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Abstract—Fully coherent unmanned aerial vehicle (UAV)-based
near-field measurements of the S67 parabolic ground station
antenna in Weilheim, Germany at 2.063 92 GHz are presented.
The utilized measurement setup involves a vector network
analyzer (VNA), radio frequency optical fiber connections, a
laser tracking device (LT), and a specially designed light-weight
dual-polarized Vivaldi antenna. The measurement data has been
collected on a quasi-planar measurement surface in front of
the reflector and the far-field patterns are obtained by field
transformation from the irregular near-field data. Despite the
complexity of this outdoor measurement setup with full exposure
to varying weather conditions and the influence of the UAV on the
near-field probe antenna, the far-field results show remarkable
agreement with satellite based far-field measurement data.

Index Terms—antenna, near field, fully coherent measurement,
unmanned aerial vehicle.

I. INTRODUCTION

Traditionally, antenna characteristics, such as radiation pat-
tern, directivity and gain are measured by placing the antenna
under test (AUT) inside an anechoic chamber and by sampling
the electromagnetic (EM) field utilizing highly sensitive radio
frequency (RF) measurement devices along with highly precise
positioning systems [1], [2]. This conventional approach can
not be applied for stationary physically large antennas or
multi-antenna systems. However, the exact antenna far-field
characteristics of such antennas and multi-antenna systems are
of particular interest for operational and safety reasons.

Physically large ground station antennas are commonly
used in long distance communication links, e.g., for satellite
communication. Therefore, such antennas must exhibit high
gain and directivity to overcome the high pathloss between
transmitter (TX) and receiver (RX). It is possible to measure
the antenna far-field characteristics of such antennas if there
is a direct line of sight to a satellite or a second base station
antenna [3]-[5]. However, reflections, e.g., off the ground,
as well as atmospheric and man-made interference along
the RF path degrade the measurement results. Additionally,
not all satellites or ground station antennas support multiple
polarizations. Hence, a dual-polarized AUT can not be fully

characterized. Furthermore, not only the AUT but also the
satellite or second ground station antenna is blocked during
the measurement and can, therefore, not be used for other
missions. Given the tight operational schedule of satellites
and ground station antennas, this measurement procedure can
rarely be employed.

Another possibility to obtain the antenna far-field char-
acteristic is to sample the antenna near-field in situ and
then perform a near-field-to-far-field transformation (NFFFT).
Performing in-situ measurements of physically large antennas
requires novel and portable measurement solutions. Due to
decreasing cost and increasing availability, unmanned aerial
vehicles (UAVs) are used more commonly in a large variety of
applications, also impacting antenna measurements [6]—[17].
UAV-based antenna measurements require specialized probe
antennas and RF measurement equipment due to size and
weight constraints of the specific UAV. Furthermore, the UAV
is exposed to weather conditions. In particular, sampling of the
EM near field on a regular grid can not be guaranteed. This
is especially challenging for the NFFFT requiring advanced
transformation algorithms, such as the fast irregular antenna
field transformation algorithm (FIAFTA) [2], [18]-[20].

With this in mind, most UAV-based antenna measurements
are focused on far-field measurements [6], [9], [13] or on
specialized procedures such as phaseless measurements and
transformations [8], [14], [21], [22]. A fully coherent near-
field measurement and transformation for a rather small test
antenna was presented in [16]. In the current work, we
follow a similar strategy to perform fully coherent near-
field measurements and transformations for the S67-15m
ground station antenna at the German space operations center
(GSOC) in Weilheim. The measurements have been per-
formed in S-band for a frequency of ficas = 2.063 92 GHz,
where the AUT showed best input matching and maxi-
mum distance to nearby mobile communication bands (Long-
Term Evolution (LTE): 2.11 GHz-2.20 GHz [23, p. 45] and
LTE+Universal Mobile Telecommunications System (UMTS):
1.92GHz-2.01 GHz [24, p. 21]) is maintained. A laser
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Fig. 1. Schematic representation of the measurement setup comprising the

UAV with attached dual-polarized probe antenna, positioning system (GNSS
and LT), RF measurement equipment and central controlling unit (RPi).

Fig. 2. Hexa-copter UAV with attached dual-polarized probe antenna mounted
in the anechoic antenna measurement chamber at the Technical University of
Munich (TUM).

tracker (LT) [25] was used to accurately obtain the measure-
ment sample locations [26], [27], whereas the flight control
was based on a real-time kinematic (RTK) global navigation
satellite system (GNSS). The fully coherent measurement
setup consisted of a vector network analyzer (VNA) together
with optical fiber connections for a specialized dual-polarized
Vivaldi antenna [28].

Section II of this paper describes the measurement setup in
detail and in Section III the near-field measurement results and
the transformed far-field patterns are presented and discussed,
before some conclusions are drawn in Section IV.

II. MEASUREMENT SETUP

Fig. 1 shows the utilized measurement setup comprising the
UAV with attached probe antenna, the positioning system, RF
measurement equipment and controlling unit. The individual
components of the setup are described in more detail in the
following.

Fig. 2 shows the utilized Hexa-copter UAV with mounted
probe antenna. The probe antenna is dual polarized, made
of aluminum and optimized for UAV-based applications [28].
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(a) Horizontal polarization of the probe in the cut at ¢ = 0°.
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(b) Vertical polarization of the probe in the cut at ¢ = 90°.

Fig. 3. Exemplary cuts of the far-field patterns of the two polarizations of the
probe antenna without UAV (probe) and with mounted UAV (probe+UAV)
measured in the anechoic antenna measurement chamber at the Technical
University of Munich (TUM), see Fig. 2.

The antenna mounting mechanism is custom fabricated and
designed. The overall design is weight-optimized to approxi-
mately 400 g while maintaining sufficient mechanical rigidity
for consistent alignment of the probe antenna to the UAV
during measurement flights.

Fig. 3 shows the measured probe antenna pattern without
UAV (probe) and with attached UAV (probe+UAV) for both
horizontal (Fig. 3(a)) and vertical (Fig. 3(b)) polarization to
account for influences of the UAV on the probe antenna pat-
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Fig. 4. Measurement setup with LT and flying UAV to sample the near field
of the AUT S67 at the GSOC in Weilheim, Germany. The AUT follows the
Cassegrain principle with a main reflector of @ 15m and is operating in the
S-band (2 GHz-4 GHz).

tern. The presence of the UAV significantly changes the probe
antenna characteristics. Thus, the FIAFTA built-in probe-
correction routines account for the actual probe characteristics
to still achieve correct far-field results.

Towards the preparation of the UAV-based measurements,
a measurement surface is defined by the user and divided into
planar or elliptical scan paths, which are uploaded to the UAV
flight controller (FC). Next, the UAV autonomously flies along
the stored flight paths, guided by GNSS. We use an RTK
GNSS setup with an own on-site RTK base station to achieve
a position accuracy of the UAV of approximately 10 cm. This
is precise enough for safe and reliable operation of the UAV
even in close proximity to the AUT. However, this position
accuracy is by far not good enough to determine the position
of the field sample locations and to achieve proper NFFFT
results. The field transformation is highly dependent on the
exact knowledge of the probe position and orientation. As a
rule of thumb, a position accuracy better than \/50, which
corresponds to approximately 3.00 mm at fy = 2 GHz, should
be achieved. Therefore, a 3-dimensional (3D) LT measures
the exact 3D position of the UAV within tens of micrometers
during the measurement flight. Furthermore, redundant inertial
measurement units (IMUs) built into the FC determine the
UAV orientation and hence the orientation of the probe antenna
within fractions of a degree. Finally, we fuse all sensor data
of IMUs, GNSS and LT in post processing to obtain most
accurate position and orientation data of the probe antenna.

A 4-port VNA feeds the continuous wave (CW) signal to
the AUT and coherently samples the EM near field for both,
vertical and horizontal polarization of the probe antenna. The
VNA remains on the ground since it is too large and heavy to
mount it to the UAV. Hence, the received RF signals of the
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(a) Measured near-field magnitude — horizontal polarization.
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(b) Measured near-field magnitude — vertical polarization.

Fig. 5. Magnitude of the sampled near-field for (a) horizontal and (b) vertical
polarization of the probe antenna. The near field is irregularly sampled at
23742 points on a 20m X 18 m quasi-planar surface in approximately 5m
distance to the AUT subreflector, see Fig. 4.

dual-polarized probe antenna are transmitted to the VNA on
the ground via an optical fiber link. A separate RF over fiber
(RFOF) converter is used for each polarization.

A Raspberry-Pi (RPi) single-board computer acts as central
controlling unit. It simultaneously triggers the LT and VNA
for coherent data acquisition of position and EM field data
and gathers all data of the measurement equipment.

Fig. 4 shows the utilized measurement setup with LT
and flying UAV to sample the near field of the AUT
S67 at the GSOC in Weilheim, Germany. The antenna is
working in the S-band (2 GHz-4GHz) and follows the
Cassegrain principle with a main reflector of 15m in di-
ameter. During the measurement campaign, the AUT was
set to an elevation of 6° above the horizon and trans-
mitted a left-hand circular polarized (LHCP) CW signal
at the frequency fumeas = 2.06392GHz with a power
of L = 30dBm. For operational safety, a distance of approx-
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(a) AUT far-field pattern. Horizontal cut at ¥ = 83.65°.
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(b) AUT far-field pattern. Vertical cut at ¢ = 289.10°.

Fig. 6. Transformed AUT far-field patterns (a) horizontal cut and (b) vertical
cut in comparison to far-field data from [29]. The sampled near-field data
shown in Fig. 5 was first transformed using FIAFTA and then converted
to a frequency of fvertex = 2.232765GHz, again using FIAFTA, for
comparison with the far-field data in [29].

imately 5m is kept between UAV and AUT subreflector.

III. MEASUREMENT RESULTS

Fig. 5 shows the magnitude of the near field, sampled 23 742
times on a 20m X 18 m quasi-planar surface at a distance of
approximately 5m to the AUT subreflector (see Fig. 4) for
horizontal (Fig. 5(a)) and vertical (Fig. 5(b)) polarization of the
probe antenna. The irregular sampling of the near field shown
in Fig. 5 is caused by the flight dynamics of the UAV together
with unpredictably changing weather conditions during the
measurement flights. The shading effect of the subreflector
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(a) FIAFTA far-field results. Horizontal cut at 1 = 83.65°.
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(b) FIAFTA far-field results. Vertical cut at ¢ = 289.10°.

Fig. 7. Comparison of FIAFTA transformed AUT far-field patterns (a)
horizontal cut and (b) vertical cut for the measurement frequency fmeas =
2.063 92 GHz and the frequency fyertex = 2.232 765 GHz as used in [29].
The data at fyertex Was computed from the measured data by using FIAFTA.
As expected, the width of the main beam slightly decreases with increasing
frequency.

in the AUT center, as well as the field tapering of the antenna
towards its outer edges are clearly visible.

Fig. 6 shows the transformed AUT far-field patterns for
horizontal (Fig. 6(a)) and vertical (Fig. 6(b)) cuts. The sampled
near-field data of Fig. 5 was first transformed using FIAFTA
and then converted to a frequency of fyertex = 2.232 765 GHz
for comparison with the far-field data in [29]. The measure-
ment in [29] was carried out utilizing the geostationary satellite
Xtar-EUR (29.0°E) as TX for LHCP only. The UAV-based
measurements could not be performed at the frequency fvertex
due to operational restrictions. Our transformed far-field data

This paper's copyright is held by the author(s). It is published in these proceedings and included in any archive such as IEEE
Xplore under the license granted by the "Agreement Granting EurAAP Rights Related to Publication of Scholarly Work."



and the data in [29] show remarkable agreement, especially
in main lobe direction. The shown deviation was computed as
normalized linear magnitude difference.

Fig. 7 shows the transformed AUT far-field patterns for
the actual measurement frequency fieas = 2.06392 GHz
compared to the re-computed far-field patterns for fyertex =
2.232765 GHz (as used in [29]). Since the frequency merely
increases by Af = fVertex - fmeas = 168.845 MHz the
antenna patterns do not change drastically. However, as ex-
pected, the antenna main beam width slightly decreases with
increasing frequency.

IV. CONCLUSION

Fully coherent UAV-based near-field measurements were
performed for a @ 15m ground station antenna. The near-
field was sampled at 23742 points on an irregular grid on
a 20m X 18 m quasi-planar surface in approximately 5m
distance to the AUT subreflector. The measured near-field data
was transformed to far-field antenna patterns using FIAFTA.
The obtained far-field patterns show remarkable agreement
with the far-field data in [29], which was obtained from
satellite based measurements.
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