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ABSTRACT: To enhance communication performance in mountainous environments, unmanned aerial vehicle (UAV)-assisted commu-
nication systems have emerged as a mainstream solution. Channel modeling for UAV-assisted communication is a critical research
focus, confronting prominent challenges, including balancing computational efficiency and modeling accuracy. This paper proposes a
hybrid modeling approach that combines ray tracing (RT) and the variable-step Fourier transform-based Split-Step Parabolic Equation
(V-FSSPE) to address the issue. The proposed method fully leverages the strengths of RT in accurately calculating direct, reflected, and
diffracted propagation paths, as well as the advantages of V-FSSPE in efficiently modeling long-distance and large-scale areas. A hier-
archical model suitable for low-altitude UAV communication is thereby established. Simulation results demonstrate that, compared with
traditional modeling methods, the proposed method in this study effectively balances accuracy and efficiency in terrain-dominated air-
to-ground channels, making it suitable for millimeter wave (mmWave) communication and emergency communication network planning
in terrain-dominated propagation environments. Since factors such as vegetation and atmospheric effects have not yet been incorporated,
practical deployment requires case-specific corrections based on the actual environment. Nonetheless, this framework is expected to
provide important theoretical references and foundational support for the design and optimization of communication systems in related
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fields.

1. INTRODUCTION

ith the rapid development of sixth-generation (6G) net-
works and unmanned aerial vehicle (UAV) technologies,
UAV communication networks are gaining increasing signifi-
cance in both military and civilian applications. In particular,
in the context of the integration of space-air-ground integrated
networks, UAV serves as a crucial component, providing robust
support for achieving global seamless coverage and ubiquitous
connectivity [1]. Millimeter wave communication technology,
with its abundant spectrum resources and high data transmis-
sion rates, has emerged as one of the most promising cutting-
edge technologies in the field of UAV communications [2]. In
complex terrains, such as mountainous regions and border ar-
eas, UAV-assisted communication has demonstrated great po-
tential for application. However, accurate channel modeling
has become a key challenge in system design and performance
optimization. The irregular undulations of mountainous ter-
rain, vegetation coverage, and dynamic motion of UAVs lead
to significant spatial non-uniformity and temporal variability in
communication channels, which traditional modeling methods
struggle to accurately characterize.
To address this challenge, a hybrid modeling method that
integrates ray tracing (RT) and the variable-step Fourier
transform-based Split-Step Parabolic Equation (V-FSSPE) is
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proposed in this study. The RT method can precisely capture
deterministic paths, such as line-of-sight (LoS) propagation
and specular reflection, which feature computational effi-
ciency and physical intuitiveness. In contrast, the V-FSSPE
can efficiently simulate diffraction and scattering effects in
complex terrains using adaptive step-size adjustment and
Fourier transform techniques. Most existing studies focus
on individual modeling methods that do not fully exploit the
complementary strengths of the two techniques. While RT
excels in LoS propagation scenarios, it falls short in handling
non-line-of-sight (NLoS) environments. Conversely, although
the V-FSSPE can accurately capture phase and field strength
variations, it suffers from computational redundancy in simple
scenarios. By combining their strengths, RT is suitable for
detailed and precise modeling, whereas the V-FSSPE is
appropriate for large-scale path analysis. The integration of
these two methods not only enhances the modeling accuracy
but also maintains computational efficiency, thus providing an
efficient and precise solution for UAV communication channel
modeling in complex terrains.

Numerous studies have provided essential references and in-
sights into the development of UAV communication channel
characteristics. Zhang et al. [3] investigated the channel char-
acteristics of 6G UAV-assisted emergency communications in
complex mountainous scenarios by combining ray-tracing sim-
ulations with field measurements. This study provides criti-
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cal data and theoretical support for the design and optimization
of UAV communication systems within integrated space-air-
ground networks. To address the issue of phase error sensitivity
in traditional phased arrays, Galvan-Tejada et al. [4] employed
a baseband mixed array scheme for compensation, which re-
sulted in improved noise performance for UAV signal track-
ing. Zhu et al. [5] proposed a new path loss model for UAV-
to-ground millimeter-wave communication and provided a de-
tailed analysis of path loss data under different scenarios and
UAV flight altitudes, offering new perspectives and methods
for millimeter-wave channel research. Guan et al. [6] presented
anultra-compact self-decoupled multiple-input multiple-output
(MIMO) antenna that leverages common-mode/differential-
mode current cancellation. Without any additional decoupling
structures, it achieves high isolation and high efficiency for 5G
communications in space-constrained UAV scenarios, offering
a core antenna engine for future integrated air-space-ground
networks, which is smaller, more powerful, and faster to de-
ploy. Akram et al. [7] analyzed the path loss, delay spread,
and Ricean K-factor of UAV air-to-ground channels through
field measurements in hilly, open terrain, and suburban envi-
ronments, and proposed an empirical channel model tailored to
the characteristics of the South Asian region. For UAV com-
munications in short-range, low-altitude, and obstruction-free
environments, Salman et al. [8] proposed a modified two-ray
propagation model and revealed that the distortion of the an-
tenna radiation pattern by the device’s printed circuit board is
a critical factor leading to signal strength fluctuations. He et
al. [9] analyzed large and small-scale channel characteristics
at flight altitudes of 300 and 400 m, respectively, in rural sce-
narios using measurement data and established corresponding
mathematical models, providing important references for future
UAV-assisted communication channel modeling in complex en-
vironments.

Semkin et al. [10] reviewed a UAV-based millimeter-wave
measurement system and presented preliminary experimental
results obtained in an open-air venue at 28 GHz, setting a tech-
nical benchmark for high-frequency aerial channel research and
providing a replicable technical approach for subsequent stud-
ies. Thakur et al. [11] proposed a miniature dual-port MIMO
antenna that integrated a T-shaped patch with a defected ground
structure. Without any extra decoupling elements, it simultane-
ously delivers high isolation, low correlation, and high radia-
tion efficiency at 28 and 38 GHz millimeter-wave bands, offer-
ing a minimalist yet high-performance antenna solution for 5G
terminals. Kohli et al. [12] focused on the propagation char-
acteristics from outdoor to indoor environments in a dense ur-
ban setting at 28 GHz, establishing a path loss model through
large-scale measurement activities and evaluating the impact of
different environmental factors on signal propagation, further
enriching the content of mm-wave channel research. To date,
researchers have extensively studied millimeter-wave channels
in various scenarios, including indoor [13, 14], urban [15, 16],
suburban [17], and sea-surface [18] environments, achieving a
series of results. However, mountainous areas, which are one of
the critical scenarios for UAV communication, require accurate
channel modeling for the design of UAV communication sys-

tems, especially in applications such as mountain rescue and
forest fire detection [19, 20].

Therefore, this study proposes a high-precision channel mod-
eling method for UAV-assisted communication in complex
mountainous environments, based on the integration of RT and
V-FSSPE. It fully exploits the precision of RT for computing the
direct, reflected, and diffracted paths, along with the efficiency
of the V-FSSPE in modeling large-scale, long-distance propa-
gation, thereby delivering an efficient and reliable millimeter-
wave channel model for complex mountainous terrains.

2. THEORETICAL ANALYSIS OF THE HYBRID
METHOD

Gao et al. [21] employed the Parabolic Equation (PE) method
in their study. By assuming wave propagation in the +x di-
rection and performing factorization, they obtained the forward
parabolic equation from the Helmholtz equation. Subsequently,
employing the Feit-Fleck approximation method, they derived
a wide-angle parabolic equation. Finally, the parabolic equa-
tion is solved using the Split-Step Fourier Transform (SSFT)
method, yielding the final solution as

w(rz+Az, z)= eik("_z)Amf_l{emm< vk 7p27k)]—'[u(m0, z)] }
)

where F and F ! represent the Fourier and inverse Fourier
transforms, respectively; p denotes the frequency-domain vari-

; . . inz(\/k2—p2—k) .
able; et*(n=2)A7 jq the refractive index; e’ #( PR-k) is the
diffraction factor; Az denotes a step-size adaptive function, as
shown in Figure 1.
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FIGURE 1. Schematic diagram of regional decomposition in complex
mountainous environments.

The step-size adaptive function Az can be written as

Az = min <Axmax, max (Aﬂimin, 1OH\Vn||>) ;@)

where |Vn| is the magnitude of the gradient vector, and A is
the wavelength of the electromagnetic wave in free space. In
the V-FSSPE, the step size depends on the terrain complexity
and can be selected based on the following judgments

max (6,min (15, %)) C <30
Niieps = ¢ max (16, min (25, %)) 30<C <60, (3)
max (26, min (50, 4)) C > 60
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where d represents the horizontal propagation distance from the
transmitter to the receiver, and C' denotes the relative steepness
of the terrain, which can be obtained as follows:

G(.T, y) - Gmin

=1
¢ 00 > Gmax - Gmin ’

“4)
where G(x,y) represents the topographic gradient magnitude,
with Gy being the global minimum and G,y being the global
maximum gradient values across the entire domain. The gen-
eral classifications of terrain complexity are listed in Table 1.

TABLE 1. Complexity classification and step-size strategy.

Complexity Range Terrain Category

C <30 Flat terrain
30<C <60
C >60 Complex terrain

Step-size Strategy

Large step size (&)
Moderate relief ~ Medium step size (15)

Small step size (%)

A decision function is then employed to integrate the RT and
V-FSSPE, and the decision condition is given by

M(d,C)=1(d < di, VC < Cyp), %)

where d;j, denotes the distance threshold, and C;, denotes the
terrain-complexity threshold which is

Cyn = 100 x L, 6)
Hmax,terrain
where 6. is the maximum applicable slope for the V-FSSPE,
and Omax, terrain 1 the maximum physical slope within the re-
gion. Based on the computational complexity balance model
and the total computational cost of the two methods, it can be
concluded that

- (dth)’y : Nrays : (1 + <nref>) =B K- N, -log N, (7)

d <B'Kﬂat'Nz'logNz)3/
h:
‘ [ Nrays : (1 + <nref>)

where « denotes the unit computational cost coefficient for RT;
~ represents the computational complexity growth exponent for
RT; Nyays 18 the number of initial rays; (nre) is the average num-
ber of effective interactions; 3 corresponds to the single-step
computational cost coefficient for V-FSSPE; Ky, indicates the
total number of steps over flat terrain; IV, is the number of grid
points in the vertical dimension; and log IV, reflects the FFT
computation factor.

Terrain attenuation and free-space path loss (FSPL) are two
critical factors when modeling channels in mountainous en-
vironments. For constructing the channel model, this study
strictly adheres to the relevant calculation standards published
by the International Telecommunication Union (ITU) [22, 23],
to ensure the accuracy and reliability of the model. In accor-
dance with the published standards, all geometrical parameters
in the terrain attenuation model are combined in a single dimen-
sionless parameter normally denoted by

®)

2 /1 1

where h is the height of the top of the obstacle above the straight
line connecting the two ends of the path. If the height is below
this line, h is negative and vice versa. dy and dy are the dis-
tances between the two ends of the path from the top of the
obstacle. The formula is then applied to the single-knife-edge
diffraction field amplitude model:

J(v)=-20 log(\/[1 —

Clv)—- US(U)PHC(U)—S(U)]Q)’ (10)
2

where C(v) and S(v) are the real and imaginary parts of the

complex Fresnel integral F'(v), which is defined as

v 2

F(v) :/ exp (/T;) ds = C(v) +jS(),  (11)
0

where j is the complex operator equal to /—1, and C(v) and

S(v) are the Fresnel cosine and sine integrals, respectively, de-

fined by
v ms?
C(v) :/ cos <> ds, (12)
0 2

S(v) = -/Ov sin (W;Q) ds. (13)

For v greater than —0.78, an approximate value can be obtained
from the expression

J(v) = 6.9+ 20log (\/(v 002+ 1+v-— 0.1) dB. (14)

After analyzing diffraction losses in complex terrain envi-
ronments, a comprehensive evaluation of the total attenuation
in UAV communication channels necessitates considering the
fundamental path loss under unobstructed free-space propaga-
tion conditions (FSPL). FSPL refers to the signal attenuation
caused by beam spreading as electromagnetic waves propagate
through free space (an obstacle-free environment). It is a funda-
mental concept in wireless communication, radar, and satellite
systems, and is primarily used to estimate the power attenua-
tion of signals in an ideal vacuum or unobstructed line-of-sight
propagation environment. In this study, the altitude of the UAV
was set to 300 m. At this height, the unobstructed propagation
distance between the UAV and the ground is relatively long,
and thus the signal attenuation in free space has a significant
impact on the analysis of experimental results. To accurately
assess this part of the signal attenuation, this study introduces
the FSPL model and elaborates on its calculation method as fol-
lows:

2

1A And
FSPL=—101log,, (W x M) =20 10g10(7;> dB, (15)

where d is the distance; A is the wavelength; d and A are ex-
pressed in the same unit. Following the incorporation of the
FSPL model as a foundational element of propagation atten-
uation, the assessment of the overall communication link loss
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FIGURE 2. Slope estimation error by different methods in lofty mountains.

requires an extension to the estimation of the received power at
the terminal. The received power is calculated using a typical
model employed in wireless communications.

Prm = Ptz — FSPL — LDif - LShadow - LMul- (16)

where P, denotes the transmit power, L p; ¢ the diffraction loss
incurred owing to terrain obstructions, Lgpadow the shadow
fading, and L,s,; the multipath fading. Subsequently, the
signal-to-noise ratio (SNR) is calculated based on the received
power.

P,
SNR = 101log, (P’x> (dB),

n

)

P, represents the noise power, and the average bit error rate
(BER) is subsequently derived from the SNR.

BER vy = / BER(SNR) - p(SNR) dSNR. (18)
0

To validate the performance of the hybrid modeling method,
a mountainous area was simulated, and the average BER was
obtained as follows 8.79 x 10~2 for RT, 9.22 x 10~3 for V-
FSSPE, and as low as 3.79 x 10~* for the combined RT and
V-FSSPE method. These results demonstrate that the RT and
V-FSSPE methods outperform all other comparative methods,
achieving the lowest average BER. This indicates that the hy-
brid method maintains a low BER across different SNR con-
ditions, exhibiting superior reception performance and signif-
icantly outperforming the other individual methods. It further
validates the superiority and reliability of the RT and V-FSSPE
method in complex environments, providing strong support for
enhancing the performance of communication systems.

As illustrated in Figure 2, the relationship between the slope
estimation error and terrain complexity was evaluated across
three methods: the proposed RT, V-FSSPE, and their com-
bined approach. A clear trend was observed for all methods,
where the estimation error generally decreased as the terrain
complexity increased, as indicated by the negative slope of
the fitted trend lines. Among them, the proposed V-FSSPE
method exhibited the most pronounced downward trend (slope
—0.029), suggesting a significant improvement in estima-
tion accuracy in complex terrains. The stand-alone RT method
showed a moderate trend (slope = —0.021), while the RT and

V-FSSPE demonstrated the flattest trend and smallest absolute
slope (slope = —0.008), indicating its superior robustness and
consistently high performance across all levels of terrain com-
plexity.

3. CHANNEL MODELING OF UAV AIR-TO-GROUND
(AG) COMMUNICATION IN MOUNTAINOUS ENVI-
RONMENTS

In mountainous environments, the modeling of UAV AG com-
munication channels is vital for the design and evaluation of
future UAV communication systems. To construct an accu-
rate and realistic UAV AG communication channel model in
a mountainous scenario, the ArcMap tool was used to col-
lect high-precision terrain data for a specific mountainous area.
These detailed terrain data were then imported into the Python
environment, where the Python programming language was
used in conjunction with a Digital Elevation Model (DEM) to
successfully create a highly accurate three-dimensional moun-
tainous environment model.

3.1. Channel Simulation Model

RT integrates Geometrical Optics (GO) and Uniform Theory
of Diffraction (UTD) to predict signal propagation paths in
known electromagnetic environments. This modeling approach
requires a substantial amount of data to accurately describe the
real environment and is highly dependent on the accuracy of
the data. Figure 3 illustrates the channel modeling results ob-
tained using a UAV at an altitude of 300 meters. In this figure,
the transmitter location is marked with a red star, and the points
on the terrain surface represent the received signal strength at
different locations. The color gradient from blue to red indi-
cates the variation of received power from low to high, with a
power range spanning from —130 dBm to —70 dBm. Through
this three-dimensional visualization, the attenuation and distri-
bution of the signal in space can be intuitively observed. In
LoS propagation, RT is computationally efficient and physi-
cally intuitive, accurately predicting signal propagation paths
and received power. However, in NLoS propagation, the pre-
diction accuracy of RT degrades due to complex scattering, re-
flection, and diffraction effects, resulting in very low predicted
received power values. It indicates that the applicability of RT
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FIGURE 3. 3D RT simulation of wireless signal propagation in moun-
tainous.

in complex mountainous environments is limited and needs to
be combined with other methods to improve both the accuracy
and efficiency of modeling.

The PE method is a technique for approximating the solu-
tion of the wave equation. It is assumed that the propagation
of electromagnetic waves primarily occurs along the axis of a
parabola and is concentrated within a conical region near the
axis. Chen and Qin proposed a variable-step-size technique
based on the Fourier Split-Step Parabolic Equation (FSSPE)
for predicting radio-wave propagation over large-scale irreg-
ular terrain. The performances of fixed (50 m) and variable-
step-size (50m to 1000 m) methods were compared in their
study, and the results concluded that the variable-step FSSPE
(V-FSSPE) method demonstrates excellent computational effi-
ciency and prediction accuracy in propagation forecasting over
low-altitude irregular terrain [24]. Gao et al. introduced the
Split-Step Fourier Transform (SSFT) algorithm, which effec-
tively overcomes the issue of low computational efficiency as-
sociated with fixed-step-size methods and enhances the adapt-
ability of the SSFT algorithm in various complex environments
[21].

By analyzing the propagation factors under different envi-
ronmental conditions and step sizes and comparing them with
fixed-step-size solutions, the reliability and efficiency of the
variable-step-size technique were verified. Moreover, with-
out compromising computational accuracy, the variable-step-
size method can further improve the efficiency of the parabolic
equation. In the V-FSSPE algorithm, the fundamental principle
of domain decomposition is as follows: large-step increments
and coarse-grid discretization are employed in obstacle-free
areas and regions with simple terrain structures; conversely,
small-step increments and fine-grid discretization are used in
areas with complex terrain structures where electromagnetic
waves exhibit significant variations in all directions. The do-
main decomposition for the aforementioned complex moun-
tainous environment is shown in Figure 3. The terrain complex-
ity distribution and the V-FSSPE propagation paths in a moun-
tainous scenario are described in the two parts of Figure 4. The
left panel displays the distribution of terrain complexity, where
color coding is used to represent the degree of complexity. The
color bar ranges from blue to red. Variations in color across
the figure depict the spatial distribution of terrain complexity,

where blue areas indicate relatively flat terrain, and red areas
indicate more complex terrain.

The terrain complexity calculation method is based on the
classical terrain gradient theory. The steepness and undulation
of the terrain ware accurately characterized by computing the
composite magnitude of the partial derivatives of the elevation
data in the east-west and north-south directions. This approach
establishes an intuitive and reliable terrain influence evalua-
tion system for wireless propagation modeling. The right panel
shows the V-FSSPE propagation paths for the mountainous sce-
nario. This three-dimensional visualization illustrates the prop-
agation paths from the transmitter to various receivers. The red,
orange, and blue lines indicate small, medium, and large steps,
respectively. The differently-colored lines represent the signal
paths through space, intuitively showing how the signals prop-
agate in the mountainous environment and how the region is
decomposed based on terrain complexity.

When modeling UAV air-to-ground channels in mountain-
ous environments, factors such as terrain complexity, climate
change, and multipath effects impose higher demands on the
accuracy of channel modeling than in other environments. To
enhance the accuracy of channel modeling while maintain-
ing computational efficiency, this study employs a hierarchi-
cal model that integrates RT and V-FSSPE. In low-altitude
complex terrains, the RT can finely simulate the details of
signal propagation and accurately capture the LoS paths. In
high-altitude or free-space propagation, the V-FSSPE provides
efficient large-scale channel modeling, rapidly handles long-
distance propagation and large-scale terrain variations. The
modeling area was divided into different sub-regions based on
environmental characteristics, such as mountainous areas, sub-
urban areas, and open spaces. Each sub-region selects an appro-
priate modeling method according to its terrain and propagation
characteristics, thereby achieving both efficiency and accuracy
of the model.

The 3D propagation paths after the integration of RT and V-
FSSPE are shown in Figure 5. In the figure, the red lines repre-
sent the propagation paths of the RT, whereas the blue lines rep-
resent those of the V-FSSPE. Through this three-dimensional
visualization, one can intuitively observe the signal paths and
processes from the transmitter to various receivers via the hi-
erarchical model, which adaptively employs different methods
according to the characteristics of each region of interest. The
strengths of both RT and V-FSSPE are fully leveraged in this
hybrid modeling method, providing an efficient and precise so-
lution for UAV communication channel modeling in complex
terrains.

4. ANALYSIS OF SIMULATION RESULTS

In this study, the statistical tool of Cumulative Probability was
employed in conjunction with power to conduct an in-depth
analysis of the impact of the high-precision channel model-
ing method integrating RT and V-FSSPE on channel modeling
in mountainous environments. The cumulative probability re-
flects the probability that a random variable takes a value less
than or equal to a specific value, providing an effective means
of quantifying data distribution, conducting probabilistic esti-
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FIGURE 5. 3D RT and V-FSSPE simulation of wireless signal propagation in mountainous.

mation, and performing hypothesis testing. Power represents
the energy transferred or consumed by the signal per unit time.
It plays a significant role in various aspects of communication
technology, permeating every link of signal transmission, net-
work optimization, equipment design, and environmental pro-
tection. Power is an indispensable consideration in commu-
nication systems. The delay primarily quantifies the response
speed of a system. Its core advantage lies in the precise eval-
uation of performance in real-time-demanding scenarios. By
measuring the time loss in each link of signal transmission or
data processing, the delay can directly reveal the bottlenecks
in communication link quality, computational efficiency, and
user experience. This provides a crucial basis for the design
and optimization of network architecture, helping to achieve
low-latency and highly reliable system objectives.

Figure 6 shows the cumulative distribution function (CDF)
of the received power and average BER. It can be observed
from the figure that the RT method performs the best in the
medium power range of —85 to —70 dBm, with the probabil-
ity of the received signal rising rapidly. However, when the
power fell below —85 dBm, the performance of the RT method
dropped significantly. This is mainly due to the complex vari-
ations of mountainous terrain, which increase the complexity

of the NLoS paths and lead to a significant increase in path
loss. The V-FSSPE method exhibits a significant increase in
the probability of the received signal when the power is above
—70 dBm, demonstrating its advantage at higher power levels.
The combined RT and V-FSSPE method performs well at high
power levels above —60 dBm. This indicates that the hybrid
method can effectively enhance the probability of signal recep-
tion in high-power scenarios, fully leveraging the complemen-
tary strengths of both the methods. It provides a more accurate
and efficient solution for channel modeling in complex moun-
tainous environments.

As illustrated in Figure 7, a comprehensive performance
evaluation of the three-channel modeling approaches was con-
ducted using box-plot analysis. The box plot provides a detailed
view of the received power distribution characteristics. The dis-
tributions of the V-FSSPE and hybrid methods are markedly
more concentrated, whereas the RT method exhibits the widest
distribution range and contains several outliers, further con-
firming its instability. These results indicate that although the
high variability and broad distribution of the RT method make
it suitable for scenarios requiring the capture of extreme sig-
nal fluctuations, the V-FSSPE method demonstrates superior
performance in terms of stability and concentration, making it
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more appropriate for applications requiring reliable signal re-
ception. The hybrid method effectively combines the strengths
of both approaches.

The accuracy and applicability of the RT and V-FSSPE hy-
brid method were further validated using two additional repre-
sentative mountainous scenarios characterized by highly com-
plex topography, as illustrated in Figures 8 and 9. Both terrains
exhibit pronounced surface undulations, irregular geomorphol-
ogy, and substantial elevation differences, thereby providing
rigorous test beds for evaluating the prediction precision and
computational efficiency under realistic conditions. The simu-
lation results for these two challenging environments are pre-
sented in Figures 2 and 10. It can be observed that the RT and V-
FSSPE hybrid method maintains high accuracy in LOS regions
while significantly improving the continuity of power predic-
tion in NLOS areas. By compensating for the systematic nega-

tive bias inherent in the conventional RT caused by the absence
of higher-order reflections or diffractions in complex mountain-
ous settings, the proposed approach enhances overall modeling
reliability and coverage assessment accuracy.

Table 2 presents the average BER for the three distinct moun-
tainous terrain types. The hybrid RT and V-FSSPE methods
demonstrated significantly superior adaptability to mountain-
ous environments, achieving the lowest BER across all terrain
categories. This advantage is particularly pronounced in rugged
and towering mountainous terrain. Table 3 compares the aver-
age execution time of the three methods across different ter-
rain types. The results indicate that, in all tested scenarios,
the pure V-FSSPE method achieves the fastest computational
speed, while the pure RT method exhibits the lowest compu-
tational efficiency. Notably, the hybrid method proposed in
this study demonstrates execution efficiency between the two,
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yet significantly outperforms the pure RT method. This sug-
gests that by incorporating V-FSSPE for coupling, the hybrid
method effectively circumvents the computational bottlenecks
faced by the pure RT method in topographically complex areas,
thereby achieving a substantial improvement in overall compu-
tational efficiency while ensuring methodological reliability. In

summary, in complex mountainous communication scenarios,
a single propagation model often has inherent applicability lim-
itations, whereas a hybrid modeling strategy that integrates the
advantages of multiple methods can demonstrate enhanced re-
liability and environmental adaptability.
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TABLE 2. Comparison of average bit error rate.

A BER
Terrain Type verage
RT V-FSSPE  RT & V-FSSPE
Ordinary mountains  8.79 x 1072 922 x 107%  3.79 x 1074
Rugged mountains ~ 2.10 x 107*  6.45 x 1072 2.81 x 1072
Lofty mountains 2.07 x 107" 4.35x 1072 2.50 x 1072

TABLE 3. Comparison of execution time.

Average Execution Time

Terrain Type
RT  V-FSSPE RT & V-FSSPE

Ordinary mountains  1.37s 0.43s 1.16s
Rugged mountains 5.14s 1.29s 1.59s
Lofty mountains 4.29s 1.56s 1.65s

5. CONCLUSION

This study addresses the challenging problem of channel mod-
eling for UAV-assisted communications in complex mountain-
ous terrain by proposing a hybrid approach that integrates RT
with V-FSSPE. First, theoretical analyses were conducted to
thoroughly investigate the impact of the RT and V-FSSPE hy-
brid method on the channel characteristics of UAV commu-
nications in mountainous environments. Subsequently, sys-
tematic comparative evaluations among RT, V-FSSPE, and the
proposed hybrid scheme were conducted over three represen-
tative mountainous scenarios, clearly demonstrating the supe-
riority of the mixed approach. The experimental results re-
veal that the proposed method achieves superior performance
and higher stability compared with standalone RT or V-FSSPE
in mountainous settings: the average BER is optimized to
3.79 x 10~* in ordinary mountains, reduced to 2.81 x 1072 in
rugged mountains, and in lofty mountains, the slope value low-
ered to —0.008, resulting in a decrease in the average BER to
2.50 x 1072, Consequently, this study provides a high-accuracy
and high-efficiency channel modeling solution for emergency
communications in mountainous regions, offering significant
engineering value for enhancing the reliability and applicabil-
ity of UAV communications. Future work will introduce multi-
physics correction factors to further incorporate factors such as
vegetation, atmospheric effects, and artificial obstacles, gradu-
ally expanding the application scope of the model.
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