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Abstract. The purpose of the study was to develop a radio signal propagation model that considers the drone’s
flight altitude and the specifics of the ground-to-air channel to improve the accuracy of signal loss estimation.
The study used comparative analysis of classical models, calculation of signal losses at different altitudes
and distances, estimation of the effect of line-of-sight and birefringence propagation, and development and
verification of an improved exponential model depending on the height of the drone. It was determined that
these models do not account for the substantial influence of the drone’s flight altitude and the increased
probability of a line of sight between the drone and the base station, which leads to an overestimation of the
predicted signal loss by tens of decibels. Based on the analysis, an improved analytical model was proposed,
in which signal losses are defined as the sum of losses in free space and the height-dependent additional
term. This additional term is described by an exponential function that decreases with increasing drone
altitude and reflects a gradual transition from indirect visibility conditions to line-of-sight conditions. In
addition, the model introduced distance correction, taking into account the actual geometry of the ground-to-
air channel. Calculations performed for the frequencies of 868 MHz and 1,800 MHz showed that the improved
model is in good agreement with experimental observations and provides results close to the free space
model at significant altitudes. Comparison with the Hata models confirmed that the new model reduces the
forecast error in urban conditions to tens of decibels. Considering the flight altitude and gradually moving
from indirect to direct visibility greatly increases the accuracy of predicting signal loss for unmanned aerial
vehicles. The practical importance of the study lies in the fact that the proposed model enables a more
accurate prediction of radio signal losses in the ground-to-air channel, which is the basis for designing
reliable communication systems with unmanned aerial vehicles
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INTRODUCTION

Unmanned aerial vehicles are increasingly being used  between the device and the base station is critical to
in the civil and military fields for surveillance,cargo de-  ensure reliable control of drones and information trans-
livery, and data collection. Stable radio communication  mission. Traditional radio signal propagation models
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developed for ground-based cellular networks, such
as the Okumura, Hata, and COST-231 Hata models, are
based on statistics for transmitters and receivers locat-
ed close to the ground and account for the effects of
reflections, diffraction, and shielding by buildings. How-
ever, when applying these models to unmanned aerial
vehicles, there are substantial limitations: drones can
be located at an altitude of tens of meters or higher,
which significantly increases the probability of line-of-
sight, reduces the impact of ground interference, and
changes the nature of signal attenuation. As a result,
classic ground-based models often overestimate signal
losses, especially in urban environments.

In the field of accurate signal loss prediction for
ground-to-air scenarios under study, the problem of
considering the drone’s altitude and line-of-sight effects
remains. O.V. Troyanskiy & P.O. Kandieiev (2025) showed
that classical ground-based models overestimated
signal loss at high altitudes due to ignoring the line
of sight (LoS). It was necessary to address the altitude
of the drone to accurately predict the signal strength.
N. Moraitis et al. (2023) noted that drone amplification
reduced the multipath propagation effect and reduced
average signal loss. It was proposed to account for the
exponential reduction of additional losses with increas-
ing height to adapt the model. F. Fuschini et al. (2022)
demonstrated that considering the LoS between the
drone and the base station improved the accuracy of
signal strength prediction. It is proven that models that
disregarded height significantly overestimated losses in
line-of-sight conditions. O.Yu. Malyi et al. (2024) pointed
out that at short distances, classical models often over-
estimated losses, while the two-beam approach accu-
rately reflected interference effects. It was determined
that bearing the effect of reflection from the ground in
mind was crucial for low drone flights. N. Ranchagoda et
al.(2021) emphasised that the type of terrain and densi-
ty of buildings drastically affected the characteristics of
the ground-to-air channel. It was stated that corrections
for urban and open areas were necessary to improve the
accuracy of the model.

A. Chornyi et al. (2025) demonstrated that an ex-
ponential decrease in additional losses with increasing
altitude reflects the transition from indirect to direct
visibility. Experimental observations confirmed that
this relationship was in good agreement for different
heights. H-S. Shin et al. (2024) showed that geomet-
ric correction of the distance between the drone and
the base station improved the accuracy of modelling
at small horizontal distances. It was recommended to
use the adjusted distance in formulas for a more accu-
rate estimate of signal loss. S.K. Alavipanah et al. (2022)
proved that taking the average height of buildings in
urban areas into account allowed adjusting the shad-
ing effect. Without this amendment, the models sig-
nificantly overestimated losses in dense buildings.
Z.Xiao et al. (2025) established that changes in signal
frequency significantly affected losses and should have
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been considered in the simulation. High frequencies
were found to be more sensitive to interference and
multipath propagation. Q. Zhu et al. (2021) showed
that altitude-dependent parameters allow the model
to be adapted for various environments, including ur-
ban, suburban, and open areas. It is emphasised that
this approach provided more reliable forecasting and
improved the efficiency of drone control systems. These
studies have shown that increasing the drone reduces
multipath attenuation, considering the LoS and altitude
improves simulation accuracy, and geometric and ex-
ponential corrections allow models to be adapted for
different types of terrain. However, there is a need to
develop a generalised model that simultaneously takes
into account flight altitude, the impact of reflections
from the ground, and adapts to different environments
to accurately predict signal strength.

The study aimed to develop a signal propagation
model that accounts for the drone’s flight altitude,
ground-to-air channel geometry, and environmental in-
fluences, providing a more accurate assessment of sig-
nal losses and improving the reliability of unmanned
control and data transmission systems. The objectives
of the study were to review existing approaches to mod-
elling signal propagation in the ground-to-air channel,
consider the influence of drone flight altitude and
environmental features on signal characteristics, and
evaluate the accuracy of classical and improved signal
loss models and their effectiveness for unmanned data
transmission systems.

MATERIALS AND METHODS

The study examined methods for estimating radio sig-
nal loss to ensure reliable communication between a
base station and an unmanned aerial vehicle (UAV).
The fundamental Free Space Path Loss (FSPL) mod-
el was analysed, which describes ideal conditions for
signal propagation without interference (Al-Houra-
ni et al., 2014) (1):

PLpsq) = 32.44 + 2010g*°(d) + 20 log™(f), (1)

where d - the distance between the transmitter and re-
ceiver, km; f - the signal frequency, MHz.

When developing the improved model, the FSPL
value was used as the lower limit of signal loss, 91.5 dB
at a distance of 0.5 km at 1,800 MHz. Empirical ground-
based models were also considered, in particular, the
Okumura model, which is based on experimental data
and considers average signal losses depending on dis-
tance and terrain features (Gupta, 2013) (2):

L°d, f) = Lesaf) + Auap) — Gre = Grr — Genws (2)

where L., - loss of free space; A, - average ad-
ditional losses (deviations from free space) according
to measurement data for distance and frequencies f;

G, and G, - coefficients (wins) due to the height of
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the transmitting and receiving antennas, respectively;
G, - coefficient considers the type of terrain (urban,
suburban, open).

A model of M. Hata (1980) was examined as an an-
alytical approximation of the Okumura model, which
provides explicit formulas for calculating average loss-

es in urban and suburban conditions (3):

L. (d)=69.55+26.16 log,, (f) - 13.82 log, (h,) -
—a(h )+ (44.9 - 6.55 log,, (h,)) log,, (d), (3)

where f - frequency, MHz (from 150 to 1,500 MHz); h, -
base station antenna height, m (from 30 to 200 m); h -
mobile receiver antenna height, m (from 1 to 10 m); d -
distance, km (1-20 km).

The COST-231 Hata model was examined as a mod-
ification of Hata for high frequencies and densely built-
up large cities with additional correction factors (Euro-
pean Commission: Directorate-General..., 1999) (4):

Loy, ()=46.3+33.9 log, (f)-13.82 log,, (h,) -
—a(h )+(44.9 - 6.55 log,, (h)) log, (@ +C,  (4)

where all values are in the same units as in (3), and
C - an additional coefficient for large cities: C=3 dB for
the metropolitan area and C=0 for medium-sized cities.

During the next stage, the paper systematised
the factors that affect signal losses in the air-ground
channel. Key aspects were highlighted: the height of
the drone’s flight, the presence of a LoS between the
transmitter and receiver, the nature of multipath prop-
agation, and the effect of reflection from the Earth’s
surface. For each of these factors, it was discussed
how it changes the signal intensity and why classical
ground-based models do not take these effects into
account or do so insufficiently. Special attention was
paid to the dependence of losses on altitude, which
determines the probability of a LoS and reduces the
impact of interference and multipath. The theoretical
basis of the study was the recommendations of ITU-R,
where the FSPL model was used as a baseline sce-
nario: P.525 defined the method for calculating free
losses, P.528 described ground-to-air radio lines, and
P.1411 - short-distance systems in urban and suburban
settings (Uko et al., 2024).

Based on the analysis, the concept of an improved
model was proposed. The main idea was to combine
the classic free space model with an additional term
that considers excessive signal loss associated with
the drone’s environment and altitude. This term was
defined as an exponential function of altitude, which
allows the model to smoothly transition from ground-
based Non-Line-of-Sight (NLoS) conditions to line-
of-sight conditions as the vehicle’s height increases.
Thus, the model becomes able to correctly describe
the channel over a wide range of heights, without
resorting to various empirical corrections for each
specific scenario. Calculations were performed in two

typical scenarios using comparative analysis to evalu-
ate the behaviour of the models, which allowed com-
paring the results of classical models and the proposed
improved model for different drone heights, distances,
and signal frequencies. In the first scenario, the fre-
quency f=1,800 MHz was used, and the base station
height was =30 M, and horizontal distances ranged
from 0.5 km to 5 km; calculations were performed for
FSPL, equation (1), Hata model for the city (formula
(3), h_=1.5 m), Hata models for open terrain with ap-
propriate correction and improved model (Formula 7).
In the second scenario, the frequency f=868 MHz with
similar parameters was used to compare the effect of
frequency on signal loss.

In addition, the work considered the geometric as-
pects of signal propagation, particularly the use of an
effective distance between the base station and the
drone, including the flight altitude. This allows for ad-
equately describing the signal intensity even at short
distances or at a drone height drastically higher than
the height of the base station antenna. The inclusion
of average effects of ground reflections and possible
interference phenomena, which are characteristic of
two-beam models, was also discussed with the aim of
improving the accuracy of modelling in real conditions.
The final stage of the work was the formulation of the
analytical dependence of signal losses on the horizon-
tal distance and height of the drone, which includes
parameters that can be interpreted physically and ad-
justed to different environments: urban areas, suburbs,
open areas, or woodlands. This approach allows creat-
ing a unified model that covers different scenarios for
using UAVs without having to switch between several
classic models.

RESULTS

Overview and characteristics

of known radio signal propagation models

The most basic model of signal attenuation in free
space, FSPL describes the conditions of an ideal LoS
without interference. It was based on the Fris equation
applied to the far field of an antenna (Al-Hourani et
al., 2014). According to this model, the power received
by the receiver decreases inversely proportional to the
square of the distance d between the transmitter and
receiver and the square of the frequency (or directly
proportional to the square of the wavelength). In loga-
rithmic terms (in decibels), losses in free space are writ-
ten as (1). Formula (1) is based on the assumption that
isotropic antennas are used and that there is no reflec-
tion or absorption of the signal. The FSPL model is used
in the ITU-R recommendations as a baseline scenario
for line-of-sight signal loss (Uko et al., 2024). In these
documents, the FSPL is considered as a reference value
that determines the minimum possible level of power
loss under ideal conditions. In real-world conditions,
in particular, when providing communication with
UAVs, this model has limitations related to the altitude
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orientation of the antenna. It does not address the var-
iable altitude of the drone, the presence of obstacles in
urban or forest environments, the influence of the an-
gle of inclination of the signal trajectory, and dynamic
environmental factors such as the movement of objects
or weather conditions. Due to the influence of interfer-
ence, multipath propagation, and other factors, signal
loss in real conditions increases (Isabona et al., 2023).
In further development of the improved model, the
FSPL values will be used as the lower limit of signal
loss, i.e., as the most optimistic scenario.

One of the first empirical models for ground-based
radio communication was the Okumura model, devel-
oped based on large-scale measurements in the Tokyo
area (Gupta, 2013). This model does not have a simple
analytical dependency since it is based on graphs and
reference tables. It defines the median signal strength
(or loss) as the sum of losses in free space and em-
pirical correction components. In general, the average
signal loss according to the Okumura model can be
represented as (2). Value Au and G-coefficients are de-
termined from empirical curves. The Okumura model
covers frequencies from about 100 MHz to 1,920 MHz
and distances from 1 to 100 km. It accounts for different
types of terrain (densely built-up urban, suburban, open
rural), introducing appropriate amendments. Although
the Okumura model is quite accurate (error ~10-14 DB)
for conditions similar to those in which measurements
were made, its disadvantage is the lack of a simple for-
mula - the need to use graphs reduces the convenience
of practical application.

A model of M. Hata (1980) was developed as an
analytical approximation of the experimental Oku-
mura model. It is known as the “Okumuri-Hata model”
and has become the standard for calculating losses in
terrestrial cellular networks. In contrast to Okumura’s
original model, Hata presented empirical dependencies
in the form of easy-to-use formulas describing aver-
age signal losses. For urban development conditions
(small/medium city), this model looks like (3). Function
a (h ) - correction for the height of the mobile receiver,
depending on the size of the city. For medium/small
cities: a(h )= (1.1 log,, f- 0.7) h - (1.56 log,, f- 0.8),
and for a large city, formula a (h ) other (quadratic de-
pendence). Thus, (3) determines the average signal loss
in urban settings. For other types of terrain, addition-
al corrections are introduced: for suburban areas, the
value (3) is reduced by the 2 [log,  (f/ 28)]* + 5.4 factor,
and for open rural areas - factor 4.78[log, , ()]* - 18.33
log,, (f) + 40.94 (these negative values reduce losses
compared to the urban environment). The Hata mod-
el actually translates Okumura curves into a conven-
ient analytical form and covers the frequency range of
150-1,500 MHz and distances up to 20 km. The average
error of the model is about 6 dB, which is considered
an acceptable level for engineering calculations of the
coating. Its limitations are similar to the Okumura mod-
el: it is correct only within the parameters obtained
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during measurements, and does not consider random
signal fluctuations, in particular, fading or shadow at-
tenuation. Therewith, due to its simplicity and compli-
ance with practical data, Formula (2) has become wide-
ly used in network planning (Djomadiji et al., 2023).

For use at higher frequencies (up to 2 GHz) and in
conditions of dense urban development, a modification
of the Hata model was created as part of the Action
231 of COST-231 project in 1990s (European Commis-
sion: Directorate-General..., 1999). The COST-231 Hata
model retains the structure of Formula (3), but includes
an additional correction term and expands the oper-
ating frequency range. For urban areas, it is presented
in the form of (4). Formula (4) is valid for frequencies
from 1,500 MHz to 2,000 MHz. Thus, the COST-231 Hata
model considers the tendency for losses to increase at
higher frequencies by partially adjusting the frequency
term (compared to (3), the coefficients at log,, (f) and
the constant values are changed) and introduces a cor-
rection C for the densest urban development. Within its
application range, this model provides precision similar
to the original Hata model.

Practical applicability and limitations

of the considered signal propagation models

The classical models considered are based on a terres-
trial communication scenario, where the base station is
located on a mast or building (h, up to ~200 m), and the
receiver is at human or vehicle level (h_ up to ~10 m).
They empirically consider the impact of urban devel-
opment through fixed corrections, but do not reflect
changes in the nature of signal propagation when the
receiver is substantially raised above the average level
of buildings. The free space model (1) describes ideal
conditions, while the Okumura-Hata models (3-4) pro-
vide averaged losses for typical urban conditions with-
out LoS, accounting for multiple reflections and diffrac-
tion from terrain and buildings. Therefore, when using
these models for drones that can fly tens of meters or
higher, it is necessary to consider their limitations.

One of the key limitations is the receiver height (Ta-
taria et al., 2021). Okumura Hata models were designed
for h <10 m. For drones, the height of the receiving
antenna can be intensely higher - from 50-100 m for
small models to hundreds of meters for high-altitude
vehicles. Extrapolation of Hata formulas to such heights
has not been experimentally confirmed and may give
inaccurate results. In particular, in the Hata model, the
term a(h ) for large h_stops growing (for h_>10 m, it
is actually stabilised), i.e., raising the antenna above
10 m is disregarded. In fact, raising the drone reduces
the impact of interference on the ground, which should
reduce signal loss. Therefore, without additional adjust-
ments, the Hata model may overestimate the loss esti-
mate for drones at high altitudes.

Another important aspect is the availability of LoS
(Waqas et al., 2024). In urban settings, direct visibil-
ity over long distances is usually absent for terrestrial
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subscribers - the signal mainly reaches the receiver
through reflection and diffraction. These are the con-
ditions that the Hata and COST-231 models consid-
er. Drones flying above roofs are much more likely to
establish a LoS connection to the base station. In LoS
mode, the signal loss approaches the free space model,
where the attenuation index is n=2. Therefore, classical
empirical models focused on NLoS overestimate losses
in the case of LoS. This is confirmed by field observa-
tions: as the height of the drone increases, the share of
direct signal increases, and additional losses decrease.
For example, when the receiver is raised from 10 m to
40 m, the average fading value (log-normal shadow
stagnation) decreases exponentially from about 14 dB
to 3 dB, which indicates a substantial improvement in
propagation conditions. Classic models are also limited
at short distances (ElSayed & Mohamed, 2022). In par-
ticular, the Hata model is formally applied for D21 km.
For drones, the range is much shorter - for example,
during takeoff, landing, or hovering directly over a base
station, when d can be hundreds of meters or less. In
such cases, the classical model is extrapolated beyond
the original data and may produce unreliable results.
On the contrary, the free space model correctly de-
scribes the situation even for minimal d, considering
the transition to the near zone of the antenna, if nec-
essary. Thus, at short distances, empirical models often
overestimate losses, since they disregard the presence
of a LoS and the reduced number of obstacles.

Special attention should be paid to the influ-
ence of the Earth’s surface and reflections (Zhao et
al., 2025). In the ground-to-air scenario, signal propa-
gation is characterised by reflection from the ground.
A drone located at a certain altitude simultaneously
receives a direct signal and a signal reflected from the
surface of the ground or water. The superposition of
these two waves on receivers can cause interference
effects: at some distances, the signal can be amplified
or weakened, as described by the two-beam model.
For a ground receiver, the reflected signal is usually
partially shielded by surrounding objects, while for a
drone, this restriction is absent. The classic Hata and
Okumura models disregard the explicitly two-beam
nature of the channel. Because of this, at certain dis-
tances, the actual signal losses may exceed the values
predicted by the free space model due to partial de-
structive interference of the direct and reflected sig-
nals. This is especially noticeable when the drone flies
at a low altitude over an open area or water surface,
forming so-called beam web zones, where the signal
level changes with distance. Thus, classic models need
to be adapted for drone scenarios. It is necessary to
consider the increase in efficiency due to height, which
reduces losses due to the presence of LoS, along with
the effects of the birefringence of the signal.

The improved model should take into account the
height of the drone as one of the parameters that af-
fect losses. At h— 0 (drone on the ground), the model

must coincide with the classic ground model (for ex-
ample, a Hata for a suitable environment), and at a
large h, it must approach the loss of free space. The
model should consider the possible influence of the
reflected beam from the Earth - for this purpose, it is
desirable to reflect an interference increase in loss-
es at some distances, or at least account for the av-
erage effect of reflections (for example, an increase
in the effective indicator of the degree of attenu-
ation over long distances). The model should retain
its usability - preferably an analytical formula with a
small number of parameters that can be interpreted.
In the two-beam model, there is a so-called fracture
distance d,, after which, the reflected and direct rays
begin to interfere significantly, and the effective at-
tenuation law changes from 1/d? to approximately
1/d*.When the transmitter height is h, and the height
of the receiver h (drone), this distance is estimated as:
_ 4mh, h
b~ 2 ’
where A - wavelength. For example, for a base sta-
tion h, =30 m, drone h=50 m, and frequency f2GHz
(A=0.15 m) is obtained d, =0.19 km, that is, about
190 m. At distances less than d, signal losses ~ both
in free space and in large ones-additionally increase
due to interference with reflection (by tens of dB af-
ter several kilometres). In real-world conditions, sharp
interference dips are somewhat smoothed out due to
surface irregularities, angle changes, etc., so this effect
was considered on average as a smooth increase in
losses with distance.

Based on the free space model (1), a term that con-
siders excessive signal losses (in addition to FSPL) due
to environmental factors can be added to it - mainly
shielding and multipath. This additional term is denot-
ed as AL (h). It should depend on the height of the drone
h so that AL —» 0 at high h (when the drone is high and
nothing significantly interferes with the signal, except
for free space), and AL peaked at h close to zero (when
the drone is at ground level and the conditions corre-
spond to the ground NLoS case). The simplest choice is
an exponential dependence, which has the property of
asymptotically approaching zero:

()

AL(h) = Aexp(— hio), (6)

where A - the excess loss coefficient at h=0 (i.e., the
difference between ground-based NLoS losses and
free space), and h, - characteristic “effective height’, at
which additional losses fall e times. The parameter A
reflects the influence of the environment: it is small-
er for open areas and larger for densely built-up areas.
Typical estimates can be as follows: A=30 dB, h =20 m
for urban conditions; A=10 - 15 dB, h,=5- 10 m for
open areas. These values are consistent with the
analysis of the Hata model: for example, for a city at
h_=1.5m (about 0), the Hata model produced 30-40 DB
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more losses than the FSPL. With an increase of h up
to tens of meters, the exponent (6) decreases sharply,
which corresponds to the transition to conditions close
to LoS (De Beelde et al., 2022).

Reflection from the ground can be considered due
to the effective distance d’, which is equal to the length
of a straight line between the base and the drone.
Since the drone is at an altitude of h, geometrically
d' =+/d? + h?, where d - horizontal distance (projec-
tion on the ground). For large horizontal distances at
low altitudes, the difference between d' and d minor,
but for small ones, it improves accuracy (for example,
if the drone hangs high almost above the base, d it can
go to 0, whereas d'=h - this is the correct distance for
FSPL). Thus, d' is substituted instead of d in Formula (1).
Combining these considerations, the improved signal
loss model can be represented as a function of the hori-
zontal distance d and the height of the drone h:

PLprone(d, h) = 32.44 +
+2010g;o(VAZ+R?) + 20 logso () + Aexp(—=0). (7)
0

Formula (6) is given in dB and is valid for d in km,
hin m,fin MHz (just like formulas (1-4)). The first two
terms (up to “+”) correspond to the loss of free space
at a distance d’ (i.e., FSPL between the base and the
drone). The last term adds excess losses AL, which de-
pend on the height. At h=0 this term is equal to A (for
example, ~30 dB in a city, which makes PL, close to
the values of the Hata model). For large cases h>> h
the term tends to 0,and PL, _— FSPL, as required for
full line-of-sight conditions. Thus, (4) smoothly inter-
polates between the ground-based empirical model
and the free space model as a function of the height
of the device.

R. Zaivyi & V. Pavlysh

Coefficient A characterises the maximum possible
additional losses due to the environment. Its value is
related to the average effect of buildings, trees, and
other obstacles on the ground level. Parameter h; can
be interpreted as “effective obstacle height”. If the drone
rises to approximately a height of A, most interference
ceases to significantly affect propagation,and losses are
dramatically reduced. For the city h,, the order of tens
of meters correlates with the average height of build-
ings (for example, the average height of a building in a
certain area can be ~15 m - if the drone is higher, most
buildings no longer shade it) (Mirzabeigi et al., 2025).
For open areas h is low, as it is enough to climb a few
meters to provide almost LoS above the terrain.

Formula (7) gives the average signal loss. Statistical
fluctuations (shadow attenuation, multipath feeding)
can be additionally considered. These data show that
as the drone’s height increases, the RMS deviation of
random signal level fluctuations decreases. This can be
considered by introducing a height-dependent stand-
ard deviation in the model (for example, as o (h) = g,
exp (- h/H)).At the stage of the average model, they are
limited to a deterministic estimate (7), while practical
calculations of the power reserve involve the inclusion
of statistical margins.

Comparative analysis of the accuracy

and reliability of various propagation models

2 scenarios were considered to show the differenc-
es between the known classical models and the pro-
posed improved model (7), followed by the calculation
of signal losses. The first scenario concerns frequency
f=1,800 MHz, which is typical for cellular communi-
cation, the second - the frequency f=868 MHz used to
control drones (Table 1).

Table 1. Example of calculating signal losses based on different models (f=1,800 MHz, h, =30 m)

Model a b d d
Distance, km FSPL (dB) Hata (city) (dB) Hata (open) (dB) Advance(céBn)wodel ()
0.5 91.5 123.6 91.7 94.0
1.0 97.5 134.3 102.3 100.0
2.0 103.6 144.9 112.9 106.0
3.0 107.1 1511 119.1 109.6
4.0 109.6 155.5 1235 112.0
5.0 111.5 158.9 126.9 114.0

Source: compiled by the authors

The Hata model was analysed separately for open
terrain and cities due to various empirical corrections,
while the FSPL and improved model consider the im-
pact of the environment on an average basis, so the
division by terrain type was not applied. Calculating
signal losses for a frequency of 1,800 MHz and a base
station height of 30 m shows that different models
predict different levels of attenuation depending on
the distance. The FSPL gives the lowest loss values
that are adequate for line-of-sight conditions without
interference, while the urban Hata model seriously
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overestimates losses due to considering buildings and
other obstacles in the city. The open Hata model as-
sumes intermediate values close to FSPL over short dis-
tances, but with a greater increase in losses over long
distances. The improved model, based on (6), shows
more balanced results, correctly accounting for terrain
and urban development, and provides a compromise
between the conservative assessment of Hata and the
optimistic FSPL. This shows the importance of choosing
a model based on the environment and specific fore-
cast accuracy requirements (Table 2).
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Table 2. Example of calculating signal losses based on different models (f=1,800 MHz, h, =30 m)

Model a b C d
Distance, km FSPL (dB) Hata (city) (dB) Hata (open) (dB) Advanced model (dB)
0.5 85.2 115.4 87.0 87.7
1.0 91.2 126.0 97.6 93.7
2.0 97.2 136.6 108.2 99.7
3.0 100.8 142.8 114.4 103.2
4.0 103.3 147.2 118.8 105.7

Source: compiled by the authors

The calculation of signal losses for a frequency
of 868 MHz and a base station height of 30 m shows
that the models differ in the attenuation estimate de-
pending on the distance. The FSPL shows the lowest
losses because it only accounts for the direct signal
path without interference, while the urban Hata mod-
el overestimates losses due to the impact of develop-
ment, especially over long distances. The open Hata
model predicts losses slightly higher than the FSPL, but

significantly lower than the urban Hata model, reflect-
ing conditions of weak or no obstructive development.
The improved model offers intermediate values, more
realistically estimating losses in different environments,
and provides a balance between a conservative Hata
estimate and an optimistic FSPL, making it suitable for
practical wireless network planning. The main models
for calculating signal losses based on various efficiency
and applicability criteria are compared (Table 3).

Table 3. Model comparison

Model a b C d
Criterion FSPL Hata (city) Hata (open) Improved model (7)

Accuracy for LoS good overvalued Moderate high

Consideration of the height of the drone flight no partially (via h_m) partially yes (via h)
Smooth transition between conditions no no no yes
Relevance for the air-ground channel limited unadapted partially high

Implementation complexity low average average moderate

Proximity to FSPL at high h - - - secured

Source: compiled by the authors

As can be seen from the comparison, the FSPL mod-
el is easy to use and accurate enough for LoS condi-
tions, but it does not consider the height of the drone
and the complexity of the environment. The urban
model of the Hata greatly overestimates losses in ur-
ban conditions and is not adapted to air-ground chan-
nels. The open Hata model shows moderate accuracy
and partially considers the height, but does not provide
a smooth transition between different conditions. The
advanced model (7) stands out for its high accuracy for
LoS, realistic drone altitude accounting, smooth transi-
tion between conditions, and proximity to FSPL at high

160

altitudes, making it most suitable for modern applica-
tions in wireless networks with drones or other aerial
platforms. A graph of the dependence of signal loss on
distance for several models (Fig. 1) is presented to eval-
uate the behaviour of models at different distances. The
FSPL curve shows the theoretical minimum losses in
the case of LoS, the Hata curve for the city shows typi-
cal losses in dense buildings (NLoS), and the Hata curve
for open terrain illustrates an intermediate option with
minimal interference.

A similar comparison for a different frequency allows
estimating the effect of frequency on signal loss (Fig. 2).
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Figure 1. Comparison of signal loss models
Notes: FSPL (direct visibility); Hata model for the city (dense development, typical NLoS); Hata model for open terrain; advanced

model (7). Frequency 1.8 GHz, h,=30 m,h_=1.5m
Source: compiled by the authors
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Figure 2. Comparison of signal loss models
Notes: FSPL (direct visibility); Hata model for the city (dense development, typical NLoS); Hata model for open terrain; advanced

model (7). Frequency 868 MHz, h,=30 m,h_=1.5m
Source: compiled by the authors

Analysis of calculations for both frequencies
(1,800 MHz and 868 MHz) demonstrates a stable advan-
tage of the improved model (7) over classical approach-
es. It provides less deviation from theoretical losses in
LoS conditions compared to Hata models, especially in
urban scenarios where the latter significantly overesti-
mate values. In addition, model (7) adapts to changes in
frequency and altitude, ensuring correct interpolation
between open environment and line-of-sight condi-
tions. This makes it suitable for cellular networks and
LoRaWAN, |oT alike, along with other systems using un-
manned platforms.

The proposed formula (7) for the improved model
actually describes a family of curves parameterised by
height h. Its main property is the ability to interpolate
between classical signal propagation modes. For small
altitudes of h, it coincides with the results of the Hata
model (with the correct choice of parameter A), and
for large h - asymptotically approaches FSPL. This is
convenient for networks with drones, where one device
can move between dense buildings and high altitudes
above the city: there is no need to switch between dif-
ferent models, just substitute the current altitude in (7).

The difference between the improved model is that
it explicitly considers the coupling geometry and dis-
plays height-dependent shading. A typical scenario is
considered: a drone at an altitude of h=50 m above
the city, the distance to the base station is 5 km. Let the
model parameters be: a=30 dB, h,=20 m.The following
results were obtained:

(FSPL (5 km)=111dB);
AL(50) = 30exp (—22) ~ 30e %5 ~ 2.5 dB;

(PL, =1115+2.5=114 dB).

Drone

For comparison, using the Hata (city) model for the
same conditions,=159 DB was obtained. The difference
is about 45 dB - that is, the classical model serious-
ly overestimates losses in LoS conditions. If the drone
drops to h=5m:
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(AL (5)= 30e2°= 26 dB);

(PL, =111.5+26=137.5 dB).

Drone

The obtained value approaches the level of the
model for open terrain (= 126.9 DB), but slightly exceeds
it, which is quite logical given the influence of partial
shading. Thus, by adjusting the parameters Aand h,, it is
possible to accurately adapt the model to urban, subur-
ban, forest, or mountain conditions - unlike Hata models,
which have fixed empirical parameters. The approach
laid down in formula (7) is consistent with the trends
of modern channel models. For example, T.T. Oladime-
ji et al. (2024) proposed a modified Close-In model, in
which the attenuation index depends on the height by
the formula: n (h)=2.6h"°>*+2, and the additional losses
decrease linearly with increasing h. If the exponential
function from model (7) is decomposed into a Taylor
series, its approximation to a linear relationship at low
altitudes can be shown. This means that model (7) has a
similar behaviour, but at the same time, a simpler struc-
ture and a clear physical meaning of parameters.

DISCUSSION

As a result of the calculations, it was found that the
improved signal loss model for the ground-to-air sce-
nario showed significantly more accurate results com-
pared to the classic Hata and cost-231 Hata models. For
a drone at an altitude of 50 m above urban buildings,
the calculated signal loss according to the proposed
model was about 114 dB, while the Hata model for the
city gave a value of about 159 DB. This difference of
more than 40 dB confirmed that classical ground-based
models greatly overestimate losses in LoS conditions,
especially over long distances. This problem was also
investigated by M.K. Elmezughi et al. (2022), where the
results confirmed that in LoS conditions, signal losses
for classical models, such as the free space model, are
usually estimated by the simple inverse square law of
distance. Advanced models take additional factors into
account, such as atmospheric influence, refraction, and
diffraction, which enable a more accurate prediction
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of losses over long distances. The comparison shows
that classical models underestimate signal loss on high
climbs or long transmission routes, while improved
models provide a more realistic estimate.

A study by X. Huang et al. (2024) also indicated that
increasing altitude affects signal attenuation due to at-
mospheric rarefaction and increasing distance to the re-
ceiver. Improved models allow paying attention to this
effect and predicting changes in the quality of commu-
nication in real time. Therefore, for safe and efficient op-
eration of drones at high altitudes, it is important to use
accurate signal loss models that reflect real-world con-
ditions. Notably, the accuracy of predicting signal loss di-
rectly affects the route planning and power consumption
of drones. Underestimating losses in classical models can
lead to unpredictable communication disruptions and re-
duced mission efficiency. Therefore, the implementation
of advanced models is crucial to ensure the reliability of
data transmission in complex environments.

Analysis of the dependence of signal losses on al-
titude showed that the exponential correction AL (h)
effectively considered the gain from lifting the drone
antenna. When the height was reduced to 5 m, the addi-
tional losses increased to 26 dB, which was close to the
results for open terrain according to the Hata model. This
indicated an adequate interpolation between NLoS con-
ditions on Earth and near-full line-of-sight conditions
at high altitudes, which allowed correct estimation of
signal losses for various flight scenarios. I. Bennageh et
al. (2024) concluded that an increase in the drone’s flight
altitude directly affects additional signal losses as the
distance to the receiver increases and atmospheric con-
ditions change. Exponential correction allows account-
ing for nonlinear loss growth with height and improves
the accuracy of coupling modelling. This is especially
important for high-flying drones, where classic mod-
els may underestimate the actual signal attenuation.
B.S. Shawel et al. (2024) established that interpolation
between ground-based NLoS and aerial LoS conditions
allows creating a flexible model that considers different
signal transmission scenarios. For UAVs, this technique
allows predicting changes in the quality of communica-
tion during the transition from a dense urbanised zone
to an open space. The use of interpolation approaches
provides more reliable route planning and optimisation
of data transmission parameters. These results support
the above study, as they demonstrate a clear depend-
ence of additional signal losses on the drone’s flight
altitude. The introduction of an exponential correction
allows a more accurate prediction of signal attenuation
at high altitudes. Therefore, taking these effects into
account is crucial to ensure stable communication and
efficient operation of the UAV.

A comparison of the results for two frequencies -
1,800 MHz and 868 MHz - showed that the proposed
model remained stable and consistent with the physical
patterns of radio signal propagation. Signal losses de-
creased as the frequency decreased, which was in line
with expectations, while distance-dependent trends

remained the same. This confirmed the versatility of the
model for applications in both cellular communications
and low-frequency drone control systems, such as Lo-
RaWAN or loT. The paper of P.Ramamoorthy et al. (2023)
deserves special attention, showing that the stability and
consistency of the model for different frequencies of the
cellular and loT spectrum ensure its versatility and prac-
tical applicability in many scenarios. A reliable model
should correctly describe signal losses for both high-fre-
quency and low-frequency bands, considering different
permeability due to interference and atmospheric effects.
This allows creating predictable and consistent forecasts
for different types of wireless networks, which is espe-
cially important for integrated communication systems.

In turn, R. Robles-Enciso et al. (2024) concluded
that a comparison of signal loss behaviour shows that
high-frequency signals experience greater losses in
dense media due to their greater sensitivity to inter-
ference. Low-frequency bands show better permeability
and lower losses over the same distances, making them
suitable for large-coverage loT applications. This com-
parison allows optimal selection of frequency bands
depending on environmental conditions and commu-
nication stability requirements. These data were con-
sistent with the theses given in the previous section, as
they confirmed the consistency of the model for differ-
ent frequency ranges. The model demonstrated stable
behaviour for both cellular bands and the loT spectrum,
which highlights its versatility. This allows it to be used
to predict signal loss in various network scenarios with-
out the need for significant adaptation.

An important result was the confirmation of the
effect of the beam reflected from the ground on sig-
nal loss. The use of a geometrically correct distance
d =~ (d*+h?) allowed considering the effect of birefrin-
gence, especially at short distances and at low altitudes.
This gave the model additional physical correctness
and explained the differences between real measure-
ments and classical ground-based models that ignore
reflections from the surface. F.K. Banaseka et al. (2021)
also conducted a study, the results of which confirmed
that taking into account the two-beam propagation
and reflection of the signal from the ground allows for
more accurate modelling of real-world communication
conditions for UAVs. This approach addressed both the
direct signal and the reflected signal from the Earth’s
surface, which is especially important at low and medi-
um flight altitudes. Due to this, it is possible to predict
the effects of interference and signal fluctuations that
affect the stability of communication.

S. Wang et al. (2023) also determined that the in-
fluence of geometrically correct distance on the accu-
racy of estimating UAV signal losses is critical, since
disregarding the real propagation trajectory can lead
to major errors. Using a precise geometric distance al-
lows for more correct consideration of phase changes
and signal attenuation on the way to the receiver. This
increases the reliability of forecasts and the efficien-
cy of route planning for the safe operation of drones.
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Comparing the data obtained in the course of research, it
can be concluded that considering birefringence signif-
icantly increases the accuracy of signal loss modelling.
Interference effects from the reflected signal can dras-
tically change the reception level, especially at low and
medium altitudes. Therefore, the inclusion of this factor
is necessary to create realistic and reliable forecasts of
UAV operation. Compared to the Hata and cost-231 Hata
models, the improved model showed a smoother tran-
sition between signal propagation modes, which made
it suitable for scenarios with dynamic changes in drone
height. This allowed avoiding sudden transitions in cal-
culations and provided a more realistic assessment of
coverage, especially in conditions of dense urban devel-
opment or when flying over open areas.

D.K. Nishad et al. (2025) concluded that a smooth
transition between signal propagation modes for dy-
namic drone altitudes allows the model to correctly
react to changes in conditions from LoS to partially
blocked trajectories. This is especially important when
manoeuvring drones in difficult landscapes or when
changing the altitude of flight, when rapid changes in
the environment can lead to sharp fluctuations in signal
quality. This approach ensures continuity of forecasts
and reduces the risk of loss of communication during
flight. D. Marek et al. (2024) found that optimising the
reliability of radio communication and drone control
in various environments can improve mission perfor-
mance. The use of adaptive signal propagation models
helps predict potential loss zones and adjust the route
or power of the transmitter in advance. This ensures
stable control of the drone and reduces the likelihood
of communication interruptions in difficult conditions.

When analysing the results of the study, it was
determined that a smooth transition between signal
propagation modes significantly increases the accura-
cy of forecasts for dynamic flight altitudes of the drone.
Sudden changes in environmental conditions without
adapting to these changes can lead to unpredictable
fluctuations in the quality of communication. There-
fore, the integration of adaptive models is identified
as a key factor for ensuring continuous and reliable
control of UAVs. Thus, the results obtained indicated
the practical feasibility of using the proposed model
for planning and optimising communication channels
with unmanned aerial vehicles. It allowed correct con-
sideration of flight altitude, communication geometry,
and environmental influences, providing more reliable
estimates of signal loss. This created prerequisites for
more accurate design of drone control systems and
improved radio communication stability under various
operating conditions.
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CONCLUSIONS

The proposed improved model demonstrates high ad-
aptability to various signal propagation conditions and
effectively considers the influence of the drone’s flight
altitude on radio signal losses. By exponentially reduc-
ing additional losses with increasing altitude (from
14 dB at 10 m to 3 dB at 40 m), the model smoothly
transitions from ground - based conditions to the law
of free space (FSPL=91.5 dB at 0.5 km at 1,800 MHz),
which allows one formula to cover a wide range of sce-
narios-from shaded low flights among urban buildings
to fully open tracks with direct visibility. The model
parameters have a physical justification: for example,
for urban conditions, excess losses at zero altitude are
about 30 dB, and the effective height at which they de-
crease is about 20 m; for open terrain, the correspond-
ing values are 10-15 DB and 5-10 m. This formulation
provided high accuracy in predicting signal losses. For
urban conditions, the use of the proposed model can
seriously reduce the systematic error compared to the
classic Hata model: if the Hata model overestimates
the loss by 30-40 DB for receivers at a height of about
1.5 m, then the improved model reduces this error to
tens of decibels, while the average error of the Hata
model itself is about 6 dB. This result is critical when
designing air-ground communication networks. The
model is effective for estimating the coverage area,
calculating the balance of the communication line at
different altitudes and frequencies, and analysing the
quality of the channel depending on the flight of the
drone. It is compatible with existing radio planning
tools and is easily integrated into the software due to
an additional altitude parameter. Future studies should
include field measurements in various settings - urban,
suburban, and rural - to clarify model parameters and
possibly introduce additional participants. It is also
promising to account for the dynamics of the channel
when the drone is moving, use machine learning meth-
ods to adapt parameters in real time, and expand the
model to high-frequency ranges, considering atmos-
pheric influences and rain. Thus, the proposed model is
a universal and flexible tool for estimating signal loss-
es in modern UAV communication networks.
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Improving the radio signal intensity loss model...

BOocCKOHaNleHHs1 Moaeni BTpaTU iIHTEHCUBHOCTI pagiocurHany
MK APOHOM Ta 6a30BOIO CTaHLUI€EIO
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AHoTaujis. MeTa gocnigpkeHHs nonsrana y po3pobui Moaeni NoWwMpeHHs pagiocurHany, Wo BpaxoBYyE BUCOTY NOAbOTY
[pOHa Ta cneumdiky KaHany «3emMnga-noBiTpsy» A5 NiABULLEHHS TOYHOCTI OLiHKM BTPAT curHany. Y gocnimkeHHi byno
BMKOPUWCTAHO NOPIBHSANbHMI aHaNi3 KNaCMYHUX MOAENEe, pO3paxyHOK BTPAT CUrHANY Ha Pi3HWUX BUCOTAX i BiACTaHAX,
OLLiHKY edeKTy NpsAMOi BUAMMOCTi Ta ABONPOMEHEBOIO MOLMPEHHS, @ TAKOX pO3p0o6KY Ta NepeBipKy BAOCKOHANEHOI
eKCMOHEeHLIMHOT MoJeni 3anexHo Big BUCOTU APOHA. BCTaHOBNEHO, WO Ui MoAeNi He BPaxoBYHOTb 3HAYHOrO BMAUBY
BMCOTM NONbOTY ApOHA Ta 36iNblueHOT MMOBIPHOCTI HAasiBHOCTI MPAMOI BUAMMOCTI MiXK APOHOM i 63a30BOI0 CTaHLIE,
O NMpU3BOAMTb A0 33aBULLEHHS MPOrHO30BaHMX BTPAT CUTHANY Ha AecsTku feunben. Ha ocHOBI MpoBeaeHoro aHanisy
6yno 3anNponoHOBaHO BAOCKOHANEHY aHANiTUYHY MOAEND, Y SIKil BTPATW CUrHaNYy BU3HAYaKOTbCS K CyMa BTpaT y
BiJIbHOMY MpPOCTOPi Ta BUCOTHO-3aNEXHOMo A0AATKOBOro YneHa. Llei noAaTKOBUIA YNeH ONUCaHO eKCMOHEHLLIMHOI0
(dYHKLI €10, WO 3MEHLIYETHLCS 3i 3pOCTAHHAM BMCOTM NONbOTY APOHA Ta BigoOpaxae NOCTyNnoBMI Nepexia Big yMOB
HenpsaMoi BUAMMOCTI [0 YMOB NpaMoi BuaumocTi. KpiMm Toro, y Moaens BBEAEHO KOPEKLito BiACTaHi 3 ypaxyBaHHAM
peanbHOi reoMeTpii kaHany «3emMna-noBiTps». [poBeaeHi po3paxyHku ans yacrot 868 Ml i 1 800 MIL nokasanu, wo
BOOCKOHANeHa MoAaenb fobpe y3roaxXyeTbCs 3 eKCNepuUMEHTaNIbHUMM CNOCTEPEXEHHAMM i 3abe3neyye pe3ynsTaTy,
HabnmxeHi 4O MoAeni BiIbHOrO MPOCTOPY Ha 3HAYHUX BMCOTaxX. [1OpiBHAHHA 3 ModensMuM XaTta nigTBepanno, Wo
HOBa MoJe/lb 3MeHLYE MOXMOKY MPOrHO3Y y MiCbKMX YMOBAX A0 AeCATKiB deunben. BpaxyBaHHS BUCOTM NMONbOTY Ta
noCcTynoBwi nepexip Big HenpsMoi A0 NPAMOI BUAUMMOCTI CYTTEBO MiABULLYHOTb TOYHICTb NPOrHO3YBAaHHS BTPAT CUrHany
Ans 6e3ninoTHMX NiTanbHUX anapartis. [1pakTMYHE 3HAYEHHS LOCAIAXKEHHS NOASATAE Y TOMY, WO 3aNpONOHOBaHa MOAENb
[L03BOJISIE TOYHiLLE MPOrHO3yBaTh BTPATW PafioCUrHany B KaHasi «3eMNs-MoBiTps», WO € OCHOBO 451 NPOEKTYBAHHS
HagiHUX CMCTeM 3B'A3Ky 3 6e3NiNOTHUMU NiTaNbHUMM anapaTaMu

KntouoBi cnoBa: pagio3ss30K; BUCOTA NOALOTY; NpsSiMa BUAMMICTb; EKCMOHEHLiHa NOoNpaBKa; Micbke cepenoBuLLE;
aHaniTMYHa Moaenb
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