
in space. Therefore, the Valve Corporation [52] developed a
6-D tracking system with exceptional accuracy for less than
$800 (including four base stations and one tracker). Due to
its low cost, the tracking system has also already attracted
attention in other research areas such as robotics [58], [59],
[60], [61]. Camera-based systems are about ten times more
expensive, and laser trackers have a even higher accuracy
and range but are also up to a hundred times more expen-
sive. In [50], the authors gained experience with the first
generation of the system released in 2016, which only sup-
ported a maximum of two base stations. One of the base
stations was shadowed by the DUT for certain near-field
sample location leading to a reduced position accuracy. The
second generation from 2019 overcomes this limitation and
is used for this work with four base stations in combination
with a HTC Vive Tracker 2018 [53] as sketched in Fig. 1.
The operating principle of the second generation of the

tracking system is depicted in Fig. 3 for a simplified 2-D
case. The lighthouse base station contains a rotating infrared
(IR) fan beam laser, while the tracker is equipped with sev-
eral infrared sensitive photosensors at well known locations
r1,2,3 in the local tracker coordinate system (xt, zt). The mod-
ulated laser of the lighthouse transmits information about the
current rotor angle δ, the orientation of the local base station
coordinate system (xbs, zbs) with respect to the gravity vector
measured by an accelerometer, and base station calibration
data [62]. The tracker receives this information whenever
the rotating laser sweeps over the photosensors. Thus, the
angles δ1,2,3 at which the sensors were hit by the laser are
known. Based on the measured angles and the sensor posi-
tions r1,2,3, the location rbs and orientation of the base station
in the tracker coordinate system can be estimated. In this
manner, the pose of all base stations visible by the tracker
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are determined during the system’s calibration phase. After
the calibration, the pose information of the stationary light-
houses, along with the measured angles, are the input for
the non-linear pose estimator [63] to find the position and
orientation of the tracker that best fits the measurements.
The estimated tracker pose is fused with the tracker’s IMU
data to update the pose information during the revolution of
the fan beam laser. For tracking in 3-D space, the lighthouse
emits two orthogonal rotating laser fan beams. Although the
unique determination of the 6-D pose requires a minimum of
only four photosensors, the tracker is equipped with 23 pho-
tosensors to account for sensor occlusion and limited sensor
sensitivity to shallow angles of incidence of the laser with
respect to the sensor surface. With a range of 7m specified
for the lighthouse base station, mainly the tracking system
limits the UAV’s operating area. Up to 16 base stations can be
distributed over the tracking volume. A combination of four
tracking base stations can cover a volume of approximately
up to 8×8×4m. However, staying below the maximum lim-
its guarantees that all base stations are within the range of the
tracker on the UAV improving the estimated pose accuracy.
Bauer et al. [64] comprehensively investigated the accu-

racy of the second generation Valve tracking system for
static test setups. Regarding the system’s precision, it was
found that the standard deviation of the position is typically
less than 0.5mm if two lighthouse base stations are used.
However, the system suffers from several systematic errors
that limit the accuracy and strongly depend on the quality
of the initial calibration. For example, a tilt of the horizon-
tal reference plane of about 0.8◦ was observed which can
easily lead to height errors of several centimeters depending
on the size of the tracking area. Also, horizontal position
errors were in the centimeter range, and tracker rotations
around the origin of its local coordinate system map to posi-
tion errors up to 10mm. Hence, one can conclude that the
overall accuracy of the system is rather in the centimeter
range. This could be improved by more elaborated, but also
more time-consuming, calibration routines that use multiple
tracker locations to estimate the positions of the base sta-
tions. Nevertheless, the accuracy is assumed to be sufficient
for near-field measurement up to several GHz.

3) FLIGHT CONTROL

The core task of the flight control is to stabilize the UAV
in the air by adjusting the thrust of the motors based on
the attitude estimation from its IMU. For this project, the
well-established open-source flight control firmware PX4
autopilot [65] was chosen running on a Pixhawk 1 [66]
hardware platform. The advantage of the PX4 firmware
over other autopilots is the already built-in combined posi-
tion and velocity controller that accepts position information
from external tracking systems other than GNSS. The
controller uses the pose information from the previously
described tracking system to guide the UAV along a trajec-
tory. Based on the flight dynamics of the UAV, the underlying
proportional–integral–derivative (PID) position control loop

was tuned carefully to find a compromise between a low
position error, i.e., a small deviation of the actual drone
position from the target position, and a too aggressive flight
behavior.

4) COMPANION AND GROUND STATION PC

The small and lightweight single-board computer
Raspberry Pi 3 [67] serves as a companion PC on
the UAV. It is the hub for the communication between
the on-board components and the ground station PC via
the Ethernet over fiber link. The Raspberry Pi runs the
proxy service MAVProxy [68] and communicates with the
flight control over a serial, asynchronous connection. This
allows configuration and remote control of the UAV from
the ground station using the MAVLink [69] protocol. SDR
and HTC Vive tracker are attached to the companion PC
through the universal serial bus (USB). Both Linux PCs run
the server-client application USB/IP [70], which enables
interaction with the USB devices on the UAV as if they
were directly attached to the local USB ports of the ground
station PC. In this way, the tracking system’s closed-source
pose estimation software SteamVR [71] receives the raw
angular data from the tracker over Ethernet instead of USB.
It also simplified the development of the control software
as available drivers for the SDR can be used without
modification. In addition, a simple server application was
implemented on the companion PC to control the RF signal
routing switches of the calibration circuit that is introduced
in Section II-C5.

5) CONTROL SOFTWARE

For convenient operation of the system, a control software
with a graphical user interface (GUI) was developed using
the cross-platform software development framework Qt [72].
A screenshot of the GUI running on the ground station PC
during a measurement is shown in Fig. 4.
The application consists of four modules responsible for

tracking system control, UAV operation, SDR configuration
and measurement data recording, and the flight trajectory.
The pose information from the tracking system is accessed

through the OpenVR [73] application interface and for-
warded to the position estimator of the UAV. The position
awareness of the drone enables autonomous flights and
makes automatic take-off and land procedures possible. The
operator does not have to care about manual maneuvering
except for emergencies. The GUI allows basic configuration
of the SDR, such as setting the measurement frequency,
over the LimeSuite library [74]. On user request, the control
software simultaneously records the pose data of the UAV
from the tracking system and the complex samples from
the two SDR receiver channels. As the devices are accessed
asynchronously, the recorded data are time-stamped for sub-
sequent alignment of the pose and RF information. The
software uses a distance trigger to save measurements only
when the drone has traveled a specified distance. This signifi-
cantly reduces the number of redundant measurement points
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FIGURE 4. Customized GUI for measurement system control and measurement
progress visualization. The planned trajectory is shown in red and the bluish color
represents the measured near-field magnitude for a single probe port.

and ensures equidistant sampling during acceleration and
deceleration phases. A predefined trajectory can be loaded
into the software. When the user starts to stream the con-
tained setpoints to the UAV’s position controller, the drone
follows the setpoints and is thus guided along the trajectory.
To monitor the measurement process, the current UAV posi-
tion, the trajectory, and the recorded near-field measurement
data are displayed in a 3-D live visualization as exemplified
in Fig. 4 for a running cylindrical scan.

6) TRAJECTORY PLANNING FOR NEAR-FIELD SCAN

Since the probe antenna is mounted at the drone’s front with-
out a tilt mechanism as used in [13], planar and cylindrical
scan surfaces with the surface normal always pointing in hor-
izontal direction are most suitable. The scan strategy must
also consider that the power cable and optical fibers tether
the UAV to the ground station. Therefore, vertical flight paths
are preferred over horizontal trajectory sections to allow the
cable to be pulled up from the ground and laid down neatly
during ascent and descent flight phases. In this way, it does
not have to be dragged sideways across the ground where
it could get caught on obstacles. In such a case, the force
exerted by the cable on the drone inevitable leads to large
flight path deviations from the planned trajectory. Based
on these considerations, the trajectory is composed of long
vertical straight lines and short horizontal line or arc seg-
ments resulting in the vertical meandering path in Fig. 20(a).
Often, the flight path is defined by only a few waypoints
at turnpoints. With a typical cross-track navigation control
approach, this can lead to large deviations of the actual flight
path from the planned trajectory. As a consequence, the near
field may not be sampled with the required density. In this

FIGURE 5. Position, velocity and acceleration profile of a typical trajectory segment
with constraint maximum velocity and acceleration.

FIGURE 6. CAD drawing of the tracker-probe-antenna unit consisting of the HTC
Vive tracker and a dual-polarized probe antenna on the left. The protective plastic
cover of the patch antenna is removed for illustrative purposes. A photograph of the
assembled unit is shown on the right.

work, the trajectory is formed by a time series of target posi-
tions/velocities and target yaw angles/rates. These setpoints
are sent at intervals of 20ms to the UAV’s combined posi-
tion and velocity controller which guides it exactly along the
planned path. Due to the drone’s dynamics characterized by
its mass, inertia, and available thrust, the trajectory must meet
side constraints on acceleration, velocity and angular rate.
For a smooth flight, the acceleration should also be continu-
ous to avoid sudden changes in commanded thrust. For that
purpose, the target position is governed by forth order poly-
nomials for acceleration and deceleration segments and first
order polynomials for constant velocity phases. Fig. 5 shows
a typical trajectory segment with acceleration and velocity
restricted to 0.25m/s2 and 0.3m/s, respectively. Flight path
sections that are too short to reach the maximum target
velocity at the given acceleration limit, such as the upper
and lower meander edges in Fig. 20(a), are composed of
fifth order polynomials.

C. RF MEASUREMENT SYSTEM
1) DUAL-POLARIZED PROBE-ANTENNA-TRACKER UNIT

For the head unit of the drone shown in Fig. 6, a 3-D
printed, lightweight yet solid structure painted in matte black
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was designed. It provides a mechanical interface to install
various probe antennas. The HTC Vive Tracker is mounted
on a pole to avoid narrowing the photosensors’ field of view
through occlusion. Still, it is placed as close as possible to
the probe antenna to minimize position errors introduced by
the transformation of the probe coordinate system into the
tracker coordinate system caused by misalignment or errors
of the estimated tracker orientation.
According to Huygens’ principle [45], knowledge of the

tangential electric and/or magnetic field components on the
measurement surface is required to uniquely describe the
field radiated by the AUT. Therefore, a dual-polarized probe
antenna is employed. It allows simultaneous measurement of
two almost orthogonal field polarizations using both SDR
receiver channels. The probe antenna should have a rather
smooth far-field pattern to minimize the impact of possible
probe alignment or orientation measurement errors except for
polarization angle errors. Moreover, a pattern with a wide
beamwidth, i.e., a low directivity, is particularly suitable for
planar and cylindrical measurements without a probe tilt
mechanism to maximize the probe signal strength received
from the AUT under large elevation angles. Finally, the
antenna should exhibit a good front to back ratio in order to
reduce the scattering influence of drone components behind
the mounting structure. A dual-polarized patch is one of the
simplest and most lightweight antenna that fulfills almost
all the aforementioned requirements, except for a relatively
high front to back ration to optimally minimize scattering of
the UAV frame. Therefore, two patch antennas resonating at
1.8GHz and 2.7GHz were designed for the measurements
presented in this contribution. Both were optimized with a
protective 3-D printed plastic cover installed on top of the
patch, as it can be seen in the photograph in Fig. 6 on the
right. Since the accuracy of the tracking system is in the cen-
timeter range using the manufacturer’s calibration routine,
only frequencies below 3GHz were considered where the
position error is certainly below one tenth of a wavelength.
Moreover, the maximum frequency of the SDR is 3.8GHz
anyway. Regarding the rectangular horn that was used in
the result Section IV as an AUT, one frequency was chosen
below 2GHz where the waveguide feed is excited with the
fundamental mode to obtain a typical horn antenna far-field
pattern. The other frequency was chosen above 2GHz where
the waveguide is already overmoded. In order to save weight,
the companion PC and the Ethernet to fiber converter were
installed in the equipment carrier without any metal hous-
ing. Thus, the frequencies 1.8GHz and 2.7GHz had to be
selected where the electromagnetic interference was mini-
mal. However, these emissions can of course be suppressed
by proper shielding of the components.
For the probe correction inside the NFFFT, the probes’ far

fields of each port are required. They were measured in an
anechoic chamber for the 2.7GHz patch using the measure-
ment setup shown in Fig. 7 and only simulated in CST Studio
Suite [75] for the 1.8GHz probe due to time constraints. Of
course, it is generally recommended to measure the probe

FIGURE 7. Dual-polarized probe patch antenna for 2.7 GHz installed to the
roll-over-azimuth scanner with a 3-D printed mounting structure for the radiation
pattern measurement.

FIGURE 8. Normalized radiation patterns of the dual-polarized probe antennas for
port 1. The pattern was (a) simulated for the 1.8 GHz probe and (b) measured for the
2.7 GHz probe.

antenna when it is installed on the UAV to improve the
system’s accuracy. However, mounting the complete UAV
to the roll-over-azimuth positioner in a mechanically robust
way is also not trivial. The normalized far field magnitude
for port 1 of both dual-polarized patches is shown in Fig. 8(a)
and Fig. 8(b). The radiation pattern for port 2 correspond to
the one of port 1 rotated by 90◦ around the xp-axis due to
the symmetry of the antenna geometry.

2) UAV FRAME IMPACT ON PROBE ANTENNA PATTERN

Since the UAV frame design was particularly optimized for
low interference with the probe pattern, this aspect was ana-
lyzed in detail by simulations for the 2.7GHz probe patch
antenna. Therefore, the UAV frame geometry in Fig. 2(c)
was simplified for the simulation model shown in Fig. 9.
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FIGURE 9. Simplified simulation model of the UAV frame in CST Studio Suite for the
investigation of the influence of the frame components on the probe antenna radiation
pattern.

FIGURE 10. Simulated far-field results for the 2.7 GHz dual-polarized probe antenna
with/without UAV frame and with/without propellers installed. For completeness, the
measured radiation patterns of the isolated probe antenna are included. The
co-polar/cross-polar field component is denoted by CP/XP.

The 3-D printed parts were modeled with a relative per-
mittivity of 2.6 . The frame and all components containing
electronics such as the tracker, the flight control and the
equipment carrier were simplified as solid, highly conductive
metal blocks. The carbon fiber propellers are also considered
as metal objects to predict their worst case impact on the
probe radiation pattern. Fig. 10 shows the simulated probe
pattern cuts for both antenna ports and various configura-
tions. For completeness, the measured patterns from Fig. 8(b)
are included, showing that the fabricated patch antenna has a
larger beamwidth in the H-plane than the simulation model.
“Probe only” means that only the isolated probe antenna

with the protective 3-D printed cover was considered. For
“Prb. + Frame w/o prop.”, the UAV frame was added in
the simulation but the propellers were omitted. For “Prb. +
Frame w/ prop.”, also the propellers were included. From the
simulations it can be concluded that the impact of the UAV
frame on the probe pattern in the relevant angular range
around the main beam is quite low for the co-polar (CP)
field component. The cross-polar (XP) field component is
more sensitive to the presence of the frame components espe-
cially in the horizontal cut. However, it is obvious that the
frame design provides a stable radiation pattern that is cer-
tainly less affected by the UAV frame than it was observed
in [56]. The probe pattern is primarily influenced by the
closer probe mount and UAV frame parts. In comparison,
the impact of the propellers is negligible. Propellers of a less
conductive material certainly have an even smaller influence
as demonstrated in [57] but typically do not provide the
stiffness and light weight of carbon fiber propellers that are
important for a fast thrust control response enabling accurate
maneuverability. For broadband measurements, it is intended
to use a probe with a higher front to back ratio, such as a
3-D printed quad-ridge antenna, which will help to further
mitigate the UAV frame impact.

3) ON-BOARD SOFTWARE-DEFINED RADIO
TRANSCEIVER

In wireless communication applications, RF signal process-
ing is more and more shifted from the analog to the digital
domain which allows to circumvent non-perfections of ana-
log components and to implement new standards by simply
updating the signal processing software. The flexibility of
such software-defined radios (SDRs) drives the development
of highly integrated transceiver ICs which, when receiving,
condition, downmix the high-frequency signal and convert
it to a digital complex baseband signal for further process-
ing and vice versa when transmitting. For multiple-input
multiple-output (MIMO) capability, they provide several par-
allel transmit and receive channels. These features plus
their light weight and low cost make SDRs an attractive
and versatile alternative to heavy and expensive VNAs.
Their applicability in time domain antenna measurements
has already been demonstrated in [76], [77].
Therefore, the LimeSDR1 [78], available at a price of

about $300, with a frequency range from 0.1MHz to 3.8GHz
was installed in the equipment carrier of the UAV to simul-
taneously measure the two received RF signals from the
dual-polarized probe antenna. A schematic of the RF com-
ponents is shown in Fig. 14. The advantage of the LimeSDR
over other commercially available SDRs is that the mixers
of the transmit (Tx) and receive (Rx) stage can be fed by
the same local oscillator (LO) [51]. This is essential for
phase-coherent measurements, since the SDR’s transmitter
is used to excite the DUT with a continuous wave (CW)

1. In June 2022, the end of production was announced for the LimeSDR
due to semiconductor shortcomings.
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signal at the desired measurement frequency f . When oper-
ating the transmitter and receiver at the same frequency, it
was observed that significant internal crosstalk between the
RF paths occurs which is mainly attributable to the SDR’s
compact design. Through additional shielding on the SDR’s
printed circuit board (PCB) it was possible to reduce the
crosstalk to about −60 dB. In addition, the external 30 dB
amplifier AMP 1 raises the Tx signal level. This helps to
lower the SDR’s Tx power to such a level that the crosstalk
signal is in the range of the resolution limit of the 12-bit
analog to digital converters (ADCs).
A well known drawback of direct conversion receivers

is that, for example, internal LO leakage leads to a DC
offset at the receiver mixer output that reduces the ADC’s
dynamic range. Hence, the offset is permanently corrected
by a compensation loop [79]. Measurements exactly at the
LO frequency are consequently not possible because the
received signal would be canceled by the DC offset correc-
tion. Therefore, the SDR’s numerically controlled oscillator
(NCO) is used to shift the constant Tx base band signal
by 2MHz before it is mixed with the LO at f − 2MHz
to generate the RF signal for the AUT. The received RF
signals are first mixed to an intermediate frequency (IF) of
2MHz using the Tx LO for phase-coherence. Only in the
digital domain the base band signals are down-converted to
zero IF by another NCO. In this manner, the narrow-band
measurement signal is not affected by the mixers’ DC offset
compensation. Moreover, no further transform from time to
frequency domain is required to obtain the complex signal at
the measurement frequency. The received IF signal is sam-
pled at a rate of 10MHz. After down-conversion to zero IF,
the SDR’s decimation filter reduces the sampling rate by a
factor of 32 so that complex samples are sent to the ground
station at a rate of 312.5 kHz for both channels. Finally, an
averaging filter with length 340 is applied to achieve a mea-
surement sample interval of about 1ms. This is more than
sufficient to fulfill the spatial near-field sampling require-
ment for the intended electrical DUT sizes and UAV flight
speeds.

4) RF OVER FIBER CONNECTION

The coherent field measurement requires a phase-stable
transmission of the Tx signal from the SDR on the UAV
to the DUT on the ground. Coaxial cables are consid-
ered unsuitable for this application, not only because of
their weight and stiffness, but also due to the high cost
of low-loss and phase-stable cables. In contrast, fiber opti-
cal cables are lightweight (less than 1 g/m for a 0.9mm
diameter fiber), flexible, phase-stable, have negligible losses
and they are very cost-effective as they are mass products
in digital network communication. However, converters are
needed for the transition from conductive to optical transmis-
sion. Commercially available converters are rather expensive,
bulky and often too complex for the simple transmission of
the CW signal with constant power in this work. Therefore,

FIGURE 11. Miniature RFoF link for the transmission of the SDR Tx signal from the
UAV to the AUT.

FIGURE 12. Simplified schematics of (a) the FO transmitter and (b) the FO receiver.

the miniature RFoF link shown in Fig. 11 was designed from
components for a total of less than $200.
The RF architecture with a transmitting AUT and the SDR

on board the UAV offers several advantages with regard to
the tethered RF connection. First, only one RF connection
between the UAV and the ground station is necessary instead
of multiple connections for a multi-channel receiver on the
ground as proposed in [37]. Second, a drift correction as
suggested in the following Section II-C5 can be implemented
directly on the UAV without additional RF loop-back paths
from a receiver on the ground to the pre-amplifiers on the
UAV required to compensate the RFoF link losses. Third, the
signal transmitted over the RFoF connection is a constant
CW signal. Hence, non-linearities on the RF path to the
radiating AUT, e.g., caused by the diodes or amplifiers, have
no influence on the measured probe antenna signal.
As shown by the simplified circuit diagram in Fig. 12(a),

the fiber optical (FO) transmitter is built from a 1310 nm
laser diode [80] whose output signal is amplitude-modulated
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FIGURE 13. S-parameter measurement results for the RFoF link.

by the SDR Tx signal. The laser diode driver ic-WKM [81]
controls the diode bias current based on the feedback of a
laser diode integrated monitor photo diode such that the opti-
cal output power is stabilized against temperature or supply
voltage variations. The control bandwidth of this feedback
loop is orders of magnitude lower than the frequencies of the
modulating RF signal. Due to the low differential resistance
of the laser diode at the quiescent point, the FO transmitter
has a small input return loss. A series resistor between the
bias tee and the laser diode could be inserted to improve
matching. However, this would reduce the signal conversion
efficiency and, hence, it was omitted since AMP 1 can drive
the low impedance at its output. As shown in Fig. 12(b), the
FO receiver only consists of a reverse-biased photo diode
using a lumped element bias tee. The laser diode has to
be equipped with an optical isolator that guarantees a high
return loss in order to avoid multiple reflections between
the laser and photo diode. These reflections would cause
optical interference at the photo diode interface, translating
to magnitude changes of the received RF signal. Due to the
small optical wavelength, even slight variations in the optical
propagation on the fiber caused by flexing or temperature
changes would have a significant impact on the RF signal
transmission.
The PCBs of the converters are housed in 3D-printed cases

and power is conveniently supplied via USB-C connectors.
As the optical converters are used in the Tx path with high
signal power levels, their noise figure is not critical for the
application. The measured S-parameters in Fig. 13 show that
the optical link has a conversion loss of 20–30 dB which is
compensated by amplifier AMP 2 in Fig. 14.

5) CALIBRATION CIRCUIT

The usage of a dual-polarized probe antenna requires careful
receiver channel balancing in terms of magnitude and phase
for the subsequent NFFFT. First test flights revealed magni-
tude drifts over the measurement time caused by temperature
changes of the RF equipment on the UAV. To overcome these
issues, a calibration circuit with the schematic in Fig. 14
was implemented from four single-port-double-throw (SP2T)

FIGURE 14. Schematic of the RF components including the calibration circuit for
channel alignment and temperature drift compensation.

non-reflective RF switches [82]. During the near-field mea-
surement, the switches SW 3/4 connect the two SDR Rx
channels to the ports of the dual-polarized probe antenna
and the switch SW 1 routes the SDR Tx signal to the
DUT. For the through calibration measurements, the switch
SW 1 is toggled and routes the SDR Tx signal consecu-
tively to the SDR Rx 1/2 inputs via the switches SW 2 and
SW 3/4. The 20 dB attenuator prevents receiver overloading
and in combination with the RF switches, the total loopback
attenuation from the Tx to Rx port of the SDR approxi-
mately corresponds to the minimum path loss between the
AUT and the probe antenna. Thus, Tx and Rx gains can
be kept the same during the calibration and measurement
phase.
When the system is turned on, especially the SDR starts

to heat up as it consumes several Watts of power and is
cooled only by air convection. After take-off, the propeller
downwash generates a cooling airflow around the equipment
carrier and the thermal equilibrium of the RF equipment
settles at a lower temperature. To correct the thermal drift
of the measured signals, the calibration is performed every
5 s throughout the measurement. Fig. 15 shows the magni-
tude and phase of these through-calibration measurements
at 2.7GHz for about 10min after takeoff. The through mea-
surements are related to their initial value to evaluate the
drift behavior. The signal magnitudes slightly increase for
both channels until thermal equilibrium is reached after about
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FIGURE 15. Through calibration measurements for both SDR Rx channels 1 and 2
at 2.7 GHz for a time span of about 10 min after UAV takeoff. The measurements are
related to their initial value.

400 s. With a drift of less than 3◦, the phase proved to be
rather robust against temperature changes.

III. MEASUREMENT DATA POST-PROCESSING
A. POSE AND RF DATA ALIGNMENT
As the pose and RF signals are sampled asynchronously,
the data streams need to be merged according to their
timestamps. Accurate spatial interpolation of the complex
RF samples using a local interpolation scheme generally
requires a high oversampling factor and is not recommended.
Therefore, instead of the RF signal, the probe location and
orientation are linearly interpolated at the RF sample time,
assuming a constant velocity translation and rotation between
two pose measurements. Interpolation of the probe position
at the time of the RF sample is straightforward. The probe
orientation angles require more caution. The Euler angles
α, β and γ , as indicated in Fig. 6, are not well suited for
interpolation. They are also unable to uniquely describe the
orientation without a convention for the sequence of rota-
tions around the coordinate system axes. For these reasons,
the probe orientation is described by the unit quaternion

q =
(

cos
ζ

2
, â sin

ζ

2

)
(1)

that overcomes the disadvantages of Euler angles. It uniquely
represents the rotation by the 3-D rotation axis unit vector â
and the rotation angle ζ . With the spherical linear interpo-
lation (SLERP) [83] for quaternions, the orientation of the
probe antenna is calculated at the RF sample time. Prior to
the NFFFT, the calibration data, recorded during the flight
using the previously described calibration circuit, is applied
to the RF samples to balance the receiver channels and to
correct the temperature drift.

B. FIELD TRANSFORMATION ALGORITHM
Since the drone does not exactly follow the predefined tra-
jectory, the measurement points are irregularly distributed,
and also the probe orientation can vary arbitrarily. Thus,
a field transformation that efficiently processes near-field

FIGURE 16. Definition of the equivalent surface current densities on the AUT hull
surface in the global coordinate system. b1/2(rm, qm) is the signal at the probe
antenna port 1/2 for the excitation a of the AUT.

data of this kind is vital for the measurement system. For
the presented system, the fast irregular antenna field trans-
formation algorithm (FIAFTA) is employed, which is based
on the propagating plane-wave-based near-field transmission
equation [42]

b1/2

(
rm, q

m

)
= aF

−2jk

lim
L→∞

‹
R

(
q
m

)
·WProbe

1/2

(
−R

(
q
m

)T · k̂
)

·WAUT
(
k̂
)

TL
(
kD, k̂ · D̂

)
d2k̂. (2)

As illustrated in Fig. 16, (2) describes the probe signal
b1/2(rm, q

m
) at port 1/2 for the position rm and the ori-

entation quaternion q
m
at the m-th measurement point. The

AUT is excited by the signal a. WProbe
1/2 (k̂) is the gain normal-

ized far field for probe port 1/2 in the local probe antenna
coordinate system. The gain normalized AUT far field

WAUT
(
k̂
)

= −jk√
4πa‹

A

[(
I − k̂k̂

)
· JA

(
r′
) − 1

Z0
k̂ ×MA

(
r′
)]

ejkk̂·(r′−rs) dA′ (3)

is given with respect to the source region center rs and
depends on the equivalent electric and magnetic surface cur-
rent densities JA(r′) and MA(r′) on the enclosing AUT hull.
The term “gain normalized” implies that |Wϑ/ϕ | = √

Gϑ/ϕ ,
i.e., the magnitude of spherical far-field component Wϑ/ϕ

corresponds to the square root of the realized antenna far-
field gain Gϑ/ϕ . I is the unit dyad and k = kk̂ the wave
vector pointing in radial direction k̂, where the hat ˆ indi-
cates a unit vector. Z0 is the characteristic impedance of
the background medium which is typically assumed to be
vacuum. The rotation dyad R(q

m
) considers the orientation

of the probe antenna in the global coordinate system. The
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translation operator TL(kD, k̂ · D̂), which is known from
the FMM [84], relates the outgoing plane-wave spectrum
of the AUT sources to an incoming plane-wave spectrum
with respect to the probe location rm. The incoming plane
waves are weighted with the far field of the probe antenna.
Direct use of the probe antenna’s far field for full probe
correction [85] is a positive side effect of the propagating
plane-wave-based field translation. Source and observation
region in Fig. 16 are separated by the translation vector
D = DD̂ = rm − rs. In practice, the underlying multipole
expansion is truncated at a certain order L according to
the sum of the source and observation region radii and the
desired operator accuracy. Integration of the incoming plane-
wave spectrum over the unit sphere results in the received
probe signal. The complex factor F in (2) takes impedance
mismatches, cable attenuation and other RF system losses
or gains into account.
The equivalent surface current densities

JA
(
r′
) =

∑
p

Jpβp
(
r′
)
, MA

(
r′
) =

∑
q

Mqβq
(
r′
)

(4)

are discretized using Rao-Wilton-Glisson (RWG) [86] basis
functions βp/q(r) on the triangular mesh of the AUT hull
surface. Discretization of (2) leads to the equation system

Ax = b, (5)

where the coupling matrix A represents the interaction
between each RWG basis function and the probe antenna
at all measurement locations. b contains the RF mea-
surement samples b1/2(rm, q

m
) and x the unknown basis

function coefficients Jp and Mq. To solve the typically
under-determined equation system, the normal error (NE)
equation [87], [88]

AAHy = b (6)

with

x = AHy (7)

is formulated. The superscript H denotes the conjugate trans-
pose, i.e., the Hermitian, of the matrix. In combination with
an iterative solver such as the generalized minimal residual
(GMRES) [87] solver, the NE equation has the advantage
that the relative solver residual ‖AAHy−b‖/‖b‖ directly indi-
cates how well the equivalent sources of the current iteration
reconstruct the measurements. The iterative solver is stopped
when a certain error criteria is reached or when the residual
starts to stagnate in order to exploit regularization properties
of the GMRES solver for the ill-posed inverse problem.
Since (5) does not impose any constraint on the field

interior to the AUT hull, the solution for the electric and
magnetic currents is ambiguous, i.e., the surface currents do
not necessarily resemble the actual near field of the AUT on
the hull. Thus, to obtain a unique solution that is also suitable
for diagnostic applications, the so-called Love currents [45]
are computed in a post-processing step applying a Calderón
projection operator [89] to the surface currents. It enforces

FIGURE 17. Photograph of the measurement setup in the anechoic chamber at the
Technical University of Munich. Two of the four tracking base stations are located on
tripods behind the photographer and are therefore not visible.

the interior zero field condition without changing the exterior
field. Once the equivalent sources are determined, the AUT’s
far field is computed from them using (3).
To speed up the evaluation of (2) for the computation of

the matrix vector products in (6), the regions containing the
sources and measurement points are subdivided into boxes
and organized in an octree. This allows a hierarchical matrix
vector product evaluation that reduces the number of explic-
itly computed interactions between source and observation
regions similar to the MLFMM [84]. For more details about
the FIAFTA, the reader is referred to [41], [45].

IV. MEASUREMENT RESULTS
A. MEASUREMENT SETUP IN ANECHOIC CHAMBER
The measurement system was set up in the anechoic cham-
ber at the Technical University of Munich as the photograph
in Fig. 17 shows. Two of the four tracking base stations
sketched Fig. 1 are located on tripods behind the photog-
rapher and are therefore not visible. The AUT is mounted
to the roll-over-azimuth positioner of the chamber. In this
way, a standard spherical near-field (SNF) scan and the
UAV measurements can be performed in the same well-
controlled environment allowing good comparability of the
results. The far-field from the SNF scan is considered as a
reference. Thereby, it has to be taken into regard that scat-
tering, e.g., from the roll-over-azimuth positioner, affects the
UAV-based and SNF results differently. This is because spa-
tial filtering is more effective when the probe antenna is
moved around the AUT than when the (stationary) probe is
at a fixed location and the AUT is rotated. Fig. 18 shows
the horn antenna used as an AUT in more detail. Since
measurements are performed at 1.8GHz and 2.7GHz, the
Fraunhofer far-field distance is 4.9m and 7.4m according
to the horn’s aperture size of 0.49m × 0.41m. The center
of the aperture is approximately at (2.13m, 0.05m, 1.82m)

in the tracking system coordinate system. The assembled
quad-rotor UAV platform is shown in Fig. 19. The presented
measurements were obtained on a cylindrical scan surface.
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FIGURE 18. Photograph of the horn antenna installed to the positioner of the
standard spherical roll-over-azimuth measurement system.

FIGURE 19. Photograph of the assembled quad-rotor measurement platform and
definition of the body coordinate system.

The trajectory for the gravity center of the UAV was gen-
erated under consideration of the spatial conditions in the
measurement chamber, i.e., avoiding collisions of the UAV
with the roll-over-azimuth positioner and with the absorbers
at the chamber walls, floor, and ceiling. As a compromise,
the cylinder is centered at (1.6m, 0.0m, 1.7m) in the track-
ing coordinate system with a radius of 1.4m and a height of
2.3m. It covers an angular range of 80◦ ≤ 
 ≤ 280◦. Due to
the distance of 0.39m between the UAV’s gravity center and
the probe antenna, the effective measurement radius is only
about 1m. Measurement samples below 0.65m and above
2.75m are discarded for the NFFFT to avoid over-weighting
of the near-field observations at the top and bottom edges of
the meander flight path. Considering that the cylinder axis is
about half a meter in front of the AUT’s aperture center, the

FIGURE 20. Projection of the planned trajectory and actual position of the UAV
gravity center during the cylindrical near-field measurement (a) onto the �-z-surface
and (b) onto the �-r-surface.

valid angular range of the far-field results is 65◦ ≤ ϑ ≤ 122◦
for the E-plane and 90◦ ≤ ϕ ≤ 270◦ for the H-plane.

A projection of the planned meander trajectory on the

-z-cylinder surface is shown in Fig. 20(a). The maximum
acceleration and velocity of the motion profile are limited
to 0.25m/s2 and 0.3m/s, respectively. The vertical sections
are separated by �
 = 5◦, i.e., an arc length of 12 cm.
This results in a flight time of approximately 9min for the
trajectory on which the measurements are taken. Fig. 20(a)
also shows the actual UAV flight path recorded for one
of the measurements to illustrate the deviations in 
- and
z−direction from the planned trajectory. The flight path devi-
ations in radial r-direction are given in Fig. 20(b). It can be
seen that despite the disturbing force of the swinging cable
connecting the UAV to the ground station and the air turbu-
lances in the small chamber, the deviation of the UAV flight
path from the planned trajectory is in the range of only a
few centimeters. The probe antenna Euler orientation angles,
as defined in Fig. 6, are plotted over the measurement time
in Fig. 21.
Almost negligible deviations from the ideal angles (α =


− 180◦, β = γ = 0◦) along the cylindrical surface can be
observed. Only the polarization angle γ has a small offset
due to some misalignment between the upper and lower
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FIGURE 21. Euler orientation angles α, β and γ of the probe antenna as defined in
Fig. 6 during the cylindrical scan of Fig. 20.

section of the drone frame. Of course, the flight dynamics
demand a change of the orientation angles in order to follow
the trajectory by steering the thrust vector. However, the
mechanical decoupling of the frame sections dampens rapid
changes and the probe orientation is anyway considered in
the probe correction of the NFFFT.
The distance trigger for the RF signal sampling of both

probe polarization was set to 5mm. With an angular step size
of �
 = 5◦, the near-field is over-sampled. In combination
with the IESS, this helps to mitigate the effect of room
scattering through spatial filtering. The equivalent sources
are defined on a closed hull surface that is 5 cm larger than
the actual horn in all dimensions.
For all measurements, the SDR’s amplifiers are configured

for a dynamic range of at least 50 dB with a safety margin
to prevent SDR receiver overload.
The flight procedure of a planar measurement for the horn

antenna in the anechoic chamber can be watched in the video
that accompanies this contribution.

B. MEASUREMENT RESULTS FOR 1.8 GHZ
First, the near-field of the vertically polarized horn antenna
was measured on the cylinder surface at 1.8GHz with
the corresponding dual-polarized probe antenna installed at
the UAV’s tracker-probe-antenna unit. The magnitude of the
obtained signal for probe port 1 and 2 are shown in Fig. 22(a)
and the signals’ phase is given in Fig. 22(b).
In main beam direction, only a moderate magnitude drop

towards the top and bottom of the cylindrical scan area can
be observed. This inevitable leads to truncation errors in the
far field, especially at the edges of the valid angular regions.
From the measured near-field samples, the IESS computes

the equivalent electric and magnetic surface current densi-
ties. Fig. 23 visualizes the magnitude of the equivalent Love
currents on the hull surface for the SNF reference scan and
the UAV-based measurement. Slight differences between the
results can mainly be attributed to the vertical scan area
truncation.

FIGURE 22. Probe port 1/2 signal (a) normalized magnitude and (b) phase for the
UAV-based measurement at 1.8 GHz.

In the next step, the IESS computes the far-field of
the equivalent sources in Fig. 23 to complete the NFFFT.
The E- and H-plane far-field cuts for the reference and UAV-
based measurement are shown in Fig. 24(a) and Fig. 24(b),
respectively. Regions outside of the valid angular region of
approximately ±30◦ around the E-plane center are marked
in grey. For comparison, the relative far-field deviation

ε(ϑ, ϕ) = 20 log

(∣∣∣∣∣
∣∣EUAV(ϑ, ϕ)

∣∣
EUAV
max

−
∣∣ERef(ϑ, ϕ)

∣∣
ERef
max

∣∣∣∣∣
)

(8)

is defined as the difference between the far-field magni-
tudes of the UAV-based result EUAV(ϑ, ϕ) and the reference
ERef(ϑ, ϕ). Both are normalized to the maximum magnitude
EUAV
max and ERef

max, respectively, of the considered far-field cut.
The maximum deviation for the co-polar field component
Eϑ is around −40 dB inside the valid region and increases
outside due to the truncation error. The use of the simulated
instead of a measured far-field pattern for probe correc-
tion is assumed to cause the higher maximum deviation for
the cross polar component Eϕ . This behavior is also visi-
ble for the H-plane, where, however, truncation errors are
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FIGURE 23. Normalized equivalent Love surface current densities on the hull
surface enclosing the horn antenna obtained (a) from the standard SNF measurement
and (b) from the cylindrical UAV-based near-field measurement at 1.8 GHz.

much smaller due to the stronger magnitude taper of the
near-field towards the right and left edges of the cylindrical
measurement surface.

C. REPEATABILITY CHECK AT 1.8 GHZ
The same measurement as in the previous section was
repeated with the gain of the SDR amplifiers reduced by
4 dB to check the repeatability as well as the linearity of the
measurement system. Fig. 25 shows the projection of the
actual flight path on the cylinder surface for both measure-
ments. Due to the varying impact of the swinging cable to
the ground station and air turbulances on the flight trajec-
tory, the near-field is measured at slightly different locations.
The excellent agreement of the IESS far-field solutions for
the measurements in Fig. 26 prove that the system delivers
stable results. The remaining deviations are caused by mea-
surement noise (the SDR’s amplifier gain was reduced by
4 dB), room scattering and systematic errors of the track-
ing system that lead to slightly different probe position and
orientation errors for the two non-identical flight paths.

D. MEASUREMENT RESULTS FOR 2.7 GHZ
For the measurements at 2.7GHz, the dual-polarized probe
patch antenna was exchanged and the SDR’s LO frequency
was changed accordingly. The gain of the SDR amplifiers
were adjusted to retain a dynamic range of about 50 dB.
Then, a measurement was performed on the same flight
path as previously. Magnitude and phase of the near-field
signals are shown in Fig. 27(a) and Fig. 27(b) for both probe
antenna ports. At 2.7GHz, higher modes are excited in the

FIGURE 24. E-plane and H-Plane far-field result of the SNF reference and UAV-based
measurement at 1.8 GHz. For the E-Plane, the region outside the valid angular range is
marked in grey.

FIGURE 25. Projection of the UAV flight path during measurement 1 and 2 of the
repeatability test onto the φ-z-surface. Only a section of the total path is shown to
make differences more noticeable.

waveguide feed section with a width of 15 cm and a height
of 7.5 cm. Compared to the measurements at 1.8GHz, where
just the fundamental mode is excited in the feed section, the
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FIGURE 26. E-plane and H-Plane far-field results of the repeatability check at
1.8 GHz. For the E-Plane cut, the region outside the valid angular range is marked in
grey.

higher modes cause the horn to radiate more towards the
bottom, as can be seen in the near-field magnitude plots.
The effect of the overmoded waveguide operation is also

evident in the reconstructed surface current densities in
Fig. 28. Compared to the typical horn aperture field dis-
tribution in Fig. 23, the field concentrates in the lower half
of the aperture. Nevertheless, the stronger vertical near field
magnitude taper, at least towards the top of the cylinder,
reduces the truncation error and results in a better agree-
ment of the currents from the UAV-based measurement with
the SNF scan measurement.
As already indicated by the near-field distribution on the

cylindrical surface, the E-plane far-field result in Fig. 29(a)
shows a tilt of the main beam towards the ground. For
that reason, the H-plane cut in Fig. 29(b) was evaluated
at the beam peak at ϑ = 96◦. Again, the relative error
of the co-polar component for the H-plane, which is less
affected by truncation errors, is around −40 dB. For the
cross-polar field component, the deviation is only slightly
higher because, this time, the actually measured far-field

FIGURE 27. Probe port 1/2 signal (a) normalized magnitude and (b) phase for the
UAV-based measurement at 2.7 GHz.

pattern of the 2.7GHz dual-polarized probe antenna was
used for the probe correction.

V. CONCLUSION
It has been demonstrated that a UAV-based near-field antenna
measurement system for frequencies up to several GHz can
be built from very cost-effective components. With an appro-
priate scan strategy, the tethered UAV is a very flexible
platform to maneuver the near-field probe around a station-
ary AUT. The customized “H”-shaped frame is superior to
off-the-shelf UAVs with its optimized probe position that
minimizes scattering from the UAV frame and rotor blades
and simple re-balancing of the drone’s gravity center by
adjusting the position of the equipment carrier.
The dual-channel SDR LimeSDR turned out to be well-

suited to measure and pre-process the signals of the dual-
polarized probe antenna including filtering and decimation.
Some measures were taken to reduce the crosstalk between
the Tx and Rx channels. An additional calibration circuit was
implemented for channel balancing and measurement of the
thermal drift during the flight phase that is corrected in a
post-processing step. The designed RFoF link proved to be a
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FIGURE 28. Normalized equivalent Love surface current densities on the hull
surface enclosing the horn antenna obtained (a) from the standard SNF measurement
and (b) from the cylindrical UAV-based near-field measurement at 2.7 GHz. The
equivalent current distributions strongly differ from those in Fig. 23 because higher
order waveguide modes are excited in the feed section of the horn.

good alternative to heavy, stiff and expensive coaxial cables.
For phase-coherent near-field measurements, it transmits the
constant power RF signal from the flying UAV to the AUT
on the ground.
The low-cost 6-D Valve Index tracking system designed

for VR applications reliably provides position and orientation
information of the probe antenna with sufficient accuracy
for the subsequent NFFFT at frequencies of several GHz.
Nevertheless, a more sophisticated system calibration at
multiple points in space is desirable to improve the tracking
accuracy in the covered volume.
The developed operator software with a GUI allows con-

venient control of the UAV and the measurement process. It
guides the UAV along a predefined flight path and records
the probe antenna signals and pose data. The acquired UAV
measurements unleash the full potential of IESSs such as
the employed FIAFTA. It efficiently processes irregularly
distributed measurement points as they inevitable occur for
UAV-based measurement platforms. Moreover, the inherent
probe correction feature of the MLFMM-based algorithm
allows full correction of the influence of the arbitrarily
oriented probe antenna.
The presented measurement results for the horn antenna

demonstrated an excellent repeatability despite slightly dif-
ferent flight paths. For both frequencies, 1.8GHz and
2.7GHz, the comparison with the results of a conventional
SNF scan revealed an accuracy of about −40 dB for the co-
polar component of the far-field results in the H-plane cuts
which are less affected by truncation errors due to the limited
vertical extension of the cylindrical measurement surface.

FIGURE 29. E-plane and H-Plane far-field result of the SNF reference and UAV-based
measurement at 2.7 GHz. For the E-Plane, the region outside the valid angular range is
marked in grey.
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