
An accurate, fast, and cost-effective technology.

Unmanned  
Aerial Vehicles  

for High-Frequency 
Measurements

Alan Salari and Danilo Erricolo

T he use of unmanned aerial vehicles (UAVs) for high-
frequency (HF) measurements is a cutting-edge 
technology that has recently attracted attention. The 
measurements of far and near fields of antennas, mobile 

network tests, direction finding, and locating the sources of 
interference as well as radio-frequency (RF) imaging are a few 
of the HF applications of UAVs. In this article, we discuss the 
advantages and capabilities of UAVs for HF measurements as 
well as some recent progress in the use of UAVs for related types 
of applications.

INTRODUCTION
UAVs, or drones, are used for different applications, from sur-
veillance, delivery, and search and rescue to smart farming, 
inspection, filming, streaming, and advanced imaging [1]–
[11]. They can also be controlled in groups to fulfill certain 
specialized missions [12], [13]. UAVs are very appealing due 
to their low-cost, high maneuverability, and most importantly, 
their ability to access hard-to-reach positions. Using UAVs 
has opened new avenues for more efficient data collection, 
enabling smarter decisions, optimized processes, and signifi-
cantly reduced amounts of time and money. Many industries 
use drones, but the three fastest-growing commercial sectors 
in 2018 were construction, mining, and agriculture with a 
239, 198, and 172% growth, respectively, in using UAVs [14]. 
Based on another report [15], the global drone market is 
expected grow from US$14 billion in 2018 to US$43 billion 
in 2024.

UAVs have recently been used for HF measurements 
such as mobile network testing, measurements of the far and 
near fields of antennas [16]–[19], direction finding, and RF 
imaging [20]. The main advantage of UAVs is their capabil-
ity to perform measurements in the actual environment 
where antennas are going to operate, thus providing insight 
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that cannot be obtained from lab measurements, which are 
typically focused on ideal, free-space scenarios. Their other 
advantages include access to appropriate measurement loca-
tions, high-resolution of the measured position, the use of 
simple hardware, reduced ground-reflection effects, and the 
potential to extract additional parameters. 

AIRBORNE ANTENNA MEASUREMENTS
UAVs are used to measure the radiation pattern of anten-
nas under real operating conditions, where the influence 
of environments, such as distortion due to a multipath or 
coupling to neighboring objects, can be considered. The 
measured radiation pattern can be utilized to detect faulty 
elements in an array or correct the tilt angle of an antenna 
and find null fills. Additionally, the measured data can be 
used in simulations or network planning to improve the 

performance of communication links. UAV-based measure-
ment techniques have many advantages over airborne mea-
surements with a helicopter and land-based measurements, 
such as a traditional drive test.

The concept of obtaining antenna measurements with a 
UAV is displayed in Figure 1. The UAV flies a preprogrammed 
path in azimuth and elevation planes around the antenna under 
test (AUT) and measures the radiated power at each measure-
ment point. The power measurements can be performed using 
either a power sensor or a software-defined radio, which also 
acts as a spectrum analyzer. Alternatively, the UAV can be 
equipped with a transmitter so that the AUT becomes the 
receiver [21], [22]. We briefly discuss these passive and active 
measurement methods in more detail. The advantages of using 
UAVs for antenna measurements are summarized in Table 1 
and are discussed in the next section.

TIME, EXPENSES, ENVIRONMENTAL EFFECTS,  
AND SAFETY OF PERSONNEL
In measurements with UAVs, no heavy and expensive equip-
ment, like the kinds used in drive tests, is needed, and the 
results are collected much faster. In addition, UAVs rely on 
green technology because they are powered by batteries 
and create no pollution. Another benefit of using UAVs is to 
improve  the safety of personnel. In fact, cellular antennas are 
mounted on towers that are typically 30 m to 60 m in height. 
UAVs can access these wireless transmitters easily, whereas 
human climbers cannot safely reach them. Moreover, UAVs 
can work around towers more safely and faster and provide 
more information than manual, land-based inspections. This 
makes it permissible for mobile operators to quickly address 
problematic areas to improve the performance of the network, 
which enhances the overall customer experience and satisfac-
tion with operators’ services.  

ACCESS TO APPROPRIATE MEASUREMENT POINTS
Compared to land-based measurements, access to appropri-
ate measurement points is much easier with UAVs. UAVs are 
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FIGURE 1. Antenna measurements obtained using UAVs. 
The UAV performs the measurements at preprogrammed 
waypoints. A real-time kinematic (RTK) system is used for 
high-precision positioning. The ground station establishes 
the communication link between the UAV and the control 
software. This setup has been used in [17] and [18] for 
antenna measurements. AUT: antenna under test.
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very suitable for measurements in 
densely populated regions where 
helicopters cannot fly, while land-
based measurements are limited to 
paths accessible by car.

The array of measurement 
points, called waypoints, can form 
different grids, such as spherical, 
cylindrical, and planar. The type 
of measurement and the AUT 
[23] determine which grid is more 
appropriate. Using preprogrammed 
waypoints makes it very easy to 
repeat the measurements at the 
same points.

RESOLUTION OF THE 
MEASURED POSITION
In practice, there is always a positioning error, defined as the 
difference between the position of each preprogrammed 
waypoint and the actual position of the drone. A high-preci-
sion positioning system is essential to minimizing this error. 
As the precision of a GPS is not sufficient for antenna mea-
surements, a real-time kinematic (RTK) system is employed 
to determine the horizontal position, i.e., the latitude 
and longitude of the UAV with centimeter-level accuracy 
[21]. As discussed in the “Near-Field Measurements” sec-
tion, the sampling rate for the amplitude-only near-field 
measurement is / .4m  The centimeter-level accuracy of 
approximately 1.5 cm allows for accurate measurements 
of antennas in the sub-6 GHz band. For the far-field mea-
surements, the centimeter-level error is negligible because 
the distance between the measurement points is several 
meters. For a more accurate positioning, a laser tracker 
system with millimeter-level accuracy can be used, which 
enables the measurement of antennas up to 40 GHz [17]. 
The positioning errors can lead to a discrepancy of roughly 
1 dB in the radiation pattern of the antenna [17]. A height 
sensor is necessary to find the vertical position of the UAV 
where an accurate positioning can be achieved using the 
laser altimeter. 

The ground station monitors and controls the operations. 
Moreover, the measured data are sent to the ground station 
and analyzed by software. The Industrial, Scientific, and 
Medical  frequency bands are used for communication with 
UAVs, where the telemetry link between the UAV and the 
ground station operates at 433 MHz and the link between 
the remote controller and the UAV operates at 2.4 GHz or 
5.8 GHz.

SIMPLE HARDWARE
UAV-based measurements can use simple hardware, such as 
power detectors, because UAVs may access arbitrarily con-
venient positions such that the signal they measure is stron-
ger because it is not blocked by obstacles or severely affected  
by multipath effects. This is not the case with measurements 

performed using ground vehicles, 
which require hardware with high-
er sensitivity.

REDUCED EFFECT OF  
GROUND REFLECTIONS
In general, when a transmitter 
and a receiver are in line of sight 
of each other, the direct wave 
from the transmitter, as well as 
the reflection from the ground, 
is measured by the receiver. This 
results in the fluctuation of the 
received power, which may be 
estimated with a two-ray model 
assuming a well-reflecting terrain, 
as qualitatively shown in Figure 2. 

The effect of ground reflections can be avoided or mini-
mized by using a UAV  as presented in Figure 3. As the 
UAV flies relatively close to the AUT, a reflection is usually 
not received by the UAV antenna; or, when ground reflec-
tions are present, they are significantly attenuated by the 
sidelobes of the UAV antenna. Assume that we aim to mea-
sure the sidelobe level of the AUT in Figure 3. For the land-
based measurement, both the direct wave from the sidelobe 
and the reflected wave from the main lobe are received on 
the ground. For the UAV-based measurement, the contribu-
tion due to the reflected wave from the main lobe is zero.

EXTRACTION OF PARAMETERS (TILT AND NULL FILL)
The tilt angle of a base station’s radiation pattern can signifi-
cantly affect coverage, as depicted in Figure 4. UAVs can easily 
measure the vertical radiation pattern of a base station antenna 
and therefore obtain the value of the tilt angle. Measurements 
of vertical patterns are hard, time consuming, and expensive 
using airborne measurements with a helicopter and are impos-
sible to achieve with land-based measurements. In addition, 
vertical radiation-pattern measurements obtained by UAVs 
allow for the acquisition of further information, such as the null 
fills of broadcast antennas.
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FIGURE 2. The effect of ground reflections on the received power.

UAVs are very suitable 
for measurements in 
densely populated 
regions where 
helicopters cannot 
fly, while land-based 
measurements are 
limited to paths 
accessible by car.
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FAR-FIELD MEASUREMENTS
The far field of an antenna begins from the distance 

/ ,R D2 2 m=  where D is the maximum linear dimension of the 
antenna and m  is the wavelength. To be well within the far field 
of an antenna, the distance from the antenna should be approxi-
mately 10 R because two more criteria ,R D R& & m^ h must 
be met to be in the far field. When performing far-field mea-
surements, one should be careful about the effects of ground 
reflections because the direct and reflected paths cannot always 
be angularly separated. In such a case, the measurements could 
either be corrected to account for them or avoided in favor of 
near-field measurements.

To obtain the vertical radiation pattern of the AUT in a 
plane at a specific azimuth angle, the UAV flies vertically 
along a straight line, as shown in Figure 5 [16]. The posi-
tion of the UAV as well as the corresponding measured 
value for the received power is recorded. The following 
first two corrections (and possibly the third) must be done 
in the postprocessing:
1)	 A correction must be made to account for the actual distance 

between the UAV and AUT, which changes with the position 

of the UAV because the trajectory is not on a spherical sur-
face centered at the AUT.

2)	 A correction must be made to account for the orientation of 
the probe antenna, especially when the antenna mounted 
on the UAV is directive, such as the one discussed in [16]. 
The orientation affects the gain because at some locations, 
the probe antenna may receive the signal from the sidelobe, 
while it may receive one from the main lobe at the other 
locations [22]. 

3)	 A correction due to the ground-reflection effect may also be 
necessary if the UAV flies far from the AUT.

The measurements of vertical antenna patterns are helpful to 
determine the optimal flying height for subsequent horizontal pat-
tern measurements. This height is most often the height at which 
the vertical radiation pattern is at its maximum. Moreover, the effect 
of UAV orientation must be considered [22] as the UAV can have a 
slight tilt due to limited accuracy of the navigation system as well as 
external disturbances such as wind. After the vertical flight, which 
determines the optimal height for horizontal pattern measurements, 
the UAV flies at that height on a circular path to measure the 
horizontal radiation pattern of the AUT, as shown in Figure 6.

FIGURE 4. A qualitative description of the effect of antenna 
tilt on the coverage. A tilted antenna shifts the covered area, 
which results in a lack of coverage for a large number of 
users. Note that the figure is not drawn to scale.
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FIGURE 5. A vertical flight used to obtain the vertical  
radiation pattern.
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FIGURE 3. The measurements obtained from UAVs are much less sensitive to ground reflections compared to land-based 
measurements. In particular, the UAV in this picture does not receive ground reflections emanating from the main beam  
of the antenna.
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The passive measurements can also be used for the in 
situ calibration of radars, where the conventional method is 
to use passive or active targets with a known radar cross sec-
tion (RCS). These targets are mounted on special supporting 
structures and cannot be easily moved along a desired direc-
tion, which limits the complete testability of the radar’s test 
range [24]. Moreover, the supporting structure itself affects 
the measurement results, and, most importantly, it is vulner-
able to ground reflections if the height of the target is not large 
enough [24]. These problems can be solved using airborne 
targets, where balloons or aircrafts are utilized; however, these 
are expensive, not flexible enough for all kinds of tests, and 
cannot be easily operated. UAVs are cost-effective, can access 
the appropriate measurement points easily, are much less 
vulnerable to ground reflections, and are flexible in terms of 
operation and scan strategy. Hence, UAVs can be used for radar 
calibrations with a mounted target with a known RCS, such as 
a corner reflector [24]–[27].

The UAV can also carry a transmitter and act as a far-field 
source where the UAV flies at a constant height above the 
AUT [28]–[30]. Different scan strategies, such as Cartesian, 
radial, and azimuthal 3D rasters, have been used to investi-
gate flight efficiency in terms of the covered area versus time 
[31]. Choosing the appropriate scan strategy will minimize 
the flight duration. Other parameters, such as sampling 
density, path loss, and flight accuracy, should be considered 
when choosing a certain scan strategy. 

This active measurement solution is appropriate to char-
acterize reflectors, arrays, and very high/ultrahigh frequen-
cy antennas under real operating conditions. This technique 
has been used to measure the performance of low-frequen-
cy arrays (LOFARs) used in radio astronomy, which operate 
at two frequency bands: from 10 MHz to 90 MHz or from 
120 MHz to 240 MHz [32], [33]. For example, in [31], the 
intrinsic cross-polarization parameter is measured to assess 
the polarimetric performance of the LOFAR. Another 
example is evaluating the effect of mutual coupling on the 
radiation pattern of elements for the LOFAR stations [33].

NEAR-FIELD MEASUREMENTS
Near-field measurements are performed to avoid the challeng-
es associated with far-field measurements; however, near-field 
measurements require more complicated postprocessing. The 
challenges of far-field measurements become more evident for 
large antennas, which have a larger far-field distance; at larger 
distances, the measurements are more vulnerable to ground 
reflections. In addition, several flights may be necessary for full 
pattern measurements because the flight path becomes much 
longer at large distances from the antenna. Another challenge 
associated with far-field measurements is that they may require 
flight over restricted areas, such as crowds of people, airports, 
or military bases, where the flight is either prohibited or needs 
special permission from appropriate authorities. However, mea-
surements at larger distances from the AUT have the advantage 
of being less sensitive to positioning errors, as the measurement 
points can have large separations.

For near-field measurements, an amplitude-only measure-
ment technique using a simple power sensor, which eliminates 
the need for a coherent receiver to measure the phase, has 
been developed [17], [34]–[36]. The phase information can 
be retrieved by performing measurements at two or more 
measurement planes, as displayed in Figure 1. For amplitude-
only measurements, the distances between the two neighbor-
ing measurement points on each plane must be smaller than 

,/4m  which is twice the Nyquist rate. In the case of amplitude 
and phase measurements, the sampling rate becomes /2m  
[35]. In the next step, the measurement data are used to find 
the equivalent current distribution on the antenna aperture 
where these equivalent currents radiate the same field as the 
AUT outside the reconstruction domain (the second-equiv-
alence principle). These currents are then used to transform 
the near-field information to far-field radiation pattern; this is 
called the phaseless source reconstruction method; compared 
to other methods such as indirect holographic techniques 
[17], it is very simple and inexpensive in terms of hardware. 
Figure 7 presents the current distribution on the apertures of 
an array of horn antennas using near-field measurements.
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FIGURE 6. A circular flight used to obtain the horizontal 
radiation pattern.
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FIGURE 7. An array of circular horn antennas with reconstructed 
currents at the aperture of the antenna. (a) Faulty element 
on the right and (b) faulty element in the middle: The current 
distribution of the two faulty elements can, e.g., be related to 
the problems in the feed of the antenna. 
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Choosing the appropriate probe antenna for near-field 
measurements is very important. One should avoid using 
highly directive antennas because orientation misalignments 
between the AUT and the probe, due to UAV attitude uncer-
tainties, are more prominent compared to an antenna with 
low directivity. In addition, probe correction needs to be done 
when using highly directive antennas; therefore, using low-
gain antennas, such as microstrip antennas, is more appropri-
ate for near-field measurements.

UAV PROBE ANTENNAS
Parameters such as weight, size, bandwidth, and polarization 
purity are also important when choosing a probe antenna for 
near- and far-field measurements. The antennas typically utilized 
for high-frequency measurements with UAVs are 1) dipoles used 
for measurements when the transmitter is mounted on the UAV; 
2) directional antennas such as 3D-printed, corrugated horn 
antennas used for the measurement of satellite communication 
systems; and 3) other directional antennas, such as Yagi and log 
periodic, used for direction finding. 

DIRECTION FINDING AND INTERFERENCE HUNTING
Direction-finding systems are employed to determine the 
direction of incoming electromagnetic waves. This tech-
nique is used in satellite communications and radar systems 
and for locating the source of interference, which is called 
interference hunting [37], [38]. UAVs help to greatly simplify 
direction-finding and interference-hunting procedures and 
thus save time and money.

Having a clean spectrum is essential for mobile networks 
because the interference decreases the network capacity. 
There is not a simple relationship between the network capac-
ity and interference, but an approximate criterion is that for a 
10 dB decrease in signal-to-interference-plus-noise ratio, 50% 
of the network capacity is lost [39]. Some of the more familiar 
effects of interference are poor voice quality, connection fail-
ures, and low throughput.

The interference can be categorized into two general 
types: in- and out-of-band interference. In-band interference is 
caused by an overlap in operating bandwidth of the transmit-
ter and the receiver. The out-of-band interference is caused 
by filtering imperfections in the transmitter and the receiver, 
which operate at different frequencies but are located close 
to each other. In this article, we focus on in-band interference 
because out-of-band interference is more a design issue.

The sources of in-band interference are very different in 
nature and can be categorized in terms of duration (inter-
mittent versus perpetual), bandwidth (narrow versus wide-
band), type of source (intentional versus nonintentional), and 
generating frequencies (harmonics and intermodulation). 
How severely the interference affects a communication link 
depends strongly on the environment and characteristics of 
the communication link.

The first step in interference hunting is to collect as much 
information about the interfering signal as possible because 
this information facilitates the identification of the source of 

interference. This can be done, for example, by analyzing the 
spectrum of the received signal or sometimes demodulating 
the signal at the receiver. In the next step, an omnidirectional 
antenna, together with a map and software, is used to scan 
an area, which enables the verification of the presence of 
the source of interference and its approximate location. This 
phase is called drive around for land-based measurements. 
After this, the exact location of the interferer is found using a 
directional antenna, such as Yagi or log periodic. This phase is 
called walk around in land-based measurements.

A Yagi antenna is more directional than a log periodic; 
however, its bandwidth of roughly 1 GHz is not large enough 
compared to a log-periodic antenna with a bandwidth from 
300 MHz to 7 GHz. A bandpass filter is also needed to filter 
the signals outside the range of interest for interference hunt-
ing. This is specially recommended for regions with high signal 
strength. Combining this with a real-time spectrum analyzer 
(RSA) can further accelerate the process because transients 
and cochannel interference signals can be detected relatively 
easily using an RSA.

Here we focus on interference in mobile networks and 
show how UAVs are useful for interference hunting. Electronic 
devices, illegal or faulty transmitters, harmonics, and the passive 
intermodulation caused, e.g., by the rusty bolt-effect, can poten-
tially create interference in mobile networks. Finding the source 
of interference can sometimes be extremely cumbersome and 
time consuming. This is where UAVs can become helpful and 
facilitate the process of interference hunting, as we see in the 
following examples.

The first example is about cochannel interference, which 
occurs because LTE networks typically communicate on the 
same channel; thus, the interference could happen due to sec-
tor-overlap issues. It is known that the number of detected cells 
increases as the height increases [19]; therefore, using a UAV 
could increase the chance of finding interferers.

Another scenario occurs when the source of interference 
is located on the roof of a building or inside an apartment in a 
large building, both of which are difficult to access [19]. Prop-
agation effects such as attenuation, reflection, and multipath 
make interference hunting more complicated. Getting away 
from the ground helps minimize these propagation effects, 
and this is exactly why interference hunters go to the roof of a 
building. Doing so, however, requires permission, which can 
take a long time and may not always be possible. This is where 
drones become extremely helpful as they can easily reach 
high altitudes, thus eliminating the need to access roofs.

Attenuation may be helpful when it weakens the interfer-
ence signal. In such a case, however, attenuation is not helpful 
for interference hunting because the received signal on the 
ground can become extremely weak and difficult to detect, 
while the base station antenna installed at a large height can 
easily receive the interference signal. Using drones can signifi-
cantly accelerate the process of interference hunting by flying 
to a location with a better reception from the interferer.

An example of the effect of reflections is shown in 
Figure 8, which emphasizes that the observers on the ground 
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receive the interfering signal along a 
direction that does not point to the 
location of the source of interference, 
due to the reflections. Therefore, it 
is advisable for land-based interfer-
ence hunting to maintain an adequate 
distance from the reflecting objects. 
Again, in this case, using a drone 
can facilitate the process of inter-
ference hunting, as drones are much 
less prone to reflections due to their 
large distance from the objects on 
the ground. Multipath effects are 
similar to reflections, the exception 
being that the signals seemingly 
come from many different places due 
to multiple reflections. 

MOBILE NETWORK TESTING
HF measurements and optimizations 
are necessary to improve the perfor-
mance of current mobile networks as 
well as the incoming 5G technology 
and future networks. 5G mobile com-
munications promote the development of innovative services 
and applications such as Industry 4.0, autonomous driving, 
the Internet of Things (IoT), and UAV services [40], [41]. 
As the quality of the link in 5G networks is critical for some 
applications, such as autonomous driving, it is of the high-
est importance to make sure that the communication links 
perform as expected. In this section, we discuss how UAVs 
can be used to measure LTE parameters and how the UAVs 
themselves are affected when they use LTE services.

The quality of service of mobile networks must be monitored 
regularly. One method utilized to do so is crowd sensing, which 
collects data using a huge number of sensors and analyzes these 
data to extract the various parameters of mobile communication 
networks. The most important parameters of the mobile net-
works are briefly discussed next. 

Each cell in an LTE network continuously sends a cell-specific 
reference signal (RS). The power received by the user equip-
ment (UE), which can be a cell phone, vehicle, or any other 
device, is called RS received power (RSRP). The typical values 
for RSRP lie between −140 dB and −50 dBm, where −50 dBm  
equates to an excellent reception. As the received power 
decreases, the reception becomes worse and the data speed 
reduces. Usually, below −110 dBm, the connection becomes 
very bad, and below −125 dBm there is likely no reception. The 
received signal strength indicator (RSSI) shows the sum of all 
the received powers, consisting of noise and the useful signal.

RS received quality (RSRQ), another parameter that mea-
sures reception quality, entails the effect of noise and is pro-
portional to the ratio of the RSRP to the RSSI; so RSRQ is 
somehow similar to the signal-to-noise ratio, i.e., the higher 
the RSRQ value, the better the reception quality. This means 
that if the RSRP is large but the RSRQ is low, there will be 

no good reception despite the large RSRP. The typical values 
of RSRQ lie between −20 dB and −3 dB. The values below  
−15 dB signify a very bad reception quality.

UAVs can be used to measure mobile network parameters 
for serving and neighboring cells. Some of these parameters 
are RSRP, RSRQ, RSSI, radio-link failure, throughput, laten-
cy, the number of detected cells, the distance to serving and 
neighboring cells, and physical cell identity allocation chang-
es. These data can be used for the characterization and opti-
mization of mobile networks. Most importantly, these data 
are necessary to assess network performance in the event 
that a network provides services for UAVs, such as delivery 
drones. Note that the UAVs are served by the sidelobes of 
the cell’s antennas, as depicted in Figure 9. Determining the 
quality of the link is essential for many drone services; there-
fore, the best way to verify the quality of a mobile network 
for drone services is to use UAVs themselves to test it.

“I’ve found it.

It’s there.”

“It’s in
the car.” “It’s in

the house.”

FIGURE 8. An illustration of interference hunting assuming that the interference 
source is the antenna on the balcony, which radiates toward the tower, the UAV, 
the shorter building, and the car. The energy radiated to the car is reflected toward 
the observer on the left and the energy radiated toward the shorter building is 
reflected to the observer on the right. The interfering signal appears to come from 
the car for the observer to the left or from the shorter building to the observer on the 
right. However, the UAV is much less prone to reflections and can easily locate the 
interference using its directional log-periodic antenna. 

Flight Path

FIGURE 9. For some services, such as deliveries, UAVs fly above the 
base stations. The communication link is maintained by sidelobes.
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Another important technology 
for industry as well as consumer 
applications is the IoT. The opti-
mal placement of base stations is 
essential for interference-free IoT 
mesh [42], where UAV-based mea-
surements of the mobile network 
parameters, such as the RSSI, can 
be used for the optimal deploy-
ment of base stations.

RF IMAGING
RF imaging has important advan-
tages compared to optical imaging, 
the most important of which are no dependence on daylight and 
significantly less dependence on the weather so that an area of 
interest can be monitored independent of cloud-cover condi-
tions and lighting. RF imaging techniques have been used to 
image buried objects, such as land mines or underground tun-
nels [43], [44].

For optical imaging, the light reflected from an object enters 
a camera or telescope. RF imaging works in a similar way by 
gathering electromagnetic waves scattered from the objects 
where the source of the scattered waves is an RF source, which 
is akin to the operation of a radar.

The resolution of an image using optical imaging 
depends on the wavelength and size of the aperture that 
collects the reflected waves. Smaller wavelengths result in 
higher resolution. These criteria also apply to RF imaging, 
i.e., smaller RF wavelengths result in higher resolution, and 
the size of the antenna’s aperture determines the resolution 
of the images. This means that for high-resolution images, 
antennas with large apertures are needed.

A technique known as syn-
thetic aperture radar (SAR) [45] 
allows for the acquisition of high-
resolution images with small 
antennas by enlarging the size of 
the antenna aperture syntheti-
cally. With this technique, the 
antenna is moved over the area of 
interest to collect waves scattered 
from different directions, which 
mimics a large aperture. UAVs are 
perfect for SAR imaging, where 
a monostatic radar module with 
relatively small antennas, such as 

log-periodic or helical, can be installed on the UAV to gather 
the scattered waves [46]–[50].

Then, SAR algorithms such as delay and sum and 
phase-shift migration can be used to analyze the collected 
data. The concept of RF imaging with a UAV is presented 
in Figure 10. Accurate positioning using an RTK system 
is also necessary for RF imaging with a UAV. Employing 
UAVs not only accelerates the surveillance and imag-
ing of an area; it also allows for higher resolutions using 
SAR algorithms.

The same concept of imaging using radars can be utilized 
for subsurface imaging. This technique uses ground-penetrat-
ing radar (GPR) where electromagnetic waves penetrate the 
surface and are scattered by a buried object. UAVs can also 
use GPR for the underground inspection of pipes, landmines 
[44], [51], and archaeological sites [52]. The main advantages 
of UAVs here are that large areas can be scanned relatively 
fast and that combining GPR with SAR enables high-resolu-
tion GPR images. 

STRUCTURE OF A UAV
In this section, we briefly discuss how 
a UAV flies and how it can be con-
trolled using the example of a quad-
copter. A quadcopter has four motors, 
and opposite motors have the same 
direction of rotation, whereas the adja-
cent motors have a different direction 
of rotation, as shown in Figure 11. 
This helps balance the torques exert-
ed upon the body of the quadcopter. 
The spinning propellers push the air 
downward, creating a thrust force that 
keeps the UAV aloft.

It is known from mechanics that 
the motion of a rigid body can be 
expressed as a combination of a trans-
lational motion (x, y, z) and a rota-
tional motion ({, i, }) around the roll, 
pitch, and yaw axes. This also applies 
to a UAV, as depicted in Figure 11 [53]. 
The Newton and Euler equations are 

Mobile RTK
Beacon

Transmit and
Receive Antennas

Ground RTK
Beacon

Ground StationBuried
Object

FIGURE 10. The same setup as in Figure 1 as well as a radar module and two antennas, 
which can be used for RF imaging, such as to identify buried objects.

Employing UAVs not 
only accelerates 
the surveillance and 
imaging of an area; it 
also allows for higher 
resolutions using  
SAR algorithms.
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used to describe the translational and rotational motions of the 
UAV, respectively. These equations result in a set of coupled 
partial differential equations, where analytical solutions can be 
obtained using small-angle approximations.

Each motor contributes to three motions, namely, hovering 
and the rotations around two axes. For example, motor 1 in Fig-
ure 12 is responsible for rotations around the y- and z-axes. As 
the UAV takes off vertically in hovering mode, all of the motors 
have the same speed. To generate motion around a certain axis, 
the speed of the motors should change (see Figure 12).

NAVIGATION SYSTEM
The motion of a UAV is a combination of translational and 
rotational motions. The information corresponding to these 
two motions can be obtained by using the appropriate sensors, 
as shown in Figure 13. The GPS and the barometer (pressure 
sensor) provide the position of the UAV. The GPS provides the 
latitudinal and longitudinal information corresponding to (x,y), 
and the barometer gives the height information matching z. 
Note that the GPS system may be vulnerable to a loss of signal 
due to a variety of reasons, such as a lack of satellite visibility and 
jamming or spoofing. 

The inertial measurement unit (IMU) sensor, which consists 
of a gyroscope and an accelerometer, delivers the angular or 

attitude information corresponding to the orientation of the 
UAV. More specifically, the three-axis gyroscope delivers the 
angular velocity, and the three-axis accelerometer delivers the 
acceleration, which helps to find Euler’s angles. The IMUs are 
based on microelectromechanical system technology—inexpen-
sive, light, and small components with low power consumption.

A magnetometer sensor (compass), which provides data on 
the yaw angle regardless of UAV orientation, can also be used; 
this helps to find the heading of the UAV. The combination of 
an IMU and magnetometer is called the attitude and heading 
reference system.  

Now assume that the UAV with a known current position at 
point A wants to fly to a desired final position at point B. The 
navigation system serves two main purposes when the UAV 
flies from A to B. First, it ensures that the quadcopter is stable 
in all of its rotational axes, i.e., it automatically levels the quad-
copter. Second, it tries to minimize the difference between the 
current position of the UAV and its final desired position.

Different algorithms, such as the Kalman filter, are 
used to fuse the information provided by the sensors and 
make decisions to control the UAV. Also, the traditional 
proportional-derivative and proportional-integral-derivative 
controllers work very well for many UAV applications.

The position of a UAV can be determined by either a remote 
controller (joystick) or a predefined path. For automatic mea-
surements (e.g., antenna), an autonomous UAV should be used 
because it can be preprogrammed to follow a predefined path, 
which makes the measurement process very easy.

LIMITATIONS
The limitations for using UAVs can be classified into two 
groups: regulatory and physical. Some examples of regulatory 
limitations are the maximum flight level (120 m in the Euro-
pean Union), weight (a 2.4 kg maximum payload for quadcop-
ters), UAV licenses and other considerations, and operation 
beyond the visual line of sight, which is only allowed with 
special permission from the appropriate authority. These regu-
lations are continuously updated to make them compatible 
with the needs of industry and for personal use. The physical 
limitations consist of flight time, operation in different types of 
weather, and the size of the UAV. The flight time is within 20 
to 30 min depending on the weight of the UAV, its speed, and 
other related factors. Tethered UAVs can also be used if much 
longer flight times are necessary, such as in the case of lengthy 
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as well as the directions of motor rotation in a quadcopter. 
{ is the rotation around the x-axis, i is rotation around 
the y-axis, and } is the rotation around the z-axis. CW: 
clockwise; CCW: counter-clockwise. 
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interference-hunting operations. The largest size of a quadcop-
ter is approximately 450 mm to 550 mm.

CONCLUSIONS
In this article, we reviewed the cutting-edge technology of 
HF measurements with UAVs. Using UAVs for measurements 
has several advantages compared to conventional land-based 
measurements and helicopters. The major benefits for com-
mercial wireless communications are improved accuracy, 
reduced cost, higher speeds, and the potential to perform 
measurements in the actual environment where base station 
antennas operate, thus allowing for various types of diagnos-
tics and the extraction of information that cannot be obtained 
from laboratory measurements. HF measurements may be 
used for radar-imaging applications, and it is possible that 
future applications will include more complex measurements 
that require the use of flocks of drones. Other HF measure-
ments that may benefit from UAVs are antenna measurements 
for applications different from cellular communications, 
such as antenna-pattern measurements for oceanographic 
radars [54], the detection of disaster victims [55], and specific 
absorption-ratio measurements for health concerns.
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