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Abstract. In this paper, based on extensive ray tracing (RT) simu-
lation data in campus scenario, a tailored path loss (PL) model for
unmanned aerial vehicle (UAV) assisted air-to-ground (A2G) millimeter
wave (mmWave) communications is proposed. The new model originates
from the classic Close-in (CI) model, but takes the factor of UAV height
into account with the help of extensive RT simulated data under the
A2G campus scenario. The simulation and analysis results show that
the proposed PL model matches better than the original CI model for
certain trajectory at any UAV height. This modeling method can also
be extended to any A2G scenarios by adjusting the parameters of model
with RT simulated data.

Keywords: UAV-assisted mmWave communications · A2G channel ·
PL model · Large-scale fading · RT method

1 Introduction

Operating as the airborne base stations (BSs) or flying relays, the UAV-assisted
communication has attracted great interests to expand the coverage in the fifth
and beyond generation (5G/B5G) mobile communications. The mmWave tech-
nologies have also been adopted to meet the increasing demand of bandwidth,
transmission rate, and massive connectivity. However, the mmWave communi-
cations involve very higher PL and have some new features compared with the
conventional sub-6 GHz communications [1]. A thorough understanding of PL
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modeling and characteristics is essential for the system design and optimization
of UAV-assisted communications.

Some channel models or measurements for the mmWave mobile communica-
tions have been done in [2–12] but only limited studies for the UAV scenarios
can be found. The authors in [13] conducted field measurements by a UAV fly-
ing at five different altitudes in a rural environment and a PL regression curve
was extracted. The authors in [14] presented an A2G model based on the mea-
surements of over-water environments and analyzed the correlation of PL. In
[15], the authors conducted measurements in the line-of-sight (LoS) and non-
line-of-sight (NLoS) scenarios at 900 MHz, 1800 MHz, and 5 GHz and developed
a log-distance PL model. Some other PL measurements of UAV channel with
different carriers such as 1, 2.585, 4 and 4.3 GHz can be addressed in [17–19],
but all of them are only for the sub-6 GHz band.

Note that the field measurement for mmWave UAV channels is difficult and
costly. As an alternative option, some propagation models based on the RT simu-
lations have been presented [20–22]. For example, the authors in [23] studied the
PL in LoS and NLoS scenarios of mmWave A2G channels at 28 GHz by RT simu-
lation. The authors in [24] proposed a prediction model for PL in A2G mmWave
channels based on the machine learning method at 28 GHz and 73 GHz. In [25],
a PL model including the factor of elevation angle at 28 GHz was proposed. In
[26], an average PL considering LoS probability of mmWave A2G channels was
proposed.

The RT simulation method is time consuming and sensitive to the map accu-
racy. It’s more applicable to describe the PL model in a statistical way. However,
the study of statistical modeling for the PL of A2G scenario is not sufficient.
This paper intends to fill this gap. Based on the extensive RT simulation data
in campus scenario, this paper develops a tailored PL model for UAV mmWave
communications by considering the factor of UAV height. We compare the 3GPP
model and our modified model at three different UAV heights, and validate the
modified model by using RT method. This model can be generalized to any
other scenes, but the parameter values need to be adjusted according to the RT
simulation results.

This paper is organized as follows. Section 2 gives a basic stochastic PL model.
In Sect. 3, the computation methods of LoS probability and path loss are devel-
oped and analyzed. In Sect. 4, the modified PL model of campus scenarios is
evaluated by simulation method. Finally, some conclusions are given in Sect. 5.

2 Stochastic Path Loss Model

The measured-based PL model in a statistical way, i.e., stochastic model or
empirical model is more popular. Note that the measured-based path loss mod-
eling method is adopted in most of standardized mobile channel models, such
as 3GPP, WINNER +, and ITU-R. A widely used model can be expressed by
averaging the path loss in the LoS and NLoS scenarios as

L [dB] = PLoS · LLoS + (1 − PLoS) · LNLoS (1)
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where PLoS denotes the LoS probability, LLoS and LNLoS are the path losses in
the LoS and NLoS scenarios, respectively. It should be mentioned that the UAV
propagation scenario is quite different with traditional mobile communications,
i.e., three-dimensional (3D) propagation and valid scatterers only around the
ground station. Thus, the model parameters provided in the standardized mod-
els cannot be used directly and this paper focuses on optimizing these parameters
for the UAV mmWave scenarios. Beginning in 90’s, the RT methods began to
be widely used for the channel modelling, especially for small area and high
frequency band [27]. Some well-known software tools based on the RT algo-
rithms can also be found, e.g., Wireless Insite, Volcano, WaveSight, Winpro,
and CloudRT. However, it’s difficult to calculate all PL by huge number of rays
in real-time.

3 Parameter Computation and Modification

3.1 LoS Probability

The UAV-assisted communications have a significant advantage on the mobile
communications for having a much higher LoS probability. The LoS probabil-
ity can be described by a statistical model of distance and environmental layout
and it’s usually frequency-independent for simplicity. The LoS probability model
of rural environments in the 3GPP and ITU-R channel models originates from
WINNER’s exponential decay model. The NYU and 5GCM model update the
parameters based on the 3GPP model. It should be mentioned that most of
aforementioned methods are designed for the mobile communication environ-
ments. In order to set up a generic A2G PL model, the statistical ITU-R Rec.
P.1410 model [28] is adopted in this paper. This model does not need precise
information about buildings and is given as

PLOS =
m∏

n=0

⎡

⎢⎣1 − exp

⎛

⎜⎝−
(
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where m = floor
(
d
√

αβ − 1
)
, d is the horizontal distance between the UAV and

vehicle, hUAV and hV represent the height of the UAV and vehicle, respectively.
α is the fraction of area with buildings to the total land area, β is the average
buildings per square kilometer, and γ characterizes the height distribution of
buildings.

The simulation results are given in Fig. 1. Different results of LoS probability
can be found due to different propagation environments, where the suburban
environment has the highest value and the high-rise urban environment has the
lowest one. The reason is that the suburban environment is an open area while
the high-rise urban environment has more obstacles. Moreover, the LoS proba-
bility of high-rise urban is below 40% with the distance over 100 m (Table 1).
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Table 1. Parameters of different environments

Environment α β γ

Suburban 0.1 750 8

Urban 0.3 500 15

Dense urban 0.5 300 20

High-rise urban 0.5 300 50

Fig. 1. LoS probabilities under different environments.

3.2 Modified Path Loss

For the mmWave communications, LoS and NLoS conditions are totally different
and usually described separately. The PL model of 3GPP channel model and
ITU-R model are similar and more suitable for the frequencies below 6 GHz.
A well-known terrestrial log-distance PL model, namely CI model, has good
parameter stability and is suitable for mmWave band [7]. The CI model bases
on the free space path loss and the Friis’ law, and accounts for the frequency
and distance as

LCI (fc, d) [dB] = 32.4 + 20log10 (fc) + 10nlog10 (d) + χσ (3)

where χσ is a zero-mean Gaussian variable to represent the factor of shadow
fading, d, fc are the distance in m and carrier frequency in GHz at 1 m. In (3), n
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is the path loss exponent (PLE) and it’s recommended as 2.16 and 2.75 by the
3GPP standard in the case of LoS and NLoS.

Note that the factor of flying height is not considered in the above model.
In order to make the model fit the UAV communications under the specific
area, e.g., the campus scenario, we have conducted tremendous simulations and
obtained lots of RT simulated data. In this simulation, we put a vehicle on the
ground as a receiver and a UAV as a transmitter. The UAV’s height starts from
30 m and increases every 20 m to 500 m, with a total of about 24 layers. For each
layer, 1000 positions are selected and they are divided into LoS points and NLoS
points. We calculate the path loss for the LoS point and NLoS point separately,
and get the relevant data. By fitting these data, we introduce a new parameter
with respect to the height of UAV, and upgrade the PL model under the LoS
and NLoS scenarios, respectively, as

LLOS (fc, d, hUAV) [dB] = 32.4 + 20log10 (fc) (4)
+ 10 (2.16 + 0.0001hUAV) · log10 (d) + χσLOS

LNLOS (fc, d, hUAV) [dB] = 32.4 + 20log10 (fc) (5)
+ 10 (2.75 − 0.0001hUAV) · log10 (d) + χσNLOS

where χσLoS and χσNLoS denote the shadowing in LoS and NLoS scenarios,
respectively. In practice, σLoS = 5.9 dB and σNLoS = 8.2 dB is desirable.

In order to compare the difference between the 3GPP model, the CI model,
and our modified model, we assume hUAV = 100, 500 m, hV = 1.5 m and
fc = 28 GHz. It is clearly shown that the results of our modified PL model
matches the model used in the 3GPP standard, in which the PL increases as the
distance increases. The PL is more severe in the NLoS scenario due to the obsta-
cles, and is 30 dB higher than in the LoS scenario when the distance between
UAV and vehicle is 5000 m. Moreover, when the UAV height is higher, the differ-
ence becomes more obvious, which also means our modified model will be more
adapted to different UAV heights (Fig. 2).

4 Simulation and Validation

4.1 Scenario Setup

In this section, we’ll analyze the campus tailed PL model in the NUAA campus,
which contains 66 buildings with an average height of about 30 m. The surface
of buildings is concrete, and the open ground of campus is mostly wet soil. The
dimensions of modeled terrain are 1590 m by 1100 m. All the trees, roads, and
lake are included in the database. We set six UAV trajectories, each trajectory is
simulated at altitudes of 30, 50, 100, 150, 300, and 500 m, and the rest parameters
are given in Table 2. Direct, reflection and diffraction are also considered in the
simulation (Fig. 3).
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Fig. 2. Comparison of different methods under (a) LoS scenario, (b) NLoS scenario.
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Fig. 3. 3D geographical database of NUAA campus.

Table 2. Simulation parameters

Parameters Values

Vehicle height 2 m

UAV height 30 m, 50 m, 100m, 150 m, 300 m, 500m

Carrier frequency 28 GHz

System bandwidth 500 MHz

Antenna Omnidirectional antenna

Polarization Vertical polarization

4.2 Validation and Analysis

Instead of measurement campaign, another way to validate the LoS probability
model is by using extensive RT simulations. Actually, a sufficiently large area and
enough simulations can ensure that the result is not dependent on the randomly
selected cases. In order to compare and analyze the LoS probability, we set
hUAV = 100 m, hV = 1.5 m. The simulation results of different methods are
given in Fig. 4. As we can see that the LoS probability increases as the elevation
angle increases due to the decrease of obstacles. Although they all have a certain
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deviation from the RT model, we can see that the deviation of the ITU model
is smaller than 3GPP model and the method in [29].

Fig. 4. Comparison of different LoS probability methods.

Then, we use the simulated result by RT method to validate the proposed
PL model. Note that the RT method is related to the specific environment and
fluctuates greatly. During the simulation, 6 typical trajectories are selected and
each trajectory takes six different heights of 30 m, 50 m, 100 m, 150 m, 300 m,
and 500 m. Figure 5 shows the path loss results of one typical trajectory, and the
UAV height is 50 m. As we can see in the figure, our modified method can fit the
path loss trend generated by the RT method and produce reasonable statistics
in Table 3 and Table 4.

Moreover, Table 3 shows that in all cases the standard deviation between the
PL model and the RT method is lower than 3.5402 dB and the median path
loss exponent (PLE) is 2.17. It can be seen that the accuracy of our modified
model under the LoS scenario is very high. Table 4 illustrates that the PLE under
the NLoS scenario ranges from 2.7000 for the highest height, to 2.7470 for the
lowest height and the median path loss exponent is 2.74. The standard deviation
between the PL model and the RT method ranges from 6.0998 dB to 10.6271
dB. It is reasonable because the lower the flight altitude, the more the path loss
is affected by the obstacle, and the RT method is more accurate.
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Fig. 5. Path loss results of one typical trajectory (a) UAV height = 30m, (b) UAV
height = 50 m, (c) UAV height = 100m.
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Fig. 5. (continued)

Table 3. Statistical properties for RT results (LoS)

UAV height (m) Path loss exponent Standard deviation (dB)

30 2.1630 3.4822

50 2.1670 3.4313

100 2.1700 1.4655

150 2.1750 2.0913

300 2.1900 2.9649

500 2.2100 3.5402

Table 4. Statistical properties for RT results (NLoS)

UAV height (m) Path loss exponent Standard deviation (dB)

30 2.7470 10.6271

50 2.7450 10.0353

100 2.7400 8.5940

150 2.7350 7.9383

300 2.7200 7.3789

500 2.7000 6.0998
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5 Conclusions

In this paper, we have developed a new PL model for UAV mmWave communi-
cations by considering the factor of UAV height. For the campus scene, we have
obtained extensive RT simulation data and got the tailored parameter value of
the new factor by fitting these data. The simulation results have shown that our
modified match well with RT method at any UAV height. Moreover, this model
is generic for any A2G scene, as long as we adjust the parameter value according
to the scene and this’s our future work.
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