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Abstract—In this paper, we study the propagation character-
istics of air-to-air (A2A) channels in a virtual urban scenario
generated with the ITU-R model. Based on ray-tracing sim-
ulations, we explore the behavior of large-scale fading when
taking the environmental setup into consideration. Our analytical
results show that the large-scale fading statistics, e.g., pathloss
exponent (PLE) and shadow fading variance, are associated
with the receiver height and elevation angle. Furthermore, we
derive an approximate expression for line-of-sight probability
according to the deployment and distribution of buildings. The
expression is characterized as a function of receiver height and
elevation angle with the condition of high transmitter height. To
efficiently evaluate the performance of unmanned aerial vehicle
(UAV) communication systems, we then propose an empirical
propagation channel prediction model, which can be easily
extended to different scenarios in the ITU-R model.

Index Terms—UAV communications, air-to-air channels, ray-
tracing, pathloss model, LOS probability.

I. INTRODUCTION

In recent years, UAV communications have attracted much
attention due to their high mobility and low cost. Their typical
applications include aerial photography, traffic monitoring,
and disaster relief [1]. Considering less blockage and col-
lision probability, most of the applications concentrate on
the suburban and open area scenarios. Furthermore, with the
development of artificial intelligence and system management,
it is promising to support some amazing applications in urban
environments, e.g., package delivery, aerial relay for device-to-
device (D2D) communications, and aerial transportation [2]-
[4]. The physical wireless channel has an important effect
on the communication system, motivating us to focus on the
channel property and challenge of UAV communication in an
urban scenario.

A. Related work and Motivation

There are many application scenarios related to the A2A
channel, e.g., cellular-to-UAV networks, D2D communication
and ad hoc network. The A2A channel is more likely to
experience LOS propagation at an open area, in which the
PLE is almost 2 similar as the propagation in free space [5].
However, when considering the UAV at low altitude in urban
environment, the multipath may dominate the channel due to
blockage from nearby buildings. Also, the height plays an

important role in channel behavior since there is less blockage
at a higher altitude.

The conventional ground-to-ground (G2G) models [11] in-
clude Stanford University Interim (SUI) Model, COST-231
Hata Model and ECC-33 model, and some models (e.g.,
SUI model) also consider the impact of transmitter (TX) and
receiver (RX) height. However, these empirical models are
associated with the application scenario and are difficult to
extend to the A2A channel. Recently, there have been several
research papers about channel measurement and modeling for
air-to-ground (A2G) channels. In rural and hilly scenario, [6]
expressed that the PLE decreases with an increase in the TX
height. In urban scenario, [7] proposed a simplified Saleh-
Valenzuela (SV) model to express the multipath, and [8]
reported that the elevation angle heavily influences the excess
fading in the pathloss. Very few works critically investigate
such properties in A2A channels.

The empirical result is strongly dependent on the corre-
sponding environment. In order to obtain a reliable model
in different scenarios, a large number of data needs to be
gathered with the conventional channel measurement, which
is a heavy and time consuming work. On the purpose of
investigating the primary behavior of A2A channel, a good
and simple approach is performed by ray-tracing simulation
[9]. The virtual-city environment is generated based on the In-
ternational Telecommunication Union (ITU-R) model [10], so
that it is efficient to analyze and compare the channel property
with different geometry and frequency. The simulation result
provides a guideline for A2A channel, and the parameters
should be validated by real data in the future measurement.
The main contributions of this paper are listed below.

B. Contributions

1) propagation property for A2A channel: According to ray-
tracing simulation, we expose a relationship between large-
scale fading statistics and environmental setups, e.g., RX
altitude and elevation angle, in the line-of-sight (LOS) and
non-line-of-sight (NLOS) scenarios, respectively.

2) LOS probability for A2A channels: With the deployment
and distribution of buildings, we derive an approximate expres-
sion of LOS probability, which can be simplified as a function
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Fig. 1. A geometry of LOS and NLOS scenarios in an A2A channel.

of RX altitude and elevation angle with the assumption of high
TX altitude.

3) Empirical propagation model: According to conventional
pathloss model, we propose an empirical model for A2A
channels in an urban scenario, which is suitable for different
geometry structure in the ITU-R model.

The remainder of the paper is organized as follows: In
Section II we introduce the ray-tracing simulation environ-
ments, and Section III expresses the property of A2A channel
and the numerical relationships. The approximation of LOS
probability is derived in Section IV. Section V presents the
implement guideline of the pathloss model and conducts the
verification. Finally, Section VI concludes the paper.

II. SIMULATION ENVIRONMENTS
A. Modeling urban environments

Fig. 1 depicts the geometry of LOS and NLOS scenarios in
the A2A channel. The UAV as TX is deployed at a certain high
altitude, e.g., 300 m, to provide cellular coverage for the UAV
as RX with a low altitude of hr and an elevation angle of 6.
Since the layout of the buildings determines the behavior of
propagation channel inside a city, the building deployment to
express different scenario is generated based on the following
three empirical parameters in ITU-R model [10] :

1) «: The ratio of built-up land area to the total land area

(dimensionless).

2) f: The mean number of buildings per unit area (build-

ings / km?).

3) ~: The variable to represent the building heights in

Rayleigh distribution as

>3) (D

where f(h) is the probability density function (PDF) and h is
the building height in meters. For simplicity, the virtual-city
environment is generated as

(0%
W=,/ 2
3 (2)
s—L _w 3)
VB

where W is the width of square building and S is the inter-
building spacing. In addition, the deployments of trees and
mobile objects are neglected in our simulation scenario.
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Fig. 2. A geographical scenario for ray-tracing simulations.

TABLE I
SIMULATION PARAMETERS.

Parameter Value

Scenario Dense urban, Urban

2.4 GHz, 800 MHz

Simulation frequency

Bandwidth 100 MHz
Simulation area 1.5 km x 1.5 km
TX height 300 m
RX height 2, 5, 10, 15, 20, 25, 30, 35, 40 m
RX spacing Sm
Max. number of reflection 10

Max. number of penetration Not simulated

Max. number of diffraction 1
Transmit power 0 dBm
Number of TXs 5
Number of RXs 14575 x 9

-250 dBm

Minimum received power

B. Simulation scenario

Fig. 2 depicts the geographical scenario with dimensions of
1.5 by 1.5 km. There are 5 TXs as red dots at a certain high
altitude, and the RXs are deployed with 5 m resolution among
the streets. It is important to note that the RXs are deployed
at different heights to collect the signal power samples for the
A2A channel. The maximum height of RX is 40 m, and most
of the buildings are lower than such a height. Details of the
simulation parameters are listed in Table I.

A full 3D ray-tracing simulation is performed with Wireless
insite® software. The “Direct”, “Reflected” and “Diffracted”
paths are considered in our simulation, and the penetration
path is neglected because of high attenuation through building.
All the buildings are assumed to be made of concrete with
€0 = 15 and o9 = 0.015 [9], and the ground is assumed to be
asphalt with ¢y = 5.72 and oy = 0.0005 [9]. Isotropic rays are
shoot from TXs with the power of 0 dBm and the threshold
of received power is -250 dBm.

III. LARGE-SCALE FADING CHANNEL MODEL

The large-scale fading, or the pathloss, is the fundamental
parameter to determine the coverage distance for cellular
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Fig. 3. Excess fading for the EL model in a dense urban scenario (RX =
30 m, f = 2.4 GHz).

system. Typically, the excess fading loss (EL) model is used
to estimate the pathloss of large propagation distance in free
space, with an addition of fading resulted from surroundings
and terrain elevations, which satisfies the A2A channel in
urban scenario.

A. Excess fading loss model

The EL model with free space pathloss F'SPL(d) can be
expressed as [8]

PL¢(d, hp,hg) = FSPL(d) + 1 4)
where s fd

FSPL(d) = 20logyo(——) (5)

with ¢, f, and d representing the speed of light, frequency,
and propagation distance, respectively. The elevation angle
is calculated as § = arcsin((hr — hg)/d). The excess loss
is in normal distribution as ne ~ N(p., X?), and £ =
{LOS,NLOS}. The mean p¢ and standard derivation (STD)
Xe¢ are characterized as the function of altitude and elevation
angle in the LOS and NLOS scenario, respectively.

As depicted in Fig. 3, it is observed that the excess fading
falls into two types: LOS data marked by red circle and NLOS
data marked by black circle. Compared to the NLOS part, the
LOS part suffers from less excess fading. The mean excess
fading is estimated in different RX height, and the STD shows
a strong relation with the elevation angle. It can be noticed
from Fig. 4 that the mean excess fading tends to increase
with an increase in RX height. Because the higher the altitude
is, there is less probability to benefit from the reflection and
diffraction. The mean of NLOS part with frequency of 800
MHEz is less than that of 2.4 GHz, since the signal with longer
wave length suffers from less reflected and diffracted loss. The
mean of LOS part is about -0.9 dB in dense urban scenario,
which is caused by the wave guide effect. The regression can
be expressed as

pros = a1exp(by - hg) 6)
UNLOs = a2exp(by - hR) N

Note that the mean of LOS part can be assumed to be constant
for simplicity.
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Fig. 4. Mean excess fading for the EL model as a function of RX height in
a dense urban scenario.
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Fig. 5. STD of excess fading for the EL model as a function of elevation
angle in a dense urban scenario.

In dense urban scenario with frequency of 2.4 GHz, the
STD of NLOS part is estimated within range from 8.0 dB to
9.6 dB in different RX height, but degrading from 11 dB to
2 dB with the elevation angle from 10° to 80°. Fig. 5 depicts
the fitting function of LOS and NLOS part as red and black
curve, respectively. Similarly, the less the carrier frequency
is, there is less shadow fading resulting from reflection and
diffraction. The STD degrades with the increase of elevation
angle as shown by the following functions:

Xros = a3t + b3 ®)

XNLos = a4(0 — by)? + ¢4 )

This is because the propagation link with small elevation angle
is more likely to undergo shadow fading from buildings. The
fitting parameters for EL model are summarized in Table II,
and the scenariol and scenario2 are within the frequency of
800 MHz and 2.4 GHz, respectively.

B. Close-in free space reference distance model

Typically, the large-scale fading is characterized as the s-
tatistics such as PLE and shadow fading variance. Considering
the reasonable accuracy and simplicity across many scenarios
and frequency band [12] [13], the close-in (CI) free space
reference distance model is also investigated in this paper. Note
that an alternative to the CI model is the floating intercept (FI),
or alpha-beta model, but the additional variation in intercept
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adds the model complexity. The CI model with reference
distance dy can be expressed as [12]

PLg(d, hr,hg) = 10n¢ - log; (d/do) + FSPL(do) + XUg
(10)

The model uses the dj (e.g., 1 m) as the FSPL anchor point, to
obtain the variation in the PLE ng¢, which is dependent on the
propagation condition. X, is the shadow fading in lognormal
distribution with a STD of o¢, and { = {LOS, NLOS}.

Fig. 6 depicts the pathloss at the RX height of 30 m with the
frequency of 2.4 GHz, and there is clear difference between
the LOS data and NLOS data. With the minimum mean square
error (MMSE) method, the PLE of LOS part is estimated as
1.98 and the STD of shadow fading is 0.9 dB, whereas the
corresponding estimates for NLOS part is 2.54 and 9.43 dB.
Fig. 7 depicts the height dependent behavior of PLE, on the
one hand, the PLE of LOS part is nearly but less than 2 due to
wave guide effect, on the other hand, the PLE of NLOS part
increases with an increase in RX height, resulting from less
probability of receiving any reflected rays and hence degrading
the wave guide effect. Another finding is that the benefit in
reflection and diffraction leads to decay in PLE within less
carrier frequency. It is also worth mentioning that the STD
expresses the similar behavior as the EL model.

Considering the trade-off between simplicity and accuracy,
the PLE and STD are associated with the RX height and
elevation angle as

nros = diexp(bi - hg)
nNLos = azexp(bs - hg)

0Los = 30 + bs

(1)

onros = da(0 — bs)® + éy

where the fitting parameters are summarized in Table III. Note
that the nppg can be approximated as 2 for simplicity. To
validate the proposed parameters in EL and CI model, the
simulation is performed at different heights in dense urban
scenario. It is observed in Fig. 8 that the fitting results show
good approximation with the raw simulated data. The variation
in the cumulative distribution function (CDF) plot with respect
to the height also implies the increase of mean excess fading
and PLE with the altitude.
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Fig. 7. PLE for the CI model as a function of RX height in a dense urban

scenario.
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environments (f = 2.4 GHz).

IV. LOS PROBABILITY

Considering the difference of channel behavior in the LOS
and NLOS environment, the LOS probability plays an impor-
tant role in the channel modeling. In the 3GPP standards, the
LOS probability degrades exponentially with an increase in
the link length, and the height of base station is negligible
[14]. Based on the ray-tracing simulation, simple empirical
formula is derived with respect to the elevation angle in
the A2G channel [15]. However, the LOS probability is also
correlated to the altitude in the A2A channel, in particular for
the RX height. With the geometrical deployment of buildings,
an approximate expression of LOS probability is derived as

pros(hn.0) = exp(—rQ(E)eon(®) (12
where k = 4v./2a/7 denotes the decay factor associated
with the empirical parameters in ITU-R model, indicating that
the LOS probability relies on the distribution of buildings.
Q(-) is the Q-function.

The proof of Eq. (12) is given as follows. The centers of
buildings are assumed to follow a two-dimensional Poisson
point process (PPP), and the number of buildings between TX
and RX is a Poisson random variable with mean \ [14], which
is dependent on the scenario. Conditioning on the & buildings
distributed on the link of TX and RX with the probability
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Fig. 9. LOS probability as a function of RX height and elevation angle in
different scenarios.

p(k), the expectation of LOS probability is calculated as
pros = y_ p(LOS|k)p(k)
k
(a)
= p(LOS|1)*p(k)
k
®) P
= Zﬂg(ﬁe *)
- !

_ AP
—e ,\Xk:(p(;f!)

)

(13)

where (a) follows because the impact of each building on the
LOS probability is independent. (b) follows from the Poisson
distribution of k, and py = p(LOS|1) denotes the conditional
LOS probability with one building. According to Theorem 3
in [14], pg can be further derived as

—~
O

(14)

R h hr—hgr 2
1— %/0 exp[—M]dx

2~2
V2 ohny ol

:1—7
hr — hg Y Y

)]

where Fj, is the CDF of h, R is the horizontal distance between
TX and RX, (c) follows from the Rayleigh distribution of
building height, and hp denotes the least height to block the
LOS path. Note that the building is assumed to be uniformly
distributed on the spacing [0, R]. According to Theorem 1 in
[14], the mean A can be derived as,

2B(W + W) 1,/aB
™ ™

A= R+ BW? = R+a (15

where W is the width of square building. Plugging (14) and

Item Dense urbanl | Dense urban2 Urbanl Urban2
ai,bi -1.70,-0.034 -1.72,-0.035 -1.12,-0.033 | -1.15,-0.037
a2, ba 6.93,0.022 7.92,0.023 7.47,0.019 8.76,0.019
as, bs -0.016,1.80 -0.015,1.63 -0.015,1.60 -0.013,1.37
aq -0.0013 -0.0014 -0.0015 -0.0013
by, cq 10,8.87 10,10.42 20,7.87 20,9.38
TABLE III
FITTING PARAMETERS FOR THE CI MODEL.
Item Dense urbanl | Dense urban2 Urbanl Urban2
a1, by 1.94,0.0006 1.94,0.0006 1.96,0.0004 | 1.96,0.0004
2, bo 2.22,0.0034 2.25,0.0040 2.23,0.0033 | 2.27,0.0039
ds3, b3 -0.01,1.69 -0.01,1.48 -0.01,1.43 -0.01,1.21
day -0.0011 -0.0012 -0.0015 -0.0016
ba, €1 10,8.48 10,9.96 20,7.63 20,9.11
(15) into (13) gives
44/ Ozﬂ A% 27‘(’)/ hR hT
pros = exp[—(——R+a);———(Q(—) - Q(—))]
T hy —hgr v Y
9 expl— (M2 R 4 o) 2Ty,
™ Rtan(0) “" ~
(e) 2a8 hr
~ exp[—4y/ —7Q(—)cot(0)]
™ Y
(16)

where (d) follows from the relationship hr — hg = Rtan(f)
and the approximating with high TX altitude (e.g., 300 m). (e)
follows from the approximating in the case of long horizontal
distance, and the proof of (12) is complete.

Fig. 9 shows the LOS probability in different scenarios,
indicating that the denser the scenario is, the lower the RX
height is, the propagation path is more likely to be blocked by
the buildings. It is observed that the theoretical result matches
the simulation data well, but the large elevation angle worsens
the approximation due to short horizontal distance. In order to
improve the performance, the MMSE method is used to obtain
the corrected decay factor «, in which the corresponding factor
is adjusted from (0.59,0.78) to (0.75,1.06) in urban and dense
urban scenario, respectively. Hence, the corrected decay factor
is a little larger than the theoretical number.

V. MODEL IMPLEMENTATION AND VERIFICATION

The framework of implementation is illustrated as below,
and the simulation area can be the small patch areas or
their combination. Note that the TX and RX are assumed to
be isotropic in the proposed guideline, whereas the antenna
pattern should be considered when implementing the complete
system design. The proposed A2A channel model simplifies
the simulation calculation, and the implementation time can
be shorten to several minutes. In order to verify the proposed



Algorithm 1 Framework of model implementation.

Require: The scenario, dense urban / urban; The center
frequency, f = 2.4 GHz / 800 MHz; The TX altitude,
hr > 200 m; The RX altitude, hg < 40 m;
Ensure: Pathloss, PL(d, hr,hg);
1: Selecting the positions for TX and RX;
2: Calculating the distance d and elevation angle 6;
3: Calculating the LOS probability pros according to (12);
4: Generating a random number in uniform distribution as
w ~ U[0,1], if pros > w, the propagation state is NLOS
otherwise it is LOS;
5: Calculating the excess loss 17, PLE n and STD o of LOS
or NLOS according to (6)-(9)(11);
6: Calculating the pathloss according to (4)(10) and repeating
the above steps to obtain more data.
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Fig. 10. CDFs of pathloss for different scenarios (TX = 300 m, RX = 30 m,
f =2.4 GHz).

95

model, we compared the raw data from ray-tracing simulator
versus the simulation result. Fig. 10 and Fig. 11 depict the
comparison in different scenarios and heights, respectively. On
the one hand, the proposed model is suitable for different urban
scenarios with respect to ITU-R model. On the other hand, the
denser deployment of building and lower RX height degrade
the pathloss due to less LOS probability. Moreover, the CI
model and EL model can be used interchangeably because of
the similar performance and complexity.

VI. CONCLUSIONS

Based on the conventional EL and CI models, this paper
has investigated the relationship between the large-scale fading
statistics and environmental setups in A2A channels. The PLE
and mean excess fading increase with an increase of RX
height, and the STD of shadow fading is characterized as a
negative function of elevation angle. The approximate formula
of LOS probability has been derived and it is associated with
both the RX height and elevation angle with the assumption of
high TX height. The parameterization and implementation of
the proposed model can serve as a simple tool for UAV system-
level estimations, which can easily be extended to different
urban scenarios. Further UAV channel measurements should
be taken to extract more realistic model parameters.
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