o

http://www.diva-portal.org

Postprint

This is the accepted version of a paper presented at IEEE Aerospace Conference (AeroConf),
Yellowstone Conference Center in Big Sky, Montana March 2-9, 2024.

Citation for the original published paper:

Spanghero, M., Geib, F., Panier, R., Papadimitratos, P. (2024)
Uncovering GNSS Interference with Aerial Mapping UAV

In: Uncovering GNSS Interference with Aerial Mapping UAV
https://doi.org/10.1109/AERO58975.2024.10521434

N.B. When citing this work, cite the original published paper.

Permanent link to this version:
http://urn.kb.se/resolve?urn=urn:nbn:se:kth:diva-346348



Uncovering GNSS Interference with Aerial Mapping
UAV

Marco Spanghero
Networked Systems Security Group
KTH Royal Institute of Technology

Stockholm, Sweden
marcosp@kth.se

Filip Geib
Wingtra AG
Zurich, Switzerland
filip.geib@wingtra.com

Ronny Panier
Wwingtra AG
Zirich, Switzerland
ronny.panier@wingtra.com

Panos Papadimitratos
Networked Systems Security Group
KTH Royal Institute of Technology

Stockholm, Sweden
papadim@Kkth.se

Abstract—Global Navigation Satellite System (GNSS) receivers
provide ubiquitous and precise position, navigation, and time
(PNT) to a wide gamut of civilian and tactical infrastructures
and devices. Due to the low GNSS received signal power, even
low-power radiofrequency interference (RFI) sources are a seri-
ous threat to the GNSS integrity and availability. Nonetheless,
RFI source localization is paramount yet hard, especially over
large areas. Methods based on multi-rotor unmanned aerial
vehicles (UAV) exist but are often limited by hovering time, and
require specific antenna and detectors. In comparison, fixed-
wing planes allow longer missions but are more complex to
operate and deploy. A vertical take-off and landing (VTOL)
UAV combines the positive aspects of both platforms: high
maneuverability, and long mission time and, jointly with highly
integrated control systems, simple operation and deployment.
Building upon the flexibility allowed by such a platform, we
propose a method that combines advanced flight dynamics with
high-performance consumer receivers to detect interference
over large areas, with minimal interaction with the operator.
The proposed system can detect multiple interference sources
and map their area of influence, gaining situational awareness
of poor GNSS quality or denied environments. Furthermore,
it can estimate the relative heading and position of the inter-
ference source within tens of meters. The proposed method
is validated with real-life measurements, successfully mapping
two interference-affected areas and exposing radio equipment
causing involuntary in-band interference.
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1. INTRODUCTION

Global Navigation Satellite Systems (GNSS) receivers are
integrated in a wide gamut of systems. Nevertheless, due to
the open signal specification allowing potential adversaries
to craft valid GNSS signals and the current lack of crypto-
graphic features, civilian GNSS receivers are susceptible to a

wide range of disturbances. Attackers can transmit signals
spanning from involuntary spurious emissions causing in-
band interference to advanced malicious manipulation tar-
geting the PNT solution [1IH3]. Among all attacks, jamming
is the simplest attack to mount, denying GNSS reception in
a large area with relatively simple equipment, and it is an
effective stepping stone for other attacks.

Given the low complexity required for a successful GNSS
jamming attack, recent events show that portable jammers
are not only available but also extremely effective [4-6]. Ex-
tensive risk analysis [7}[8] show that small handheld devices
can produce powerful and sustained interference blocking
the GNSS signal reception, and effectively impairing the
receiver. Because of the low SWaP (Size, weight, and Power)
portable jammers are easily concealed, making localization
of the interference source challenging, especially for multiple
transmitters in a large area. Although mitigation is possible
[9], the attacker can remain effective even if receiver-based
countermeasures are in place, with the only solution being
localization and physical removal of the interference source
(either for active disturbance devices or the byproduct of non-
compliant radio transmitters) Mapping of the affected area
is necessary to understand the extend of the disturbance and
localization of the transmitting device. Traditional interfer-
ence hunting techniques, relying on survey antennas, and
manual measurements done by ground operators are effective
in localizing interference sources. However, operations are
often restricted to small areas, rely on the ability and experi-
ence of the operator, and are generally suited for short-range
measurements [10}/11]. Mapping interference sources over a
large area is complex, costly, and time-consuming. Compared
to a ground vehicle or operator, a UAV allows one to explore
larger areas, and while the benefits of multi-rotor platforms
are clear, there are limitations to the flight time and efficiency
achievable. The recent development of consumer unmanned
aerial vehicles with vertical take-off and landing capability
(UAV-VTOL) paved the road to deploying improved flight
dynamics, combining the high efficiency of a plane with the
simplicity of deployment of a multi-rotor drone.

In this work, we explore exactly this: how to combine the
advanced maneuverability of a VTOL UAV with a consumer
GNSS receiver to perform radio frequency interference (RFI)
scans over large areas, allowing the UAV to establish GNSS
quality of service (QoS) zones, automatically. We show how
few scans at selected vantage points allow the UAV to ob-
tain full situational awareness over the interference-affected
area, pinpointing the location of the jammer and its area of
influence, with minimal operator intervention. Measurements



performed in a real-life scenario show that the detection of
multiple sources of interference is possible within 25 m from
the true position of the interference transmitter(s).

The rest of the paper is organized as follows: Section [2] dis-
cusses the current state of the art and the existing applications
of VTOLs in RFI mapping, Section [3] presents the type of
interference transmitter considered in the scope of this work,
Section [4 gives an overview of the method used to measure
and map interference, Section [5] described the setup used to
validate the method, Section[6]shows the achieved results and
performance and Section [7] discusses possible future work
and final conclusions.

2. RELATED WORK

Detection and classification of jammers and interference
sources using small, portable low-cost devices is possible
[12] but localization is often beyond the scope of single an-
tenna detection devices, lacking direction-finding capabilities
unless networks of cooperative agents provide measurements
for that purpose ([13H17]). On the other hand, participatory
schemes are subject to different vulnerabilities that are be-
yond the scope discussed in this work and need to rely on
dedicated security and privacy preserving systems [18][19].

Methods using fixed stations to monitor interference and geo-
locate its source(s) exist [20H23], but are limited to a fixed
area and cannot be deployed upon need, or easily moved to
a new area. Techniques that rely on direction finding exist,
leveraging multi-element antennas [24H27] and more specif-
ically Controlled Path Reception Antenna (CRPA) receivers
allow precise localization and elimination of the interference
source [28+30]. Nevertheless, such methods require spe-
cialized hardware and complex antenna systems and are not
suitable for consumer devices, or are unfeasible to install on
small aerial vehicles (due to size, power consumption, and
computational requirements).

More recent examples relying on space-based jammer de-
tection and geo-localization ([31}/32]) show very promising
results but require dedicated infrastructure and capabilities
that are even further beyond the scope of consumer-grade
interference surveying. Few examples of airborne jammer
detection and localization systems exist and rely on multi-
rotor vehicles [33}/34], limiting the range achievable at mis-
sion time. Improvements based on multi-element antenna
systems show that such a method is capable of precisely
localizing interference transmitters [35], but requires the use
of specialized receivers, antenna systems, and UAV plat-
forms. In comparison, the use of a VTOL plane instead
of a multi-rotor drone allows for longer reach due to the
efficient flight dynamics, at the cost of slightly diminished
localization accuracy, which proves to be a reasonable trade-
off. A major drawback is that VTOL planes are generally
bigger and more cumbersome to transport compared to multi-
rotor platforms. Nevertheless, multi-rotor configurations that
allow comparable flight time are similar in size if not bigger
than VTOL planes [36]. Moreover, fixed-wing planes are
often more complex to control for inexperienced operators
compared to multi-rotor ones; the complexity can be lowered
by employing sophisticated fly-by-wire controllers. Addi-
tionally, the approach considered in this work aims at re-
using the components within an existing UAV system and
exploiting advanced flight dynamics to perform localization
of the interference source. This is possible by using the
same GNSS receiver for navigation and RFI detection. The

approach presented in Section[4]can be leveraged by any UAV
with suitable flight dynamics, independently of the receiver
platform.

3. INTERFERENCE/JAMMING MODEL

Not all interference emissions are necessarily due to mali-
cious intent: several cases exist of spurious emissions from
low-quality or non-compliant devices. Although these de-
vices cannot be deemed adversarial, they still represent a sen-
sible threat to GNSS receivers and for this reason, are worth
considering within the scope of the interference model. As an
example, GPS L1 is susceptible to second-order harmonics
of transmitters operating in the 781 MHz - 794 MHz bands
(TV broadcast in North America) and third-order harmonics
in the 521 MHz - 530 MHz bands. Furthermore, according to
the most recent Frequency Orientation plan released by the
Swedish Post and Telecom Authority the range 1240 MHz
- 1300 MHz, corresponding to G2 (Glonass L2) and E6
(Galileo high accuracy services) is shared with radio amateur
operators who can operate license-free in this channel with
equivalent isotropic radiated power up to 200 W [37]. While
these allocations tend to be country- and regulation-specific,
meaning not every area is affected to the same extent, it is
clear how simple coexistence of radio standards can affect
GNSS robustness.

On the other hand, the voluntary transmission of interference
signals is an effective and cost-effective attack vector that
can be used as a stand-alone denial tool or to bootstrap more
complex scenarios. We consider a static (or slowly moving)
interference source that aims at producing enough distur-
bance in the radio channel to lower the legitimate carrier-
to-noise ratio (C/Ng). The attacker is capable of producing
an arbitrary type of interference: modulated (mimicking
legitimate satellite PRN) or unmodulated (flat band noise or
chirp) interference with varying duty cycles and power. The
former is common for small portable devices with power
limited to a few 100mW up to 1W, which are readily available
to the general public and for this reason, are the most likely
to be found in the field. Additionally, the attacker could
employ one or multiple transmitters at different locations
possibly cooperating to maximize the effectiveness of the
jamming signal. Normally, such an attacker does not adopt
any specific strategy to impair the GNSS receiver but pattern-
based jammers (interrupting the signal at a specific time,
[38]) have been successful in disrupting GNSS signal quality.
Nevertheless, this requires additional logic often absent in
low-tier transmitter devices.

4. METHODOLOGY

For long-range wide-area scans as the ones presented in
this work, the use of a VTOL platform is preferable. Two
operational modes, combining the advantages of each afore-
mentioned UAV platform, are defined: cruise flight mode and
hover mode, shown in Fig. [l In cruise mode, the UAV flies
in the assigned space, completing the configured mission:
this extends the range of the operations compared to a multi-
rotor system, allowing the UAV to cover larger areas during
a single mission. In hover mode, the UAV maintains its
position, flying vertically, like a multi-rotor platform: this
allows the operator to perform on-the-spot operations like
pointing the survey antenna to a specific heading.

Intuitively the method is as follows: the UAV surveys the



RF spectrum at different pre-determined locations, scanning
the interference level at each antenna heading, here called
"horizon scanning”. The collected measurements are fused in
a global view that combines the information of the individual
scans in an overlay map, highlighting simultaneously the
extent of the interference-affected area and the likely position
of the interference transmitter, without the UAV entering the
interference-affected area.

Figure 1. Transition between different flight modes.

Antenna compensation - Scanning for interference uses the
same advanced GNSS receiver normally used for cruise mode
navigation. During scanning operations, the GNSS receiving
antenna’s major axis is parallel to the ground, allowing for
geometry-based selectivity in addition to the antenna recep-
tion pattern. To isolate the specific heading the interfer-
ence is transmitted from, antenna directivity is important.
Notably, the antenna directivity is not guaranteed to be the
same over the various frequency bands of operation; it might
vary slightly, leading to varying localization performances
depending on the band. To ensure a flat gain profile and the
same directivity over the entire frequency range we apply a
sensitivity mask at the center frequency of each monitored
channel. This ensures the same directional sensitivity in
each band, at the cost of slight gain compression for those
bands whose antenna sensitivity is higher. Fig. [2] shows the
calculated gain masks. Based on the measured antenna direc-
tivity, the antenna radiation pattern (RP) is first normalized.
Then, a set of constraints is enforced (the radiation pattern
is symmetric, is maximum along the antenna major axis, and
decays to zero towards the backplane) to extract a model of
the antenna radiation patterns in a specific band, defined as a
symmetrized radiation pattern. Finally, the standard radiation
pattern (SRP) is obtained by fitting a Gaussian mixture model
to the symmetrized RP.

Mission planning - A flight mission includes several short
transitions from cruise to hover mode, providing scans from
different positions. The flight path is designed to suit a
specific mission and can potentially be updated to take into
account the results of the interference detection process. In
hover mode, the UAV cannot rely on its main GNSS receiver
for navigation, which is used to perform interference monitor-
ing. A secondary GNSS receiver and inertial navigation pro-
vide both localization and attitude. Notably, this requires the
UAV to operate outside the denied area: long-range sensing
is possible due to the high gain of the main scanning antenna,
allowing the UAV to detect potential denial of service early
on.

Relative power spectral density estimation - The system
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Figure 2. Receiver antenna radiation pattern at different
frequencies used to ensure consistent performance.

collects samples of the raw baseband spectrum and estimates
the power spectral density in each channel. The power
spectral density (PSD) estimation is obtained as Eq. (1),
where k is the N-point Discrete Fourier Transform (DFT)
bin number. The measured power density is recorded and
the measurement is performed for each sector based on the
UAV’s heading angle.

2
Jj2 fkn]

<

P(fk) = x[n]e

iy 2 M

x[n]e 12 &1

1
N

Z| -

n=0

Traditionally, systems relying on the power spectral density
to localize the source of interference require assumptions
on the power of the transmitter. Often such assumptions
are hard to satisfy, specifically when dealing with small
personal devices due to their variability and inconsistency.
Additionally, reliable power measurements require a power-
calibrated front-end [39] which is beyond the scope of what
is available in any GNSS receiver. To solve this issue, our
algorithm does not rely on the absolute power estimation of
the adversarial transmitter but leverages the UAV’s dynamics
to perform several scans in different positions and exploit
geometrical diversity in the measurements. Observations
from different locations create a synthetic view of the RFI
environment, relying on the relative power variation more
than the absolute received power.

Horizon scan - At each location, the UAV performs a com-
prehensive horizon scan using the main GNSS receiver. The
heading is incremented in steps equivalent to the antenna
directivity and the power density is measured at each heading.
An expectation density algorithm (shown in Algorithm

is used to extract the power density expectation at eac
antenna heading and considers the following inputs: radiation
heatmap HM as heading-referenced power spectrum estima-
tion, location and heading of the UAV P at the scan position,



and radiation pattern SRP. For each coordinate [x; y] within
the heatmap HM (Line 2) the spectral density is decomposed
in the angular components (Line 3), and corrected according
to the SRP at the survey band (Line 4). This information is
extracted at each survey site.

Algorithm 1: Fusion of expectation density.
Data: HM, P = (x%;y"% ), SRP

Result: HM

1 HM 0

2 for[x;y] DfHMgdo

3 0 arctan(x x%y y")
4 HM(x;y) SRP( )

5 end

Combination of scans - The intersection of the expectation
densities that shows the highest anomalous power distribution
is the area where the interference transmitter is most likely
to be located. Practically the process consists of directly
projecting the heading-referenced power measurements in
the 2-D plane and by accumulation of the power density in
each radiation pattern, forming a complete map. The areas
with the highest accumulated power are the ones where the
transmitter is located. Additionally, the accumulation values
can be used to trace the influence area of the transmitter. The
final map H Mg s is fused by stacking together all heatmaps
produced by the expectation density algorithm (shown in Al-
gorithm[I)) for all executed scans. This approach is presented
in Algorithm 2, which additionally to Algorithm [1] considers
the set of various locations and headings of the UAV (P =
[P1;::;PN]) at all available N scan positions, defined by
the mission. The intermediary heatmaps are accumulated
(Line 5) and the final map is then created by normalizing
the integrated heatmap by the number of available scans
(Line 8). Additionally, a threshold function is applied (nhot
shown In Algorithm [2), to suppress the noise caused by the
integration, highlighting the areas where the jammer has the
higher likelihood of being located and its coverage zone.

Algorithm 2: Fusion of multiple expectation densities.

Data: HM , P = [Py;:::;Pn], SRP
Result: HMgyse

1HM 0

2 fori=0to N do

3 for[x;y] DfHMgdo

4 ¢ arctan(x xLy yY)
5 HM(x;y) HM(Xy)+SRP( )
6 end

7 end

s HMfuse HM=N

The method was tested in simulation first and an example re-
sultant localization map is shown in Fig.[3] where one jammer
is simulated and surveys are performed from four locations.
The likelihood of the position estimation is maximum around
the position of the jammer. Notably, no threshold function is
applied in this case, causing an elevated noise floor over the
entire simulation area.
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Figure 3. Simulation of one jammer and localization from
geometrically advantageous positions.

5. EXPERIMENTAL SETUP

The VTOL UAV used in this work is the WingtraOne GenllI
(Fig.[4), conventionally employed for precision land surveys
and large-scale photogrammetry. The UAV has full VTOL
capability and it is remotely controlled by an operator on
the ground or it can fly autonomous survey missions. The
payload bay hosts a survey-grade GNSS receiver and a high-
resolution camera used in land surveys. For the purpose of
this work, the camera is removed from the payload bay, to
lighten the overall structure and improve flight time. The
navigation and survey receiver are mounted together with the
onboard computer inside the fuselage. The main antenna is
mounted on the top of the UAV. Navigation in hover mode is
provided by a forward-mounted GNSS receiver. The GNSS
receiver used for navigation during conventional flight and
for interference survey purposes is the Septentrio Mosaic X5
multi-band precision GNSS receiver [40]. During hovering,
an additional U-Blox M9N is used to maintain position, along
with the UAV’s proprietary dead reckoning engine. The
antenna used to perform the RF scanning is a Harxon HX-
CH7018A [41]. The GNSS navigation and survey antenna
is located on the top of the fuselage and is mounted at a
7 negative angle corresponding to the angle of attack (i.e.,
the angle between the incoming air and the reference line
of the wing) of the UAV in cruise mode. This allows for
tilt compensation in navigation mode and better sensitivity
towards ground-located interference sources when in survey
mode.

To perform the tests, we identify two areas of 1km? and

6km?. The selected areas are shown in Figs. [5|and [6] Test
Area 1 (Fig. B) is a rural environment, while Test Area 2
(Fig.[6) is a city environment rich in potential RFI transmitters
such as long-range broadcast towers. The mission in each
location is performed according to the ”Scan 1”, ”Scan 2,”
etc., pattern shown, with a different number of scanning
sites. Specifically, the mission conducted at Test Area 2 is
performed near a television broadcast tower, whose location
is known. The two test areas are chosen to highlight the
different capabilities of the presented method. Test Area 1
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Figure 4. WingtraOne Genll VTOL survey UAV exploded
view [42].

(Fig. [B) allows to freely fly around and near the interference
transmitters. Test Area 2 (Fig. [6) allows to test the detection
capability at long range and without the possibility of obtain-
ing vantage points all around the potential transmitter: this
site shows how even in scenarios of constrained maneuver-
ability the system is still effective.

Due to regulatory and ethical constraints, it is not possible
to deploy a real GNSS jammer but we show the feasibility
and capabilities of the presented method by looking at inter-
ference produced by harmonic byproducts of commercially
available radio transmitters (legal to operate in the country the
tests are performed) and other interference sources available
in the environment.

Figure 5. Test Area 1: rural environment.

The flight data and the output of the sensing GNSS receiver
are recorded on the UAV control computer and analyzed
post-flight. The post-processing of the data is divided into
four parts: extraction of the navigation route and mission
execution from the onboard computer; extraction of the post-
processing kinematics (PPK); interference map extraction at

Scan 1
X
Scan 2
X
TV tower
[ J

Scan 3
X

- - - - -
500 m
2000 ft

Figure 6. Test Area 2: city environment.

each survey location, and fusion of survey and navigation
data. Although data could be analyzed in real-time onboard
the UAV, due to constraints in the available computational
power, this is left for future work.

6. RESULTS

Following Eq. (I), PSDs at each location are collected during
testing, of which an example from Test Area 1 is shown in
Fig. [7} in two selected heading angles. Four interference
sources are visible, indicated by markers. A separate anal-
ysis conducted internally at Wingtra shows that interference
occurring at markers C and D in Fig. [7]is caused by internal
components of the UAV and is not relevant to the work
presented here.

Target A I nternal RF interference
Target B I External RF interference

Signal power [dBm]

S R R =S O

i E
1555 1560 1565 1570 1575 1580 1585 1590

Frequency [MHz]

Figure 7. PSD diagram showing a capture obtained in two
specific targets.

On the other hand, peaks at markers A and B are caused by
external transmitters. The survey mission executed in Test



Area 1 highlighted the presence of two interference transmit-
ters located in the zones marked as Jammer 1 and Jammer 2 in
Fig.[Bl Further analysis of the PSD measurements shows that
the center frequency of such transmitters is within harmonics
multiples of the frequency allocation band for radio amateur
operations. This shows the power of the presented method:
although the transmitters are not directly jamming the specific
GNSS frequency channel, the highlighted areas could still be
affected by reduced QoS for GNSS services. Best fit ellipses
of the two detected interference transmitters are provided in
Table [I] and Fig. [8] showing both the extent of the affected
area and the orientation of the transmitter antenna (in case of
a directional transmitter).
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Figure 8. Test area A: two independent interference
transmitters.

Similarly, another source of interference was detected in Test
Area 2, where a TV broadcast tower was identified as a likely
source of in-band spurious emissions as shown in Fig.
Leaky TV amplifiers are known to cause disturbances in
adjacent bands due to possibly poor harmonics rejection. The
scan performed from three survey locations highlights the
position of the interference. It is important to notice how
in this case the mission geometry is relevant. Compared to
Test Area 1, the UAV mission was flown with a less favorable
distribution of survey points, leading to a degenerate error
ellipsis around the transmitter as shown in and Fig.[8] This
is due to all the survey locations being on the same side of
the transmitter. Best fit results are unbounded due to the
poor geometry, although an elliptical best fit still provides
information regarding the extent of the affected area and
possibly the orientation of the transmitter (Table[2).

Several missions flown in different weather conditions show
that results are critically dependent on the crosswind at the
location of the survey. In good weather conditions, with
crosswinds below 3 m=s, the INS-aided GNSS position hold-
ing shows an average 0:05m position holding error with a
standard deviation of 0:142 m, with accurate antenna heading
positioning as shown in Fig. For each transition time
(Ti) corresponding to a specific heading angle, as shown in
Fig. 11} the position accuracy and heading of the survey an-
tenna are shown in Fig.[I0] The position used to reference the
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Figure 9. Test area B: spurious interference source likely
due to TV tower transmissions.

individual spectrum measurement is obtained as an average
of the positions at each heading and. Progressive degradation
was observed for higher wind speeds, especially when the
wind direction is normal to the UAV’s plane, which is the
major limitation of the VTOL system. This is shown in the
error ellipsis in Fig. which grows larger in the direction
the wind is pushing the UAV.
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Figure 10. Position holding accuracy during survey
measurements (INS+GNSS aiding).

Measurement uncertainties and operation in a GNSS de-
nied area - The errors analyzed in Tables [I|and [2] are not to
be traced to the position holding in hover mode, which shows
decimeter-level accuracy. On the other hand, the most likely
source of uncertainty in the system comes from the shape of
the antenna pattern. Given that the antenna is used in cruise
mode to provide precise positioning, it is not advisable to use
an antenna with a narrower radiation pattern which would be
beneficial for the interference mapping task, given that this
would lead to a reduced localization accuracy. On the other
hand, a wider radiation pattern allows for faster measuring of
the interference in hover mode, extending the duration of the
mission. Further tests and experiments to optimize the trade-
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Figure 11. Antenna heading change at a given scan position
(absolute heading to true north).

| [ Best Fit A | Best Fit B |
Long Axis 147:94m 149:00 m
Short Axis 97:05m 106:05m
Heading on 9:40 3:86
Local northing
Local Easting 209:30 m 223:21m
Local Northing 61:08 m 99:41m

Table 1. Summary of the best fit: localization and extent
of the affected zones in Test Area 1.

off are ongoing.

The algorithm simultaneously maps the extent of the affected
area and estimates the location of the adversarial transmitter.
This allows for early detection and estimation of the extent
of the denied area. With this knowledge, the UAV can
avoid the interference area: by navigating at the edge of the
interference-affected area, future work will focus on updating
the mission path to simultaneously complete the designed
mission and avoid the interference areas, as a preemptive
awareness tool. While it is possible, for short periods, for
the UAV to rely on the inertial navigation system to reliably
fly, this should only be used to quickly evade a GNSS-denied
area. In particular, the case in which the start of operation
is within the jammed area is beyond the current scope of
the work and can be solved by applying pre-flight detection
methods which are beyond the scope of this work.

Notably, the system measures the amount of in-band inter-
ference for each relevant GNSS frequency channel, without
considering the interference’s actual effect on the GNSS
signal. Nevertheless, it is important to stress that the method
presented here is to be used preemptively: for safety and
robustness reasons, the VTOL should avoid operating within
jammed areas. The high sensitivity of the antenna combined
with the methods presented in this work should provide
sufficient awareness of the RFI situation so that the mission
path can be modified accordingly to avoid problematic areas.

While the presented method is capable of detecting multi-

Long Axis unbound
Short Axis 480:21m
Heading on Local northing 12:78

Local Easting (Focus) 1150:70 m
Local Northing (Focus) 114:78 m

Table 2. Summary of the best fit: localization and extent
of the affected zones in Test Area 2.

ple interference sources, transmitters that are close to each
other might lead to a degenerate localization where two RFI
sources are marked as one. Similarly, in case the interference
source is located close to the survey points the resolution is
limited by the "field of view” of the antenna, with power
detected at multiple headings. While the former might not be
an issue, as it would simply lead to a larger area of possible
interference, the second issue directly limits the localization
accuracy.

The detection of a multiplicity of possibly colluding sources
represents a difficult problem, more so in a complex multipath
environment, where reflections might trigger the detection
of mirror transmitters (e.g., the localization of the reflected
source rather than the actual transmitter). While further
investigation is necessary, a possible solution is to increase
the number of survey locations to avoid echoes. Notably, all
scans are performed by disabling the receiver’s Automatic
Gain Control (AGC). This approach proved to be beneficial
to avoid gain compression due to the receiver avoiding sat-
uration of the front-end. While this is important to ensure
optimal sensitivity, it is also undesirable for sensing purposes.
While the presented work does not rely on absolute power
measurements, the relative signal strength of the interference
sources is important to extract the expectation density map.

7. CONCLUSIONS AND FUTURE WORK

This work presented a novel approach to long-range RFI
survey missions, leveraging optimized flight dynamics us-
ing VTOL planes. The presented interference localiza-
tion method based on scans from distributed vantage points
proved capable of isolating multiple RFI transmitters on the
ground and spurious emitters located above the ground (given
the transmitter of the TV tower antenna is located about 20 m
above the base of the antenna mast), which are possibly
even more effective in disrupting GNSS signals reception.
Leveraging the internal GNSS receiver used for navigation
in cruise flight mode avoids deploying additional hardware,
relying on the available GNSS receiver front-end for relative
power measurements. On the other hand, operations in hov-
ering mode are highly power-consuming, somewhat limiting
the number of scans that can be performed during a single
mission. Nevertheless, the optimal cruise mode allows for
a larger operational area and significantly better geometrical
dispersion of the survey points, allowing the flight planner to
select fewer, more convenient points for scanning.

Results under real-world jamming conditions and devices and
will be presented in a follow-up, based on data collected at
Jammertest 2023 (which includes actual jammers) to evaluate
the robustness of the presented platform to detect and isolate
commonly used PPD equipment. Additionally, extensions
toward classification of the interference source and estimation



of the impact on the GNSS receiver QoS are in develop-
ment. Remote sensing capabilities are important to modify
in real-time the flight mission to avoid GNSS-denied areas
overall improving the robustness and safety of the system,
which is specifically relevant for unmanned aerial platforms.
Combined with on-board processing of the measurements,
this approach would provide full situational awareness to the
control system to avoid GNSS-denied areas while being able
to complete the required task.
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