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Abstract: This paper addresses the critical issue of unwanted interference in airborne GNSS
receivers, crucial for navigational safety. Previous studies often simplified the problem,
but this work offers a comprehensive approach, considering factors like Earth’s reflective
properties, 3D calculations, and distinct radiation patterns. It introduces Spatial Interfer-
ence Distribution Expression Heat-map and Operation Efficacy Plot graphs to visualize
interference distribution along flight paths. The results highlight the significance of phys-
ical configuration and distance from interference sources on receiver performance. The
algorithm developed can assess interference effects on GNSS receivers and aid in selecting
optimal flight paths for minimal interference. This research enhances understanding and
management of unintentional interference in airborne navigation systems.

Keywords: GNSS; navigation; interference; spoofing; aircraft; antenna; radiation pattern;
mathematical modeling; simulation; receiver

1. Introduction

Navigation has been integral to human existence, evolving from natural landmarks
to celestial bodies for orientation, and the quest for precision led to the development of
Global Navigation Satellite Systems (GNSSs) deployed by various nations that offer un-
paralleled precision, all-weather functionality, and global coverage, catering to diverse
applications [1-3]. GNSS constellations, comprising satellites, have become indispensable
for navigation across the globe, marking a significant milestone in human navigation
history [4-10]. Global navigation systems face vulnerability to unintentional interference
from various sources, ranging from homemade Ham Radios to powerful airport radars
emitting harmonics. Despite International Telecommunication Union guidelines, uninten-
tional interference persists, and it is an important source of threat to the reliability and
availability of GNSS services. Previous studies lacked consideration for terrain and Source
height, operating only in a 2D space. This paper presents a comprehensive mathematical
model, addressing these limitations and incorporating best- and worst-case scenarios to
assess the impact of unintentional interference on airborne GNSS receivers [11-14]. After
reviewing relevant studies, this paper outlines the necessary assumptions in Section 3.
Previous mathematical models are then refined to construct an appropriate algorithm in
Section 4. Section 5 delineates the algorithm’s structure and interprets simulation outcomes.
Operational concepts are discussed in the subsequent section utilizing Spatial Interference
Distribution Expression Heat-map (SPIDEH) and operation efficacy plot (OEP) graphs. The
paper concludes with profound insights into the problem and its outcomes.
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2. Previous Works and Methods

Two relatively recent papers discuss the issue of GNSS assumptions parametrically,
revealing a progressive understanding of the problem [13,14]. These studies have focused
on the calculation of the received power, or P, at a GNSS receiver’s antenna as a means to
estimate its performance. To calculate the Py, the calculation of h(x), as the flight profile,
and of g(), as the radiation pattern of a GNSS receiver’s antenna, is required. The altitude
of the Source of unintentional interference, or hry, should also be considered. The final Py
has been reported as

2
r 8(0)
(4rcf)? 22+ (h(x) = hrx)?
where f is the frequency in hertz, c is the speed of light in the SI system, and P; is the power

Pr(x) = )

of the transmitted signal [13]. This formulation considers the perspective effect of power
distribution in a 2D environment. Four important assumptions are hidden in (1), and are
summarized below: As the Path Gain Factor is missing in (1), the Earth has been assumed
as ideally absorptive. As far as we know, the surface of the Earth shows both reflective
and refractive properties [15,16], especially when the transmitter’s or the receiver’s altitude
is small with respect to the altitude of the other. The reflection from the surface of the
Earth causes the fading effect, called multipath fading [17]. The basic formulation of the
Path Gain Factor can be found in almost any “antenna” and “propagation” textbook, such
as [18]. To reduce the complexity of the calculations and to provide a better understanding
of the underlying method of analysis, many works have modeled the airborne GNSS
receiver’s flight profile in 2-dimensions [13,14]. While this assumption is true and general
enough to perform mathematical modeling of the problem, it introduces some inherent
limitations in using the model and its results, which will be discussed in Section 3. One
of these limitations is the inability of the model to deal with real-world flight routes. To
use this model, a real flight profile must be projected into two dimensions, which requires
considerable computational effort. One of the direct consequences of the 2-dimensional
flight profile assumption described above is the assumed 2-dimensional radiation pattern of
the airborne GNSS antenna. The g(6) value in (1) shows this, where 6 is the Angle of Arrival
(Ao0A) of the received signal. Even though the real antenna’s radiation characteristics are
expressed with E-plane and H-plane radiation patterns, earlier studies use one of these
patterns without explaining how to choose an appropriate pattern [13,14].

3. Justification of Assumptions

In real-world scenarios, the selection of a flying object’s flight profile in three dimen-
sions is constrained by practical considerations and the capabilities of the flying system
itself. Passenger aircraft typically maintain a flat trajectory for safety and mission require-
ments, whereas quadcopters exhibit greater agility, enabling sharp turns and rapid altitude
changes. Previous studies have addressed this by focusing on sample flight profiles, such
as the OH and DH profiles, which are particularly relevant for modeling the landing phase
of quadcopters due to their vertical takeoff and landing capabilities [14]. To simplify the
problem, it is assumed that the flying vehicle cannot rotate along its longitudinal axis. In
other words, during a flight, the top of the flying vehicle is always “up”. This assumption,
which can be traced in quadcopter-like flying vehicles, guarantees the orientation of the
airborne GNSS antenna’s axis of radiation pattern with respect to the flight profile at any
single point. Obviously, the propagation medium for this study is the Earth’s atmosphere,
from a few meters to a few tens of kilometers above the surface. But, as far as we know,
this medium is not homogenous. Various types of clouds, dust, changes in air pressure
in different regions, and changes in air density at various altitudes are time-dependent
parameters and are impossible to model generally. While their effect can be modeled in Link
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Budget calculations as attenuations [19], the first Best-Case Condition (BCC) assumption
can be described as follows: the atmosphere is assumed to be clear and homogenous at any
point and altitude.

With its more than 6000 km radius, the Earth appears to be almost flat and without
curvature for a few tens of kilometers, especially when the selected flight profile is just
higher than a few hundred meters for 98% of the flight time. The second BCC assumption
is, therefore, to consider the Earth as flat, theoretically. This flatness means that the surface
is not curved; there are no mountains, hills, valleys, etc.; and the Source is always in the
line of sight of the airborne GNSS receiver. The surface of the Earth is also considered to be
completely reflective. Such a surface causes severe multipath fading effects. The effect of
this assumption is studied in this paper, and thus it is not categorized as a BCC or a Worst-
Case Condition (WCC). To reduce the complexity of this study, some propagation-related
effects are neglected [20].

In real-world applications, the Interference Signal can be defined as any radio fre-
quency signal that changes the noise level of the receiver. A Source can also use various
types of antennas, ranging from omni-directional to static or rotating directional antennas.
This wide range of possible changes introduces complexity; to eliminate this unwanted
and unnecessary complexity, an isotropic antenna pattern has been assumed as a BCC
assumption. For any particular application, the actual radiation pattern of the Source can
be replaced in the formulation. Modeling in three dimensions makes it possible to move a
Source around and to locate it arbitrarily, as well as to select its altitude. These considera-
tions are almost in compliance with what occurs in reality. A Source can be carried by cars
(i-e., police cars), mounted on static helium-filled balloons (i.e., airborne communication
nodes [21,22]), or placed at required altitudes using towers. The location and altitude of
transmitters are, therefore, assumed to be selected arbitrarily.

Radiation Pattern of the Airborne GNSS Receiver’s Antenna

The radiation pattern of the GNSS receiver’s antenna can also be chosen arbitrarily.
This uncertainty shows the necessity of solving the problem in its general form, which
implies that the final algorithm should be able to accept any E-plane and H-plane radiation
patterns with the desired resolution. The radiation patterns of antennas can be calculated
using formulas found in textbooks [23] or using numerical calculations. However, both
these calculations assume the antenna is in Free Space. In real-world applications, the
antenna is always near “something”, i.e., the Earth, its mounting structure, a radome or
cover, etc. These parasitic bodies change the calculated radiation patterns of antennas [18].
In the case evaluated here, the antenna is mounted inside an airframe, and so the airframe
deforms the radiation patterns. The general approach of this paper to accept the E- and H-
plane radiation patterns arbitrarily helps the model to be useful in real-world applications.
However, due to the lack of information about real GNSS antennas, an algorithm to generate
arbitrary radiation patterns has been developed and will be introduced in Section 4.2.

4. Mathematical Modeling
4.1. The 3-Dimensional Flight Profile

To produce a more comprehensive model of a 3-dimensional flight profile, a mathe-
matical model developed in [13] was used as a basis. The final model can describe almost
any arbitrary flight profile. The flight path altitude characteristics can be described as
defined in [13], as

z(x) = h(x) = (1 — eix/c"”) (CCA + Cpa sin (eicm/cpp)) (2)
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gxz(w) = ‘

gxy(B)

sin(CxzMLFZ®)

In which Cpp, Cca, Cyma, and Cpr are defined as described in [13] and h(x) is an
analytical function at any arbitrary point of x. Given that h(x) defines the altitude of the
receiver, it can be associated with the z-axis of the 3D Cartesian coordination system. Let us
assume y(x) = f(x), in which f represents any analytical function of x. Also, as the location of
the landing site is considered to be located at (0, (0), z(0)) = (0, 0, 0), the selected function,
f, should satisfy f(0) = 0. In addition to the requirement of being analytical, f(x) should
represent the real flight profiles of flying vehicles and comply with their aerodynamic
capabilities and limitations. Figure 1 represents a sample flight. To simulate the landing
flight phase, four essential variables of i(x) were adjusted as described in Table 1.

uonISog Med g

X (Km)
5 10 15 20 25 30

X (Km)

5 10 15 20 25 30

Figure 1. (a). A sample flight profile with its projections in the XY and XZ planes. (b). The projection
of the same sample flight profile in two perpendicular planes.

Table 1. Parameters to set the Direct Landing (DL) scenario.

Scenario Cpr Cpp Cma Cca
XZ Plane Landing 1.06 5.25 50 50

4.2. Radiation Patterns of a GNSS Receiver’s Antenna

Earlier works have only modeled the radiation pattern in the XZ plane. To generalize
the study, the radiation patterns must be modeled in the XZ and XY planes as mathematical
models of E- and H-plane radiation patterns, respectively. The selected models are based
on what was used in [13], but with some modifications. These models are

Cxz,MLFZXEX7,Max

sin(Cxy,mrrzB)

[CXZ BLS (e—\cxz,srlx—cxz,SPﬂ\ + e—\sz,STﬂl-i-sz,sNT\) + Cxz MLSe_‘CXZ,ST“q ?3)

Cxy,MLFZBEXY,Max

{CXY BLS (E*\CXY/STﬁ*CXX,SPﬂ\ + €*|CXY,5T5+CXY,SP7T\> + Cxy MLSE*\CXY,STﬁ\] ()

In which Cypmrrz, Caprs, Cust, Casp, and g4 max are defined as detailed in [13], but
within their plane of projection (the # sign should be replaced with the XY or XZ terms).
To assure the comparability of the results with those of earlier works, gxy and gx7 are
modeled as described in [13], as listed in Table 2 and illustrated in Figure 2.

Table 2. The suggested values for variables of (3) and (4).

Main Lobe . . . Scale Scale
. Main Lobe Size Back Lobe Size . ..
First Zero Translation Position
Cxz,MLFzZ CxzMLs CxzBLs Cxz,st Cxz,sp
CxyMLFZ CxymLs CxvBrLs Cxysr Cxysp

0.708461 28.8462 67.3808 0.028845 2.65721
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Figure 2. The physical orientation of the GNSS receiver’s antenna and AoA.

4.3. Modeling the Angle of Arrival (AoA) and the Total Antenna Gain as a Function of the AoA

As assumed previously, the flying platform is assumed to be unable to rotate along its
longitudinal axis. On the other hand, its longitudinal axis is tangential to the flight profile.
Therefore, the mathematical derivation of the flight profile yields the values within which
the E-plane and H-plane radiation patterns of the onboard GNSS antenna should rotate.
As these radiation patterns correspond to the XZ and XY planes, it is sufficient to calculate
the slope with respect to just two out of the three axes. Hence,

0y = tan~! ( azy((xx)) > (&)

0, = tan~! (ZE(;;)) (6)

In addition, given that the Source can be located anywhere in the 3D space around the
landing site, it can be logically justified to assume it to be located at any desired altitude

(htx > 0). The line-of-sight (LoS) vector can then be translated from the landing site position
to the Source position. Thus,

)
VLUS = (menslated_LoSr YTranslated_LoS» ZTmnsluted_LoS)
This vector should be rotated in accordance with (5) and (6), yielding
XLoS COS(G) - Sin(e) 0 COS(G) 0 sin(G) XTranslated_LoS
Yros| = sin(@) COS(G) 0 x 0 1 0 X YTranslated_LoS (8)
ZL0S 0 0 1 - sin(O) 0 COS(G) ZTranslated_LoS

T _1(z T 1/ z
AoAyy = [2 — tan 1<yizi)] & AoA, = {z—tan 1(&22)} 9)
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In (9), the [..] operator represents the floor function. The corresponding gains in the
E- and H-planes are therefore gz,(A0A;,) and gzx(A0A;y), respectively. Finally, the final
antenna gain in the direction of the received signal can be calculated as follows:
. 2 1/,
(gzx(A0Azx) sin((AoAzx)) +
G(A0Azx, AoAzy) = | (82y(A0Asy) sin((AoAL)) >+ (10)
(g2 (A0ALy) cos((AoALy))?

4.4. Modeling the Path Gain Factor and the Link Budget

The reflection of electromagnetic energy is highly dependent on the frequency, the
incident angle, the material and physical composition of the surface, its roughness, etc. In
this study, the Earth is assumed to be completely reflective, and its reflectance is assumed
to be independent of frequency. As this assumption increases the effect of interference, it
can be considered to be a Best-Case Condition for the unintentional Source of interference.
Using this approach, the Path Gain Factor can be expressed as follows [18]:

Gpamn = 2|sin | 27t f\/poeohTx tan A (11)
22+ y(x)?
where the |..| operator returns the absolute value of its argument and o = 47t x 1077 (F/m)

and gy = 8.854 x 107!2 (H/m) are the electrical permittivity and magnetic permeability,
respectively, of the vacuum, and hry is the altitude of the Source. The link budget can be
calculated as follows:

Prx =P G G+G 201 _f 12
rx = Prx + Gpan + G + Grx +201logy, (47TCRL05> (12)

In which Pry is the ERP of the Signal transmitter, Gp,y, is the Path Gain Factor, Grx
is the antenna gain of the Source in the direction of the AoA assuming Grx = 0, G is the

receiver’s antenna gain in the direction of the AoA, and Pry is the received power, all
in dBW.

5. Basic Results

To study a simple case numerically, a DL scenario with y(x) = 0 was simulated by
the suggested algorithm. The essential parameters of this scenario, the flight profile and
the radiation pattern characteristics, are listed in Tables 1 and 2, respectively. Figure 3
represents the flight profile of the airborne GNSS receiver. An unintentional Source of
interference with an Effective Radiation Power (ERP) of 20 dBW and an isotropic antenna
operates at (10, 0, 0.025). The installation/operational height of this transmitter can be
selected arbitrarily, but the selected value is nominal for ground-based and mast-installed
antennas. The graphical representation of the physical orientation of the radiation pattern
of the GNSS antenna in the XZ-plane, the DoA and the AoA, are shown in Figure 3. If the
XZ-plane is associated with the antenna’s E-plane, then the H-plane representation would
be in the YZ-plane. In our case, as the dynamics of the flying platform requires the onboard
GNSS receiver to be able to perform direction-independent navigation, the E- and H-plane
radiation patterns were assumed to be identical, but they can be set arbitrarily or by using
the measured values of real antennas.
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A 3D Flight Profile

Figure 3. A graphical representation of the selected landing scenario in 3D.

While Figure 2 simplifies the 3D representation of AoA in two dimensions, it should
be noted that the DoA is a vector in a 3D space, and so it can be calculated directly from
its XZ and XY (E- and H-plane) components. The calculated AoAs can be associated with
their respective antenna gains in perpendicular planes. Also, to preserve the radiation
patterns” analytical aspect, any simulated radiation pattern must have identical E- and
H-plane maximum values at their extremum points, i.e., at the patterns” main lobe. In this
case, these maximum values for the E- and H-planes are set at 7 dBi. The calculated Prx is
shown in Figure 4. The Prx is higher when the flying platform is closer to the Source. The
fluctuation in the calculated Pry is due to the multipath fading effect, represented in the
sinusoidal terms of (11).

2(5) : - P, (10,0)=2425
2304
35
.40
45
.50
.55
.60

P, (dBW)

T T T T T T 1

0 5 10 15 20 25 30
Distance (Km)

Figure 4. The GNSS receivers received power from the Source for a landing scenario.
Angular Analysis and Optimized Flight Profile

While all of these mathematical modeling and computational efforts were performed to
calculate the Prx or the /SR along a flying platform’s flight path, the real-world applications
are somewhat different. There is an essential question that the flying platform operator
may ask: Is there an analytical approach to selecting a flight profile with “optimum” Prx
that will retain the navigational capabilities of the onboard GNSS receiver? To answer this
question, the flying vehicle operator must have some technical and tactical information
about the Source. To reach justifiable results and to not diminish the generality of the
study, it was assumed that this information is readily available, accessible, and valid. With
the above-mentioned assumptions and considering the location and height of the Source
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as constant, the flight profile can be rotated along the z-axis at any desired resolution,
called the Angular Resolution of the algorithm, and denoted as 0r. On the other hand, the
maximum distance for which the calculation will be performed is divided into sections,
denoted as Ax. For this case, it was assumed that Og = 0.1° and Ax = 10 m. If Orysation = HOR,
the Prx(mAx, Orotation) for various values of n (covering [0, 271)) and m (covering [0, 30 km])
were calculated and are illustrated in Figure 5. This plot shows useful and operation-
oriented information about the Prx and its angular dependency and is known as a Spatial
Interference Distribution Expression Heat-map (SPIDEH).

360 ' dBW
_ / -24.25
330 .
1 |
- ! -28.74
300 - .
1 [
270 : -33.24
J |
J |
240 - | -37.73
‘a ] |
g .
S 210+ , -42.23
=1 [
3 (180} &
< ________________________________
. ] \ -46.72
£150- | Ppy(20,180)=-64.84
o ] . 51.22
120 :
_ : --55.71
90 |
] Piy(10,0)=-24.25 | --60.21
|
|
; --64.70
|
|
——— ] —1-69.20
—J uw (—] w u, (4
v v N (o] [ag]

LoS Distance To Landing Site (Km)

Figure 5. The SPIDEH graph of a landing scenario. Prx(10, 0, 0.025), the maximum Prx(may) is at
10 km and 6gpsation = 0°.

While a SPIDEH may appear to be complicated, the concept is simple: any horizontal
line represents the Prx for the desired approach direction, and any vertical line relates to the
various possible Prx values at the desired distances. For example, Figures 6 and 7 represent
the Prx (x = 20 km, Oropation = [0, 27t]) and Prx (x = [0, 30 km], Orotation = 180°), respectively.
The horizontal axis of the SPIDEH graph, the x parameter, represents the line-of-sight
distance of the flying platform from the landing site, or LoS-DtLS. The exact location can
also be calculated. The SPIDEH graph shows two straight (dashed) lines. The intersection
of these two straight lines at (20 km, 180°) are also represented in Figures 6 and 7. The
maximum value of Pry in Figure 5, Prx (10), can be represented in the SEPIDEH graph
and is associated with Prx (10, 0°). This information implies that the curve of the receiver’s
power in Figure 4 is a row of data at Ogyarion = 0° in a SEPIDEH graph. This type of
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representation contains enough information to answer the question about selecting an
optimal flight pattern. The answer is the path or batch of paths with minimum values of
Prx. As the starting point of this flight is somewhere 30 km away from the target, a simple
search algorithm can find extremum values by scanning the [0, 27r) span of each mAx of the
SPIDEH graph. Figure 8 represents the results of calculating such an operation efficacy plot,
or OEP. For a flying platform operator, it is essential to know the flight routes that have
minimum JSR and to avoid those with a high probability of reducing the accuracy of the
GNSS receiver. Figure 8 represents these two distinct regions. The minimum and maximum
Prx for each x and various Ogation, Values are shown in blue and red, respectively. As the
flying platform approaches the landing site within the blue region, the GNSS has repeated
opportunities to update its navigational output. It is important to know that this plot shows
the suggested regions, not the flight routes. The flying platform generally cannot follow the
dotted path exactly due to limitations in its aerodynamic capabilities (i.e., no sharp turns
to the left or right), fuel consumption, or other operational considerations. If the selected
flight path is assumed to be set at Orytati0n = 150°, as shown with a green line in Figure §,
then the resultant Prx with the Prx of the original flight path (at Orytarion, = 150°) can be
compared. This comparison is illustrated in Figure 9. In this case, the total received power
for these two approach directions differ by an order of 4. Also, the local minimum values
of Prx(ORotation = 150°), the blue radial patterns in Figure 8, are distanced enough to allow
the GNSS receiver to update its navigational results.

P,,,(20,180)

J
"'I"'I"'I"'I"'l'"Y'"I"'I"'I"'I"’l"'l
0 30 60 90 120 150 180 210 240 270 300 330 360
(Degrees)

eRotation

Figure 6. Variation in Prx while a flying platform rotates around the landing site at LoS-DtLS = x =
20 km and at a fixed altitude of h(x). The location of these data are indicated in Figure 5 by the vertical
dashed green line. By assuming a symmetric radiation pattern, this plot should also be symmetric.

-55
§ -60 Pp\(20,180)
= _
S
£ ]
=2
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1 [
|
|
|
|
1 |
-0 +————————
0 5 10 15 20 25 30

Distance (Km)

Figure 7. Variation in PRy if a flying platform nears the landing site from g0, = 180°.
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Figure 8. The operation efficacy plot of the landing scenario with a single source, located at
(10, 0, 0.025).
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Figure 9. A comparison of Prx for two angles of approach (for a selected landing scenario).

6. Discussion
6.1. Multipath Fading Effect

To evaluate the effect of Path Loss on the calculated Pry, consider a single point of
measurement Py, = (x;, y;). In addition, the Source is assumed to be located at P; = (x;, y;, z)).
If P, is rotated along the z-axis, then the relative distance between P]- and P,, varies. An
example of such variation is illustrated in Figure 6. The figure is symmetric, which complies
with the geometrical configuration. The reflective properties of Earth cause the fluctuations
due to changes in the incident angles at various distances.
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6.2. Effect of Distance Between Source and Landing Site

The maximum values of Pry are located around the jammer’s location regardless
of whether the flight vehicle passes overhead or beneath the Source. So, if the Source is
assumed to be located in the vicinity of the landing site, it can considerably deteriorate the
navigational capabilities of the GNSS receiver, as indicated by the Prx graph in Figure 10.
On the other hand, it should be noted that the GNSS is a secondary navigational tool in
some real-world applications, while the INS is always the primary source of navigational
information if it is being used.

: gRatati{m=0
260 Jm--oeeeoeeeoae o R R HR()tation=] 50

'70I'"'l"i“l‘"'I""I“"l""l
0 5 10 15 20 25 30
LoS Distance To Landing Site (Km)
Figure 10. When the Source is located at (25, 0, 0.025), it cannot provide a typical GNSS with strong
enough Prx. For example, the maximum Prx that the GNSS receiver can compensate for is shown
with a blue line at —60 dBW.

The accumulative navigational error of the INS system is part of why the GNSS receiver
is needed, and also accounts for why a distant Source can also result in malfunctioning of the
navigational pair of GNSS and INS. If a distant Source makes the GNSS navigational service
unavailable, the INS will be unable to eliminate its internal error, and the blind-flying
distance makes this error large enough to prevent the flying platform from reaching its
landing site.

6.3. OEP vs. Source Location

As shown in all the represented OEDP, the regions with the most and least power from
the Source of unintentional interference (the areas containing red and blue dots, respec-
tively) are always stretched along the line that connects the Source to the landing site, and
they rotate if this line rotates. On the other hand, the relative distance between the Source
and the landing site inversely affects the size of these regions and their separation. While
the P]- =(0.75, 0, 0.025) causes an all-around mixture of these two regions, P]- = (5,0, 0.025)
makes these regions more focused and spatially separated.

6.4. GNSS Receiver’s Chance of Success

In OEP, the surface area of the blue regions is always bigger. The difference between
surface areas can be interpreted such that if the approach direction is assumed to be
selectable within (0, 27r), then it is possible to find suitable flight profiles to reduce the
unwanted effect of unintentional interference. When considering the real-world character-
istics of a typical GNSS receiver, the correctness of this interpretation is not always evident.
It depends on the dynamic range of the GNSS receiver, and its ability to withstand the inter-
fering signals and to compensate for a certain amount of Prx. As this information may not
always be available, the only correct and sufficient interpretation is that the flying platform
operator has more choices on how to reach the landing site with optimum reception of the
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signal from the single source of unintentional interference. Also, if the Source is assumed
to be installed at higher altitudes, it might be able to insert more power into the GNSS
receiver. At the same time, this configuration results in narrower blue and red regions.

6.5. Path Loss and Operational Considerations

As mentioned in various textbooks, while the reflective surface of Earth and the
resultant multipath fading play a role in slightly degrading the Source to GNSS receiver link
budget, the most considerable attenuation is due to the line-of-sight Path Loss and radial
reduction in power density. Given that the GNSS receiver has a predefined dynamic range
and can deliver accurate navigational information for up to a certain Pry, this degradation
limits the maximum distance of the Source from the landing site to be considered effective.
A sample case illustrating such a scenario is shown in Figure 10. The hashed red area
indicates the distance of the flying platform from the landing site when the Prx value drops
below the GNSS critical value. This is ~7.7 km, which can be passed in ~460 s at a speed of
60 km/h (a WCC assumption for a typical flying platform such as a quadcopter). During
this time period, a 25 Hz GNSS receiver makes ~11,550 attempts to update its output. So,
the GNSS receiver has an excellent chance to update its navigational output during its final
phase of flight, and, logically, the effect of the interfering signal can be termed unsuccessful.

7. Conclusions

The pervasive use of location-finding services underscores their importance across
various sectors, yet their susceptibility to RF interference remains a significant challenge.
This paper addresses this concern by mathematically modeling the problem in a 3D space,
focusing on GNSS receivers during the landing phase of flying vehicles. Incorporating
factors like flight path, antenna radiation patterns, and multipath fading, the analysis
employs SPIDEH and OEP graphs to elucidate Prx dependencies and operational insights.
Simulations reveal the spatial arrangements of maximum and minimum Prx points, em-
phasizing the impact of distance between the Source and landing site. The results highlight
the dynamic nature of Prx regions and unequal interference biases, suggesting avenues for
future research on optimizing flight paths amidst interference.
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