Sensors

Article

Two-Antenna Gain Measurement Method Using Two UAVs

Venkat Reddy Kandregula 1,05 Zaharias D. Zaharis 2, Evangelos Vassos 31, Qasim Z. Ahmed 10,
Faheem A. Khan 1, William G. Whittow 4, Thomas Whittaker  and Pavlos I. Lazaridis !

W) Check for updates

Academic Editor: Yasir Al-Yasir

Received: 15 February 2026

Revised: 22 March 2026

Accepted: 30 March 2026

Published: 31 March 2026
Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

1 School of Computing and Engineering, University of Huddersfield, Huddersfield HD1 3DH, UK;
q.ahmed@hud.ac.uk (Q.Z.A.); f khan@hud.ac.uk (F.A K.); p.lazaridis@hud.ac.uk (P.IL.)

School of Electrical and Computer Engineering, Aristotle University of Thessaloniki,

54124 Thessaloniki, Greece; zaharis@auth.gr

RF & Microwave Engineering, Steatite Antennas, Leominster HR6 0QF, UK; evangelos.vassos@steatite.co.uk
Wireless Communications Research Group (WiCR), Loughborough University, Leicestershire LE11 3TU, UK;
w.g.whittow@Iboro.ac.uk (W.G.W.)

Correspondence: venkatareddy.kandregula@hud.ac.uk

Abstract

To evaluate the performance of a printed log-periodic dipole antenna (PLPDA) in outdoor
environments, we present unmanned aerial vehicle (UAV)-based antenna measurements
conducted in the far-field region. Non-tethered UAV flight operations were achieved
by configuring commercially available UAVs separately as a transmitter (TX) and as a
receiver (RX). UAVs configured in non-tethered mode provide flexibility in terms of altitude
maintained by the UAV from the ground level. The TX section of the UAV consists of
a portable signal generator and a PLPDA configured to transmit signals with an output
power of +15 dBm at 0.8 and 3.5 GHz. Similarly, the RX section of the UAV is equipped with
a real-time spectrum analyzer and an identical PLPDA. Using these two UAVs in TX and
RX modes, the radiation pattern of the PLPDA was obtained in the azimuth plane. Since
two identical PLPDAs were used, the realized gain of the PLPDA is evaluated using the
two-antenna gain method. The test scenario involved the TX UAV hovering at the center
while the RX UAV followed a circular trajectory around it. A comparison between the UAV
measurements, anechoic chamber measurements, and simulated data demonstrates good
agreement, validating the reliability of the measurements.

Keywords: antenna under test (AUT); electromagnetics (EM); far-field measurements;
printed-log periodic dipole antenna (PLPDA); two-antenna gain measurement method;
unmanned aerial vehicle (UAV)

1. Introduction

There has been a significant improvement in characterizing the performance of an an-
tenna, starting with measurements in an elevated slant range environment to measurements
in an anechoic chamber. However, measuring structurally large antennas operating at lower
frequencies, such as 175 MHz, poses challenges due to the limited space available inside
an anechoic chamber [1,2]. To address these challenges, portable antenna measurement
systems (PAMS) have been developed to measure structurally large antennas [3].

Environmental conditions such as weather, humidity, radio frequency (RF) interfer-
ence, and ground reflections can influence antenna measurements. Characterizing antenna
performance in outdoor conditions can ensure that it meets the design specifications and
that its interaction with the outdoor environment is quantified. To address these require-
ments, measurements can be performed using an antenna mounted on an airborne platform,
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such as a manned aircraft or an unmanned aerial vehicle (UAV) [4]. Several measurement
strategies have been adopted for UAV-based antenna measurements in near- and far-field
regions [5-9].

However, in these measurement techniques, the antenna under test (AUT) is placed
at ground level, generally on a dielectric or wooden tripod at a maximum altitude of
3 m from the ground level [7-10], and the UAV follows a trajectory around the AUT. The
measured radiation patterns of the AUT often suffer from ground reflections and scattering
effects, making it challenging to analyze the antenna’s performance in terms of the realized
gain, HPBW, and front-to-back ratio. To overcome these effects authors in [11] propose
using a tethered UAV inside an anechoic chamber to characterize horn antennas. In a
tethered mode, antenna mounted on the UAV are connected to the RF equipment at the
ground level through cables. Although this approach overcomes the losses due to scattering
and ground reflections, it introduces new restrictions in terms of the UAV flight trajectory.
Furthermore, the propellers of UAVs can damage the absorbers within the chamber, creating
a potential hazard.

To mitigate these limitations, we propose the use of two UAVs to measure the radiation
pattern of the antenna in azimuth plane, as shown in Figure 1. In the proposed method, two
UAUVs are configured separately as a transmitter (TX) and receiver (RX) with an identical
antenna, such as a printed log-periodic dipole antenna (PLPDA), mounted on TX and
RX UAV. With the TX and RX UAVs configured in a non-tethered mode, both UAVs can
maintain higher altitudes to overcome ground reflections. In a non-tethered mode, there are
no physical connections between the ground-based equipment and equipment mounted
on the UAV, allowing better maneuverability for the UAV. Non-tethered configuration
allows the proposed UAV measurement solutions to be used for any kind of antenna,
from simple dipoles and monopoles to the latest reconfigurable intelligent surfaces for
beamforming applications [12-14]. Finally, the realized gain of the AUT is calculated using
the two-antenna gain method during the UAV-based antenna measurements. Using the two-
antenna gain method enables us to determine the realized gain of the antenna by accounting
for all relevant loss mechanisms, including mismatch losses, substrate losses, and radiation
losses. In this method, the propagation loss between the antennas is incorporated through
the Friis transmission equation, ensuring that the calculated realized gain accurately reflects
the true performance of the antenna under test. Similarly, the radiation patterns of the
PLPDA in a stand-alone case, i.e., when the PLPDA enclosed in a fixture with foam is
not mounted on the UAV, were also measured in an anechoic chamber with realized gain
calculations using the two-antenna gain method. Measurements were conducted at 0.8 GHz
and 3.5 GHz because they represent the key bands in modern wireless communications.
Both frequencies are popularly used by mobile handsets, base station antennas, and IoT
applications. While 0.8 GHz covers the LTE band, 3.5 GHz covers the primary 5G NR
bands. Hence, the radiation patterns and gain of the antenna were measured at 0.8 GHz and
3.5 GHz to understand the antenna performance in outdoor environments. Furthermore,
the technique can be used to measure 4G and 5G mobile communications base station
antennas operating at the above-mentioned frequencies.

The novel contributions of this work are as follows:

e  Evaluation of the performance of a PLPDA at various frequencies using two UAVs,
thus avoiding ground reflections.

e  Gain calculations of the PLPDA by applying the two-antenna gain method.

e Performance analysis of the PLPDA mounted on a UAV through S-parameter
measurements.
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Figure 1. Two-antenna gain measurement setup.

In Section 2, we discuss the state-of-the-art in UAV-based antenna measurements.
Section 3 provides the performance analysis of PLPDA. This involves improving the gains
of the PLPDA at lower frequencies and overcoming the impedance mismatch experienced
by the PLPDA enclosed in a fixture. We also discuss the performance of the PLPDA when
mounted on the UAYV, including an exploration of the electromagnetic (EM) coupling
between the PLPDA and the UAV body components. The antenna measurement results
obtained from UAV-based measurements are further elaborated in Section 4.

2. Related Work

Table 1 presents UAV-based antenna measurements for different scenarios. UAV-based
measurements are beneficial for measuring complex and large structures deployed in the
field, such as the Tianlai reflector antenna [15], Cassegrain dual reflector antenna, Square
Kilometer Array (SKA) telescope antennas [16], Base Station Antennas (BASTA) [17], and
broadcasting antennas [18]. Advances in UAV technology and improvements in battery
life have enabled longer UAV flight times. UAVs are widely used to calibrate antennas
deployed in the field [19,20]. Researchers have presented their work on measuring antennas
in either the far-field (also known as Fraunhofer Zone) or near-field regions (also known as
Fresnel Zone). An example of this is a UAV carrying a monopole to characterize an antenna
operating in the 3 to 30 MHz range [21]. The AUT is a Nostradamus system consisting of
288 biconical antennas arranged along a 120° branch. The biconicals are omnidirectional,
each covering a height of 7 m and a width of 6 m. To validate the accuracy and functionality
of UAV-based near-field measurements for characterizing biconical antennas by the Office
National d’Etudes et de Recherches Aérospatiales (ONERA) in [21], a UAV equipped with
a monopole is used to measure another monopole that is 6 m high. The measured data
was compared with simulated data. Based on these comparisons, it is evident that UAV-
based near-field measurements offer accurate and cost-effective solutions for characterizing
structurally large biconical antennas. Similarly, in [2], a UAV configured as a TX is used to
measure antennas at 175 MHz. The measurement scenario consists of a dipole mounted on
the UAV transmitting signals with an output power of +5 dBm. The AUT is the pre-aperture
array verification system of the SKA. The AUT has an overall size of 9.2 m which is placed
over a ground plane of 16 m diameter. UAV-based measurements are performed in the
near-field region, and near-field to far-field transformations are performed. The far-field
patterns obtained are compared with the simulated data. The comparison shows that the
UAV-based measurements are in good agreement with the simulated data.
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Table 1. Overview of State-of-the-Art UAV-based antenna measurement techniques.
Reference Frequency of Operation Measurement Region Antenna Under Test Antenna Mounted on UAV
[8] 3 GHz Far-field Phased Array antenna Microstrip patch antenna
[9] 14.5 GHz Far-field Reflector antenna Dual-polarized quad ridge
horn antenna
[10] 2.45 GHz Near-field Double-ridge horn Vivaldi antenna
[11] 1.8 and 2.7 GHz Near-field Pyramidal Horn Dual-polarized microstrip
patch antenna
[15] 730 MHz Far-field Tianlai reflector antenna Dipole antenna
[22] 470-860 MHz Far-field Broadcasting antennas Log-periodic antenna
Aperture Array Verification
[23] 50 MHz Near-field System for Square Kilometer Dipole antenna
Array Telescope
[24] 2.1 GHz Near-field Cassegrain Dual Dual-polarized Vivaldi
Reflector antenna
[25] 465 GHz Near-field Circularly polarized Printed version of the
horn antenna monopole antenna
[26] 20 MHz Near-field Ground Plane antenna Dipole antenna

3. EM Performance of the PLPDA Mounted on UAV
3.1. Radiation Patterns of the PLPDA

To perform UAV-based antenna measurements over a wide frequency range, wideband
antennas with end-fire radiation patterns have several advantages. By using a wideband
antenna, we can avoid changing the antenna on the UAV when there is a change in the
frequency of operation of the AUT. Unlike antennas with an omnidirectional radiation
pattern, antennas with end-fire radiation patterns have advantages in terms of avoiding EM
coupling between the UAV body and the antenna mounted on the UAV. In our case, we used
a PLPDA with a wide bandwidth [27,28] and a relatively flat realized gain of 6.5 dBi over a
frequency range of 0.8 to 6 GHz. Due to their wide bandwidth and relatively flat realized
gain, proposed UAV systems are suitable for conducting antenna measurements across vari-
ous frequency bands. An average realized gain of 6.5 dBi across the frequency band enables
reliable long-range communication, facilitating substantial separation distances between
transmitting and receiving UAVs. The PLPDA used has dimensions of 250 mm x 170 mm,
with a length of 250 mm, log-periodic antenna in printed version that could experience
mechanical vibrations when the UAV is following a trajectory. To avoid these vibrations
and for mounting the PLPDA on the UAV, we designed a fixture. The proposed fixture is
fabricated using fused deposition modeling-based 3D printing and is made of poly-lactic
acid (PLA) material. PLA is a low-loss material with a loss tangent of 0.01 at 2.45 GHz,
electrical conductivity of 1.36 x 1073 S/m and a dielectric constant of 2.5. To understand
the effect of fixtures on the PLPDA performance, S11 parameters of the PLPDA enclosed in
the fixture were measured. In Figure 2, we can observe the measured S11 parameters of
the PLPDA without fixture and PLPDA enclosed in the fixture. From the measurements, it
can be observed that there is an impedance mismatch across the operational frequency due
to the fixture. To overcome the impedance mismatch, we propose dielectric loading. The
proposed technique involves using foam material with a loss tangent of 0.0002 at 10 GHz,
electrical conductivity of 1.11 x 10~* S/m and a dielectric constant of 1.8 at 10 GHz. The
foam material with a thickness of 5 mm is placed on one side of the PLPDA. In Figure 3,
we can observe the foam material placed on the top of the PLPDA. The foam material,
whose electric properties are close to the electric properties of air, creates an effective air

https:/ /doi.org/10.3390/s26072174


https://doi.org/10.3390/s26072174

Sensors 2026, 26, 2174

50f15

layer between the FR4 substrate of PLPDA and the fixture. In Figure 2, the measured
511 parameters of PLPDA enclosed in a fixture with foam are overlapped with the other
two cases. These comparisons show that the impedance mismatch observed due to the
fixtures is now resolved. Furthermore, radiation patterns of the PLPDA without fixture
and the PLPDA enclosed in a fixture with foam were measured in the azimuth plane.
These measurements were performed in an anechoic chamber, as shown in Figure 4. The
measurement procedure consists of two identical PLPDAs enclosed in a fixture with foam.
The identical PLPDAs, one configured as a reference antenna and the other as AUT, are
separated by 3 m (tip to tip). The reference antenna and AUT are connected to the VNA
placed outside the chamber.

{ —PLPDA without fixture

=35 e PLPDA enclosed in fixture without foam -
—PLPDA enclosed in fixture with foam

_40 I P n 1 n P 1 I P L 1 n 1 1 1

08 13 18 23 28 33 38 43 48 53 58
Frequency (GHz)

Figure 2. Measured 511 of PLPDA in an anechoic chamber.

Figure 3. Foam material for dielectric loading.

The measured radiation patterns for the PLPDA without fixture and PLPDA enclosed
in a fixture with foam were compared with the simulated data of PLPDA without fixture,
as described in Figure 5a,b [29]. The Finite Element Method (FEM) is used to carry out
simulations. To perform antenna measurements in the far-field it is essential to calculate the
required far-field distance. This distance is given by 2D?/A, where D is the maximum di-
mension of the antenna and A is its operating wavelength. The PLPDA measured consists of
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dipoles on either side of the FR4 substrate, with dimensions of 250 mm x 170 mm X 1 mm.
With a maximum dimension of 250 mm and highest frequency of operation at 6 GHz,
the far-field region would start at a distance greater than approximately 2.5 m, i.e., the
separation distance between the two PLPDAs should be at least 2.5 m. By maintaining a
separation distance of 3 m between the two identical PLPDAs in the anechoic chamber, the
measurements are carried out in the far-field region. Conducting the measurements in the
far-field allows for amplitude-only measurement, meaning that phase information is not
always required.

D
x

Figure 4. Measurements in an anechoic chamber (Az cut).

300° ) 60° 300° ) 60°
270° | 190° 270° | 190°
240° 120° 240° 120°
210° 150° 210° 150°
180° 180°
—— PLPDA measured with fixture @ 0.8 GHz (Az cut) —— PLPDA measured with fixture @ 3.5 GHz (Az cut)
- - -PLPDA measured without fixture @ 0.8 GHz (Az cut) - - -PLPDA measured without fixture @ 3.5 GHz (Az cut)
---------- PLPDA simulated in free space by FEM @ 0.8 GHz (Az cut) -~ PLPDA simulated in free space by FEM @ 3.5 GHz (Az cut)
(a) (b)

Figure 5. Measured gain of PLPDA with and without fixture in an anechoic chamber (Az cut) at
(a) 0.8 GHz; (b) 3.5 GHz.

From the measurements shown in Figure 5a, for PLPDA enclosed in a fixture with
foam, a realized gain of 5.8 dBi was obtained at 0.8 GHz. Similarly, at 3.5 GHz, a measured
realized gain of 5.5 dBi was obtained. On the other hand, from measurements for a PLPDA
without a fixture a realized gain of 4.2 dBi and 5.6 dBi were obtained at 0.8 and 3.5 GHz
respectively. To evaluate the accuracy of the PLPDA simulations, the realized gain of
PLPDA enclosed in a fixture with foam were measured from 0.8 to 6 GHz. These measured
results are compared with the simulated results of PLPDA enclosed in fixture, as shown in
Figure 6. Enclosing the PLPDA within the fixture and foam increases the effective dielectric
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constant around the antenna. This causes the resonance to shift to lower frequencies. As a
result, the realized gain at 0.8 GHz is improved.

10 T T T T T T T T T T T T
——PLPDA enclosed in fixture (measured)
—PLPDA enclosed in fixture (simulated by FEM)
8 |- -

Realized Gain (dBi)

I | | I

0 1 1 Il 1 Il 1
08 13 18 23 28 33 38 43 48 53 58

Frequency (GHz)

Figure 6. Measured and simulated realized gain of PLPDA enclosed in fixture with foam.

3.2. Performance Analysis of PLPDA on the UAV

Once the fixture for the PLPDA has been designed, the next critical phase involves
mounting the PLPDA and RF equipment onto the UAV. It is worth noting that the carbon
fiber material commonly used in UAV construction is highly conductive, potentially causing
EM coupling with the PLPDA. To overcome the EM coupling between the UAV body and
the PLPDA, it is important to mount the PLPDA at an appropriate location on the UAV.
Before performing any measurements using the UAVs, it is imperative to assess the overall
performance of the RF system. EM coupling can lead to electrical squints in the beam
peak, reducing the system’s overall efficiency. Therefore, ensuring proper mounting and
conducting a thorough assessment of the RF system’s performance beforehand are essential
steps to optimize the accuracy and functionality of the PLPDA and RF equipment when
mounted on the UAV. For this purpose, a portable vector network analyzer, the Lite VNA
64 [29], was used to measure the S11 parameters of the PLPDA mounted on the UAV. The
initial placement of the PLPDA involves attaching the PLPDA to the base plate of the TX
UAV. This base plate is located near the landing gear of the UAV.

Figure 7 illustrates the measured S11 data for the two cases: PLPDA attached to the
base plate and PLPDA mounted 26 cm below the base plate. When the PLPDA is attached
to the base plate, it can be observed that the PLPDA experiences an impedance mismatch up
to 1.3 GHz. To overcome this mismatch, 3D-printed rectangular blocks made of PLA were
used to move the PLPDA to an appropriate location (a location free from EM coupling).
From the results described in Figure 7, it is evident that when the PLPDA is mounted
26 cm from the base plate of the UAV, the PLPDA is now well matched with a return loss
better than 10 dB across the operating frequency band. In addition to considerations of
electromagnetic performance, positioning the PLPDA in close proximity to the onboard
UAV antennas may result in interference between the PLPDA (any antenna operating
in GPS frequency bands) and the onboard UAV antennas. This interference can create
substantial challenges for the remote controller at the ground level when operating the
UAV and for establishing telemetry links. Considering these aspects, the PLPDA was
mounted at the bottom of the UAV to overcome these issues. The impedance mismatch
experienced by the PLPDA when attached to the UAV base plate could potentially lead
to a reduction in the overall radiated power of the antenna. To understand the effect of
impedance mismatch on the radiated power of the PLPDA, the TX UAV modeled in CST
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was simulated at 0.8 and 3.5 GHz. These simulations were performed when the PLPDA
was attached to the base plate of the UAV (case 1) and when the PLPDA was mounted
26 cm from the base plate of the UAV (case 2) [30,31].

-35- ——PLPDA attached to the base plate -
—PLPDA mounted at 26 cm from base plate

—40 | | | | | | |
08 13 18 23 28 33 38 43 48 53 58

Frequency (GHz)

Figure 7. Measured S11 of PLPDA mounted on TX UAV.

To overcome the excessive computational efforts due to the electrically small plastic
components, the TX UAV has been simplified, as shown in Figure 8. In the simplified
EM version, propeller motors, batteries, base plate and signal generators were consid-
ered as perfect electric conductors (PEC). Other components, such as support plates, and
arms, were modeled as carbon fiber. During simulations, an electrical conductivity of
1.213 x 1072 s/m, a dielectric constant of 6.5 and a loss tangent of 0.089 at 2.45 GHz are
considered for the carbon fiber [32]. For the FR4 material of the PLPDA, a dielectric constant
of 4.3 and a loss tangent of 0.02 at 2.3 GHz were used. Simulations were performed using an
i9-13900 KF processor @ 3 GHz (32-cores) and 128 GB of RAM, accelerated by an NVIDIA
RTX4090 GPU with a CST acceleration token. With 241 million hexahedral mesh cells,
the EM model of the UAV was simulated using the transient Finite Integration Technique.
With these settings, it took around two hours to complete the simulations. As shown in
Figure 9a, case 1 has a significant reduction in realized gain at 0.8 GHz compared with
case 2, where the PLPDA is mounted 26 cm below the base plate. At 0.8 GHz, when the
PLPDA is attached to the UAV base plate, a realized gain of 2.6 dBi is obtained, whereas
a realized gain of 6.8 dBi is achieved when the PLPDA is mounted 26 cm below the base
plate. On the other hand, from Figure 9D, it can be observed that at 3.5 GHz, for case 1
(PLPDA attached to the base plate) has several distortions in the radiation pattern due to
the EM coupling between the UAV body and the PLPDA.

signal DJI motors
generator assigned with

PEC material

DJI batteries

modelied [

Y 3D printed
I with PLA PLPDA enclosed in
Z

fixture with foam

Figure 8. EM model of the TX UAV.
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300°

270° 90° 270°
\
240° 120° 240° y \ 120°
210° 150° 210° 150°

180° 180°

——Case 1 at 0.8 GHz ——Case 1 at 3.5 GHz

- - -Case 2 at 0.8 GHz - - -Case 2 at 3.5 GHz
(a) (b)

Figure 9. Simulated gains of PLPDA mounted on TX UAV in the azimuth plane at (a) 0.8 GHz;
(b) 3.5 GHz.

4. UAV-Based Antenna Measurements

After improving the performance of the PLPDA integrated with the UAV, outdoor
antenna measurements were conducted using the UAVs. The UAV configured as a TX
comprises a PLPDA enclosed in a fixture and a portable signal generator. The portable
signal generator [33], including an expansion module, can generate signals with a maximum
output power of +15 dBm. Measuring 113 mm x 70 mm x 25 mm in dimensions and
weighing 205 g, it can generate Continuous Wave (CW) signals from 100 kHz to 6 GHz,
with an output resolution of 0.25 dB. The PLPDA mounted on the UAV is connected to
the proposed portable signal generator, as shown in Figure 10 (left side). The TX UAV is
hovering at the center of the planned trajectory. The TX UAV is ensured to be stationary
throughout the measurements with a total payload weight of 245 g. In contrast, Alta X UAV
is configured as a RX to capture EM signals. All the necessary RF equipment, including the
real-time spectrum analyzer [34,35] and identical PLPDA, are mounted on the RX UAV. The
SA44B from Signal Hound is the real-time spectrum analyzer used in the measurements [36].
This real-time spectrum analyzer can detect signals with a maximum power level of up to
+20 dBm across a frequency range of 150 kHz to 4.4 GHz [37]. Other components include
a MeLE quieter 3c mini-PC and a power bank to power the mini-PC. In Figure 10 (right
side), we can observe all components mounted on the RX UAV. With all this equipment, a
total weight of 1.85 kg was observed at the RX UAV. The initial trajectory planning, and
calculations were carried out using Alta X QGroundControl 4.4, and the results were then
provided as input to the RX UAV through a ULog file.

Figure 10. UAV configured as TX and RX (TX on left side and RX on right side).
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The final circular trajectory consists of 24 waypoints. The waypoints are the GPS
coordinate values at which the RX UAV travels and halt for 10 s at each point. During tra-
jectory planning using QGroundControl 4.4 (software tool for trajectory planning), the GPS
coordinates of each waypoint are assigned such that they correspond to the 15° orientation
of the PLPDA with respect to the boresight of the PLPDA at the center of the trajectory.
When the RX UAV follows the trajectory, received RF power is continuously logged. For
synchronizing the timestamps between the UAV GPS and the real-time spectrum analyzer,
the RX UAV halts at each waypoint. When the RX UAV launches from ground level, a
remote connection is established to the mini-PC mounted on the UAV. All DSP operations
performed by the real-time spectrum analyzer on the mini-PC can be controlled from a
laptop at ground level. At this point, the Spike software [38] is used to log RF power values
along with timestamps. The logged data consists of power values in dBm corresponding to
the timestamps in an Excel file. The logged data and the timestamps logged by the GPS
logger are used to analyze the radiation pattern in the azimuth plane.

In Figure 11 we can observe the aerial view of both UAVs, with the RX UAV following
a circular trajectory and the UAV configured as a TX at the center of the trajectory. All the
measurements were performed in Silkeborg EL & Svaev, a model club for electric vehicles
and gliders in Silkeborg, Denmark [39]. During the measurements, it was observed that
the environmental conditions were relatively harsh, with a temperature of —2 °C and
a wind speed of 8 kmph. All the components mounted on the transmitter and receiver
UAVs performed well under these weather conditions. This proves that all configured
components are suitable for outdoor measurements under these weather conditions. During
the trajectory, the GPS on the RX UAV was connected to more than 28 satellites, ensuring
excellent positional accuracy for the UAV. For UAV measurements, aligning the UAVs is
important to receive the maximum power from the UAV configured as RX. During the
measurements, while one UAV remained stationary and hovered at a fixed position, the
altitude of the second UAV was adjusted upward and downward in the elevation plane
to determine the altitude at which the maximum received power occurred. Once the
maximum received power was identified, the altitude of the second UAV was fixed at that
level, and a circular trajectory was then executed [40,41].

' UAV configured as TX

Figure 11. Aerial view of UAVs during the measurements.

Once the RX UAV finishes its circular trajectory and returns to its designated home
point, all the log files saved on the mini-PC are transferred to an external storage device.
After obtaining the log files from the real-time spectrum analyzer and RX UAV GPS, the
next task is synchronizing their timestamps. Synchronizing the timestamps between the
real-time spectrum analyzer and the GPS on the UAV has been a major shortfall in UAV-
based measurements. Many researchers have relied on a physical connection between the
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UAV and the ground equipment to achieve synchronization, which restricts them from
reaching higher altitudes and limits their ability to conduct UAV measurements in diverse
test scenarios [11]. A MATLAB script was developed to extract the timestamps from every
waypoint. With the timestamps at every waypoint, power values corresponding to the
start and stop times from the timestamps are averaged. These averaged power values
correspond to the received power for every 15°. Using the received power values at every
15°, the Friis transmission equation is applied to calculate the gain of the AUT. The gain
calculations are performed using the expression:

1 47tR P,
Gapi = 5 [20 logyo (/\> +101logg (P:) ] , 1)

where G p; is the realized gain of the antenna in dBi, R denotes the distance between the TX
and RX, A is the wavelength, P, is the received power in milliwatts, and P; is the transmitted
power also in milliwatts. Figures 12 and 13 depict the realized gain of the PLPDA measured
in the presence of the UAV at 0.8 GHz and 3.5 GHz respectively. The measured radiation
patterns of the AUT are compared with the simulated data.

00
330° 110 30°
300° 60°
270° 90°
240° ~ 120°
210° 150°
180°

——PLPDA simulated with UAV (CST) @ 0.8 GHz
= = -PLPDA mounted on UAV (measured) @ 0.8 GHz
-------- ~PLPDA in fixture (anechoic chamber) @ 0.8 GHz

Figure 12. Measured and simulated realized gain of PLPDA at 0.8 GHz in the azimuth plane.
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——PLPDA simulated with UAV (CST) @ 3.5 GHz
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--------- PLPDA in fixture (anechoic chamber) @ 3.5 GHz

Figure 13. Measured and simulated realized gain of PLPDA at 3.5 GHz in the azimuth plane.
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As described in Table 2, from the UAV-based measurements, it is observed that a
realized gain of 6.5 dBi was obtained at both 0.8 and 3.5 GHz. On the other hand, from
the simulations (PLPDA mounted on the UAV), realized gains of 6.8 dBi and 6.2 dBi were
obtained at 0.8 and 3.5 GHz, respectively. From these results, and from the radiation pat-
terns measured using the proposed two UAV method, it is evident that ground reflections
can be mitigated, i.e., reflections that are typically observed when antennas are measured
outdoors at lower altitude [37].

Table 2. Comparison between simulations and measurements at 0.8 and 3.5 GHz.

Parameter PLPDA Mounted on UAV and Measured PLPDA Alone Measured in Anechoic
with two UAV Method/Simulated with CST Chamber/Simulated with CST
Realized Gain (@ 0.8 GHz) 6.5/6.8 dBi 5.8/5.8 dBi
HPBW (@ 0.8 GHz) 75/73° 75/71°
Realized Gain (@ 3.5 GHz) 6.5/6.2 dBi 5.8/5.5 dBi
HPBW (@ 3.5 GHz) 70/71° 76/78°

In terms of cost, the proposed solution is highly cost-effective and offers substantial
savings. The overall cost depends on the UAV platform selected for the measurements. As
presented in Table 3, several commercially available UAV options are suitable, and users
may select a platform based on the required payload, i.e., the weight of the measurement
equipment. In our experiments, as discussed earlier, we used the DJI Matrice 600 Pro
and the Freefly Alta X, that cost around USD 10-20 k each. In Table 3, the maximum
payload capacity for each UAV model and the corresponding range of UAV flight times
are presented, since flight time depends on several factors such as the total payload on
the UAV, the type of trajectory planned, and external environmental conditions including
temperature and wind pressure. For the RF equipment the total cost is around USD 2-3 k.
Thus, the total cost of the proposed setup is around USD 30 k to 40 k. On the other hand,
a traditional antenna measurements anechoic chamber would cost anywhere from USD
500 k to several million depending on the size and equipment of the anechoic chamber.
Therefore, the UAV-based approach is significantly more cost-effective, although not as
accurate as a state-of-the art anechoic chamber including a near-to-far field transformation
setup or a CATR (Compact Antenna Test Range).

Table 3. Commercially available UAVs.

UAV Model Payload Capabilities  Flight Time Considering Payload
DJI Phantom 4 1kg 18 to 25 min
DJI Matrice 300 RTK 2.7kg 30 to 40 min
DJI Matrice 400 (latest model) 6kg 30 to 44 min
DJI Matrice 600 Pro 6kg 18 to 32 min
Freefly Alta X 15 kg 15 to 35 min
DJI Flycart 30 30 kg 18 to 29 min

The accuracy of UAV-based antenna measurements depends on several factors, in-
cluding the precision of RF instruments, UAV vibrations, GPS positioning accuracy, and
environmental conditions. Modern UAVs typically employ high-precision positioning
systems such as real-time kinematics (RTK), differential RTK (D-RTK), or differential global
navigation satellite systems (GNSS), with the specific technique selected based on the
measurement frequency and required positioning accuracy. Environmental effects, partic-
ularly wind, can introduce small deviations in the UAV trajectory, typically resulting in
less than 0.4° angular deviation. Minor trajectory shifts may lead to variations of approxi-
mately 0.02-0.1 dB in the measured radiation pattern, while changes in UAV orientation
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can introduce an uncertainty of about £2%, corresponding to a very small measurement
variation [1].

5. Conclusions

The utilization of a wideband antenna such as a PLPDA is suitable for UAV-based
antenna measurements. The utilized PLPDA experiences impedance mismatch when it
is directly enclosed in fixtures. This issue has been addressed by adopting the dielectric
loading technique, which involves using foam material inside the PLPDA fixture. Critical
challenges, such as mitigating EM coupling between the PLPDA and the UAV body, were
addressed through measurements and simulations. Cost-effective and green solutions like
3D-printed components were used to overcome EM coupling. To overcome the ground
reflections, a novel technique of using two UAVs is described. This involves configuring
the UAVs in TX and RX mode. These UAVs are configured in a non-tethered mode, thus
providing better flexibility for the UAV flight. The successful measurement of the PLPDA
radiation patterns at 0.8 GHz and 3.5 GHz in the azimuth plane resulted in HPBWs of
75° and 70°, respectively. The two-antenna gain measurement methods were used to
perform gain measurements, resulting in a realized gain of 6.5 dBi at both 0.8 and 3.5 GHz.
These results unveil new possibilities for performing antenna measurements with increased
flexibility and precision, emphasizing the potential of UAV-based methods for future
research and application in the field of antenna technology.

Author Contributions: Conceptualization, VR.K., Z.D.Z. and P.IL.; Methodology, VRK., Z.D.Z.
and P.LL.; Software, VR.K,; Validation, P.I.L.; Formal analysis, V.R.K.; Investigation, PI.L.; Writing—
original draft, V.R.K.; Writing—review and editing, V.RK,, PIL., Z.D.Z,, Q.Z.A.,, FAK,, E.V, TW.
and W.G.W.,; Supervision, P.IL. and Z.D.Z.; Funding acquisition, PI.L. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was supported by the European Union, through the Horizon Europe Marie
Sklodowska-Curie Staff Ex-changes Programme “6G intelligent connectivity and interaction for users
and infrastructures (6G-ICARUS)” under Grant 101131342.

Institutional Review Board Statement: Not Applicable.
Data Availability Statement: Data are contained within the article.

Conflicts of Interest: Author Evangelos Vassos was employed by the company RF & Microwave
Engineering, Steatite Antennas. The remaining authors declare that the research was conducted in
the absence of any commercial or financial relationships that could be construed as a potential conflict

of interest.

References

1.  Kandregula, V.R.; Zaharis, Z.D.; Ahmed, Q.Z.; Khan, FA.; Loh, T.H.; Schreiber, J.; Serres, A.J.R.; Lazaridis, PI. A Review of
Unmanned Aerial Vehicle Based Antenna and Propagation Measurements. Sensors 2024, 24, 7395. [CrossRef] [PubMed]

2. Ciorba, L.; Virone, G.; Paonessa, F.; Righero, M.; De Lera Acedo, E.; Matteoli, S.; Beltran, E.C.; Bolli, P.; Giordanengo, G.; Vecchi,
G.; et al. Large Horizontal Near-Field Scanner Based on a Non-Tethered Unmanned Aerial Vehicle. IEEE Open ]. Antennas Propag.
2022, 3, 568-582. [CrossRef]

3.  Geise, A.; Neitz, O.; Migl, J.; Steiner, H.-J.; Fritzel, T.; Hunscher, C.; Eibert, T.F. A Crane-Based Portable Antenna Measurement
System—System Description and Validation. IEEE Trans. Antennas Propag. 2019, 67, 3346-3357. [CrossRef]

4. Paonessa, F.; Virone, G.; Ciorba, L.; Addamo, G.; Lumia, M.; Dassano, G.; Zannoni, M.; Franceschet, C.; Peverini, O.A. Design
and Verification of a Q-Band Test Source for UAV-Based Radiation Pattern Measurements. IEEE Trans. Instrum. Meas. 2020, 69,
9366-9370. [CrossRef]

5. Virone, G.; Lingua, A.M,; Piras, M.; Cina, A.; Perini, F.; Monari, J.; Paonessa, E; Peverini, O.A.; Addamo, G.; Tascone, R. Antenna

Pattern Verification System Based on a Micro Unmanned Aerial Vehicle (UAV). IEEE Antennas Wirel. Propag. Lett. 2014, 13,
169-172. [CrossRef]

https:/ /doi.org/10.3390/s26072174


https://doi.org/10.3390/s24227395
https://www.ncbi.nlm.nih.gov/pubmed/39599171
https://doi.org/10.1109/OJAP.2022.3173741
https://doi.org/10.1109/TAP.2019.2900373
https://doi.org/10.1109/TIM.2020.3031127
https://doi.org/10.1109/LAWP.2014.2298250
https://doi.org/10.3390/s26072174

Sensors 2026, 26,2174 14 of 15

10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Garcia-Fernandez, M.; Lopez, YA, Arboleya, A.; Gonzélez-Valdés, B.; Rodriguez-Vaqueiro, Y.; Gémez, M.E.D.C.; Andrés, FL.-H.
Antenna Diagnostics and Characterization Using Unmanned Aerial Vehicles. IEEE Access 2017, 5, 23563-23575. [CrossRef]
Garcia Fernandez, M.; Alvarez Lépez, Y.; Las-Heras, F. Dual-Probe Near-Field Phaseless Antenna Measurement System on Board
a UAV. Sensors 2019, 19, 4663. [CrossRef]

Umeyama, A.Y.; Salazar-Cerreno, J.L.; Fulton, C.J. UAV-Based Far-Field Antenna Pattern Measurement Method for Polarimetric
Weather Radars: Simulation and Error Analysis. IEEE Access 2020, 8, 191124-191137. [CrossRef]

Culotta-Lopez, C.; Gregson, S.; Buchi, A.; Rizzo, C.; Trifon, D.; Skeidsvoll, S.; Barbary, I.; Espeland, ]. On the Uncertainty Sources
of Drone-Based Outdoor Far-Field Antenna Measurements. In Proceedings of the Antenna Measurement Techniques Association
Symposium (AMTA), Daytona Beach, FL, USA, 24-29 October 2021; pp. 1-6.

Faul, E.T.; Eibert, T.F. Setup and Error Analysis of a Fully Coherent UAV-based Near-Field Measurement System. In Proceedings
of the 15th European Conference on Antennas and Propagation (EuCAP), Dusseldorf, Germany, 22-26 March 2021; pp. 1-4.
Mauermayer, R.A.M.; Kornprobst, J. A Cost-Effective Tethered-UAV-Based Coherent Near-Field Antenna Measurement System.
IEEE Open |. Antennas Propag. 2022, 3, 984-1002. [CrossRef]

Tyndall, W.; Reda, A ; Shaw, ].R.; Bandura, K.; Chakraborty, A.; Halpern, M.; Harris, M.; Kuhn, E.; Maceachern, J.; Mena-Parra, J.;
et al. Beam Maps of the Canadian Hydrogen Intensity Mapping Experiment (CHIME) Measured With a Drone. IEEE Open ].
Antennas Propag. 2025, 6, 928-940. [CrossRef]

Kandregula, V.R.; Lazaridis, P.I.; Gulen, I.; Chalkidis, S.; Feresidis, A.; Poulkov, V.; Zaharis, Z.D.; Vassos, E. Design Process for a
Dual Pattern Reconfigurable Antenna based on flip-chip Aluminum Gallium Arsenide (AlGaAs) PIN diodes. In Proceedings of
the 28th International Symposium on Wireless Personal Multimedia Communications (WPMC), Sofia, Bulgaria, 9-12 November
2025; pp. 1-6.

Gulen, I; Kandregula, V.R; Chalkidis, S.; Rizou, S.; Lazaridis, P; Feresidis, A.; Vassos, E. A Dual Function Metasurface Based on
Aluminium Gallium Arsenide PIN Diodes. In Proceedings of the 28th International Symposium on Wireless Personal Multimedia
Communications (WPMC), Sofia, Bulgaria, 9-12 November 2025; pp. 1-6.

Zhang, J.; Liu, J.; Wu, E; Chen, X; Li, J.; Timbie, PT.; Das, S.; Yan, R.; He, J.; Calvin, O. Beam Measurements of the Tianlai Dish
Radio Telescope Using an Unmanned Aerial Vehicle. IEEE Antennas Propag. Mag. 2021, 63, 98-109. [CrossRef]

Fanaroff, B.L. The Square Kilometer Array and a Golden Age for Astronomy. Resonance 2022, 27, 529-542. [CrossRef]

Zhai, Y,; Ke, Q.; Xu, Y,; Deng, W.; Gan, ].; Zeng, ].; Zhou, W.; Scotti, F; Labati, R.D.; Piuri, V. Mobile Communication Base Station
Antenna Measurement Using Unmanned Aerial Vehicle. IEEE Access 2019, 7, 119892-119903. [CrossRef]

Cadavid, A.N.; Aristizabal, J.; Alhucema, M.D.P. Antenna pattern verification for Digital TV Broadcast systems in Andean
countries based on UAV’s. In Proceedings of the IEEE-APS Topical Conference on Antennas and Propagation in Wireless
Communications (APWC), Cartagena, Colombia, 10-14 September 2018; pp. 858-861.

Salari, A.; Erricolo, D. Unmanned Aerial Vehicles for High-Frequency Measurements: An accurate, fast, and cost-effective
technology. IEEE Antennas Propag. Mag. 2022, 64, 39-49. [CrossRef]

Segales, A.R.; Schvartzman, D.; Burdi, K.; Salazar-Cerrefio, ].L.; Fulton, C.; Palmer, R.D. Far-Field Antenna Pattern Measurements
Using a UAS-Based Dynamic Gimbal Scan System. IEEE Trans. Antennas Propag. 2024, 72, 2368-2381. [CrossRef]

Herbette, Q.; Saillant, S.; Menelle, M.; Urbani, B.; Bourey, N.; Darces, M.; Helier, M. HF Radar antenna near field assessment using
a UAV. In Proceedings of the IEEE International Radar Conference (RADAR), Toulon, France, 23-27 September 2019; pp. 1-4.
Schreiber, J. Antenna pattem reconstitution using unmanned aerial vehicles (UAVs). In Proceedings of the IEEE Conference on
Antenna Measurements & Applications (CAMA), Syracuse, NY, USA, 23-27 October 2016; pp. 1-3.

De Lera Acedo, E.; Bolli, P; Paonessa, E.; Virone, G.; Colin-Beltran, E.; Razavi-Ghods, N.; Aicardji, I.; Lingua, A.; Maschio, P;
Monari, J.; et al. SKA aperture array verification system: Electromagnetic modeling and beam pattern measurements using a
micro UAV. Exp. Astron. 2018, 45, 1-20. [CrossRef]

Punzet, S.; Faul, ET.; Mittereder, T.; Oettl, C.; Ganser, M.; Hausler, M.; Eibert, T.F. Fully Coherent UAV-Based Near-Field
Measurement and Transformation of the S67-15 m Ground Station Antenna at the German Space Operations Center in Weilheim.
In Proceedings of the 16th European Conference on Antennas and Propagation (EuCAP), Madrid, Spain, 27 March-1 April 2022;
pp- 1-5.

Garcia-Fernandez, M.; Lopez, Y.A.; Andres, FL.H. Unmanned aerial system for antenna measurement and diagnosis: Evaluation
and testing. IET Microw. Antennas Propag. 2019, 13, 2224-2231. [CrossRef]

Steiner, H.J.; Straus, R.; Lamm, M.; Henkel, P. UAV-Based Near-Field Antenna Measurements at 20 MHz of a Reference Ground-
Plane Antenna. In Proceedings of the IEEE Conference on Antenna Measurements & Applications (CAMA), Antibes Juan-les-Pins,
France, 15-17 November 2021; pp. 48-50.

Jacobs, D.C.; Burba, J.; Bowman, J.D.; Neben, A.R.; Stinnett, B.; Turner, L.; Johnson, K.; Busch, M.; Allison, J.; Leatham, M.; et al.
First Demonstration of ECHO: An External Calibrator for Hydrogen Observatories. Publ. Astron. Soc. Pac. 2017, 129, 035002.
[CrossRef]

https:/ /doi.org/10.3390/s26072174


https://doi.org/10.1109/ACCESS.2017.2754985
https://doi.org/10.3390/s19214663
https://doi.org/10.1109/ACCESS.2020.3027790
https://doi.org/10.1109/OJAP.2022.3198269
https://doi.org/10.1109/OJAP.2025.3554457
https://doi.org/10.1109/MAP.2021.3115757
https://doi.org/10.1007/s12045-022-1347-9
https://doi.org/10.1109/ACCESS.2019.2935613
https://doi.org/10.1109/MAP.2021.3061026
https://doi.org/10.1109/TAP.2023.3335819
https://doi.org/10.1007/s10686-017-9566-x
https://doi.org/10.1049/iet-map.2018.6167
https://doi.org/10.1088/1538-3873/aa56b9
https://doi.org/10.3390/s26072174

Sensors 2026, 26,2174 15 of 15

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Ferro, E.; Gennaro, C.; Nordio, A.; Paonessa, F; Vairo, C.; Virone, G.; Argentieri, A.; Berton, A.; Bragagnini, A. 5G-Enabled
Security Scenarios for Unmanned Aircraft: Experimentation in Urban Environment. Drones 2020, 4, 22. [CrossRef]

LiteVNA, Portable Vector Network Analyzer (VNA). Available online: https://www.zeenko.tech/litevna (accessed on
1 February 2026).

Kandregula, V.R,; Lazaridis, P1.; Zaharis, Z.D.; Ahmed, Q.Z.; Khan, FA.; Hafeez, M.; Chochliouros, L.P. Simulation Analysis
of a Wideband Antenna on a Drone. In Proceedings of the IEEE International Black Sea Conference on Communications and
Networking (BlackSeaCom), Sofia, Bulgaria, 6-9 June 2022; pp. 288-292.

Kandregula, V.R.; Lazaridis, PI.; Zaharis, Z.D.; Mihovska, A.; Ahmed, Q.Z.; Khan, F.A.; Hafeez, M.; Antonopoulos, C.S.
Optimization of a Printed Log-Periodic Antenna Position on a UAV. In Proceedings of the 11th International Conference on
Computation in Electromagnetics, Cannes, France, 11-14 April 2023.

Chao, H.-W,; Hsu, H.-C.; Chen, Y.-R.; Chang, T.-H. Characterizing the dielectric properties of carbon fiber at different processing
stages. Sci. Rep. 2021, 11, 17475. [CrossRef]

RF Explorer, Portable Signal Generator. Available online: http://j3.rf-explorer.com/40-rfe/article/124-rf-explorer-signal-
generator (accessed on 1 February 2026).

Wang, C.; Yuan, B.; Shi, W.; Mao, J. Low-Profile Broadband Plasma Antenna for Naval Communications in VHF and UHF Bands.
IEEE Trans. Antennas Propag. 2020, 68, 4271-4282. [CrossRef]

Paonessa, F.; Ciorba, L.; Righero, M.; Giordanengo, G.; Virone, G.; Vecchi, G. SDR-Enabled Near-Field Measurements with UAVs.
In Proceedings of the IEEE Conference on Antenna Measurements and Applications (CAMA), Genoa, Italy, 15-17 November
2023; pp. 159-160.

Signal Hound, Portable Spectrum Analyzer. Available online: https:/ /signalhound.com/applications/field-spectrum-analysis/
(accessed on 1 February 2026).

Kandregula, V.R.; Zaharis, Z.D.; Ahmed, Q.Z.; Khan, FA.; Hafeez, M.; Loh, T.H.; Chochliouros, I.P.; Lazaridis, P.I. Antenna
Measurements Using Portable Spectrum Analyzers. In Proceedings of the UNIfied Conference of DAMAS, IncoME and TEPEN
Conferences (UNIfied 2023); Springer Nature: Cham, Switzerland, 2024; pp. 433-442.

Spike, Signal Hound Spectrum Analysis Software. Available online: https:/ /signalhound.com/spike/ (accessed on 1 February 2026).
Svaev, S.E. Model Club for Electric and Gliders. Available online: https://modelflyveklubben.dk/ (accessed on 1 February 2026).
GLONASS, GLONASS Satellite Constellation. Available online: https:/ /gssc.esa.int/navipedia/index.php/GLONASS_Space_
Segment (accessed on 1 February 2026).

Nufiez, J.; Orgeira-Crespo, P.; Ulloa, C.; Garcia-Tufién, I. Analysis of the operating conditions for UAV-based on-board antenna
radiation pattern measurement systems. PLoS ONE 2021, 16, e0245004. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/s26072174


https://doi.org/10.3390/drones4020022
https://www.zeenko.tech/litevna
https://doi.org/10.1038/s41598-021-96949-6
http://j3.rf-explorer.com/40-rfe/article/124-rf-explorer-signal-generator
http://j3.rf-explorer.com/40-rfe/article/124-rf-explorer-signal-generator
https://doi.org/10.1109/TAP.2020.2972397
https://signalhound.com/applications/field-spectrum-analysis/
https://signalhound.com/spike/
https://modelflyveklubben.dk/
https://gssc.esa.int/navipedia/index.php/GLONASS_Space_Segment
https://gssc.esa.int/navipedia/index.php/GLONASS_Space_Segment
https://doi.org/10.1371/journal.pone.0245004
https://www.ncbi.nlm.nih.gov/pubmed/33534809
https://doi.org/10.3390/s26072174

	Introduction 
	Related Work 
	EM Performance of the PLPDA Mounted on UAV 
	Radiation Patterns of the PLPDA 
	Performance Analysis of PLPDA on the UAV 

	UAV-Based Antenna Measurements 
	Conclusions 
	References

