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Geometry-Based Stochastic Probability Models for

the LoS and NLoS Paths of A2G Channels
Under Urban Scenarios

Minghui Pang
Junyu Liu

Abstract—Path probability prediction is essential to describe
the dynamic birth and death of propagation paths, and build
the accurate channel model for air-to-ground (A2G) commu-
nications. The occurrence probability of each path is complex
and time variant due to fast changeable altitudes of unmanned
aerial vehicles and scattering environments. Considering the A2G
channels under urban scenarios, this article presents three novel
stochastic probability models for the Line-of-Sight (LoS) path,
ground specular (GS) path, and building scattering (BS) path,
respectively. By analyzing the geometric stochastic information
of 3-D scattering environments, the proposed models are derived
with respect to the width, height, and distribution of buildings.
The effect of the Fresnel zone and altitudes of transceivers are
also taken into account. Simulation results show that the proposed
LoS path probability model has good performance at different
frequencies and altitudes and is also consistent with existing mod-
els at the low or high altitude. Moreover, the proposed LoS and
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non-LoS path probability models show good agreement with the
ray-tracing (RT) simulation method.

Index Terms—Air-to-ground (A2G) channels, channel model,
Fresnel zone, ray tracing (RT), stochastic path probability.

I. INTRODUCTION

NMANNED aerial vehicles (UAVs) have been widely
Uused in aerial photography, disaster rescue, and other
fields due to small size, low cost, and easy deployment [1], [2],
[3], [4], [5], [6]. The space—air—ground—sea integrated network
is a key part of the global Internet of Things (IoT) construc-
tion, which greatly relies on the reliable air-to-ground (A2G)
communication link [7], [8], [9], [10], [11], [12]. The random
and dynamic birth and death of propagation paths is a big
challenge to maintain the reliable A2G link [13], [14], [15],
[16], [17], [18], [19], [20], [21]. Thus, accurate and general
propagation path probability models are urgently needed, in
order to describe the dynamic birth and death of propagation
paths and improve the communication performance.

There are limited literature on the path probability
prediction. Some researchers used accurate digital maps to
determine the Line-of-Sight (LoS) path by geometric oper-
ation, namely, the deterministic method. This method is only
suitable for a specific scenario and requires accurate maps. On
the other hand, stochastic methods [22], [23], [24], [25], [26],
(271, (28], [29], [301], [31], [32], [33], [34], [35], [36], [37],
[38], [39], [40], [42] are more popular, which can be mainly
classified into measurement-based empirical method [22],
[23], [24], [25], simulation-based empirical method [26], [27],
[28], [29], [30], [31], [32], [33], and geometry-based analytical
method [34], [35], [36], [37], [38], [39], [40], [42].

The measurement-based empirical method and simulation-
based empirical method establish the stochastic path proba-
bility models by analyzing massive measured and simulated
data. There are several standard LoS probability models based
on the massive measurement data under several typical sce-
narios in International Telecommunication Union-Radio (ITU-
R) M.2135-1 [22], the Third Generation Partnership Project
(3GPP) TR 38.901 [23], 5G Channel Model (5GCM) [24],
and WINNER II [25]. Since it is complex and high cost
to acquire measurement data, several empirical models are
proposed based on simulation data, e.g., data obtained with
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TABLE I
RELATED WORKS ON MEASUREMENT/SIMULATION-BASED EMPIRICAL MODEL

Methods Models Channels Altitude- | Frequency- LoS NLoS
dependent | dependent Probability Probability
ITU-R2135 [22] B2G X X v X
3GPP TR 38.901 [23] B2G X X v X
5GCM [24] B2G X X v X
WINNER [25] B2G X X v X
Measured Model in [28] B2G X X v X
/simulated- Model in [29] B2G X X v x
based Model in [27] H2G angle- X v X
empirical
model dependent
Model in [31] A2G angle- X v X
dependent
Model in [32] B2G v X v X
Model in [30] A2G v X v X
Note: B2G (base station to ground), H2G (high altitude platform to ground).
TABLE II
RELATED WORKS ON GEOMETRY-BASED ANALYTICAL MODEL
Methods Models Channels Altitude- | Frequency- LoS NLoS
dependent | dependent | Probability Probability
ITU-R1410 [34] B2G X X v X
Model in [35] H2G angle- X v X
dependent
Model in [42] A2G angle- X v X
Geometry- - dependent
based Model in [41] A2G v X v X
analytical Model in [39] A2G v X v X
model Model in [36] A2G v X v X
Model in [40] A2G v v v X
Model in [37] B2G v v v X
Model in [38] B2G v v v X
The proposed model A2G v v v v

ray-tracing (RT) method [26], [27], [28], [29], [30], [31],
[32], and data obtained with point cloud method [33]. Table I
summarizes the related works on the measurement-based and
simulation-based empirical model. The accuracy of this kind
of model greatly depends on the original data and it usually
requires a large amount of computations.

The geometry-based analytical method predicts the path
pobability by applying the electromagnetic wave propagation
theory and geometry information. Especially, the scenarios are
described in a stochastic way according to the stochastic prop-
erties of buildings [34], [35], [36], [37], [38], [39], [40], [42].
Specifically, a well-known analytical method was proposed
in ITU-R Rec. P.1410 [34], which utilized three stochastic
geometry parameters to define different urban scenarios. The
buildings were distributed uniformly and the height of build-
ings followed Rayleigh distribution. On this basis, several LoS
probability models were addressed in [35], [36], [37], [38],
[39], and [40]. For example, Al-Hourani et al. [35] proposed
an LoS probability model with respect to the elevation angle.
However, the model was only appropriate for the altitude of
troposphere (over 10 km). Recently, an elevation angle-related
LoS probability model for the UAV-to-ground (U2G) urban

scenarios was proposed in [36]. Furthermore, considering the
factor of the Fresnel zone, Liu et al. [37] and Cui et al.
[38] proposed frequency-dependent LoS probability models.
Gapeyenko et al. [39] proposed an altitude-dependent LoS
probability model for UAV communications. Zhu et al. [40]
proposed an altitude-dependent and frequency-dependent LoS
probability models for A2G communications and obtained the
closed expression. In addition, the prediction model in [41]
described the buildings by cylinders following Poisson dis-
tribution, and the height obeyed the Log-normal distribution.
Another altitude-dependent LoS probability model based on
the Poisson distribution of buildings can be addressed in [42].
Table II summarizes the representative works on the geometry-
based analytical model. As we can see, few models can
be applied to the wide range of altitude. In addition, the
frequency factor is usually not considered. Moreover, to the
best knowledge of the authors, the aforementioned models
only consider the LoS probability, while the non-LoS (NLoS)
path, including the ground specular (GS) path and building
scattering (BS) path, is rarely involved. This article aims to
fill this gap and build the stochastic altitude-dependent and
frequency-dependent probability models for different paths.
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The main novelties and contributions are summarized as
follows.

1) A general stochastic prediction model for the LoS prob-
ability of A2G channels in urban scenarios is proposed.
This model takes the factors of transceiver altitude,
building height, building width, building location, and
the Fresnel zone into account, which makes it general
and suitable for different altitudes and frequencies.

2) Geometry-based stochastic probability models for the
GS and BS paths in urban scenarios are proposed for the
first time. We adopt the research methods of mirror sce-
nario analysis and the first Fresnel zone restriction and
consider the effect of Fresnel ellipsoids and the geomet-
ric stochastic information, such as transceiver locations
and distribution of buildings. The two proposed mod-
els can be adapted to different heights, frequencies, and
urban scenarios.

3) Based on the stochastic scenario-dependent parameters,
we construct virtual urban scenarios and obtain the LoS,
GS, and BS path probabilities by averaging massive
RT simulation. The simulation results show that the
proposed models have good agreement with the RT data.
The proposed model is also consistent with existing
models at low or high altitude. In addition, we analyze
the influence factors and average maximum commu-
nication distance (MCD) based on the proposed path
probability models.

The remainder of this article is organized as follows.
Section II demonstrates the propagation process and analyzes
the factors that affect the occurrence probability. In Section III,
the probability models of LoS, GS, and BS paths are analyzed
and derived for typical urban scenarios. The comparisons and
validations are given in Section IV. Finally, conclusions are
drawn in Section V.

II. PROPAGATION PATH OF A2G CHANNELS

The A2G channel generally consists of an LoS path and
several NLoS paths, i.e., the GS paths and BS paths. Mao
et al. [19] mentioned that the sum power of LoS path, GS
path, and BS path with the largest power exceeds 99% of the
total received power. Therefore, the channel impulse response
(CIR) can be simplified as

o(t,) =) + 0%, 1) + 0B, ) (1)

where o°5(¢), 095(z, 1), and oBS(z, 1) denote the CIRs of
LoS, GS, and BS paths. Note that the occurrence of each
path is random, which mainly depends on the scattering envi-
ronment and locations of transceivers. This article focuses on
predicting the occurrence of each path in a stochastic way,
denoted by the path probabilities as P°S, PSS and PBS,
respectively.

In order to build the probability model, we first need to
describe the scattering scenario in a stochastic way. In this
article, we adopt the well-known classification and descrip-
tion method in [27] and [34]. The method divides the urban
scenarios into four typical categories, i.e., Suburban, Urban,
Dense urban, and High-rise urban. Four typical categories are
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Fig. 1. Illustration of propagation paths of an A2G urban channel. (a) 3-D
view of a typical A2G channel. (b) 2-D view of a typical A2G channel.

described by three parameters {«, 8, ¥} € ¥, where « is the
percentage of land area covered by buildings, B represents the
density of buildings, and y denotes the mean value of ran-
dom building height. The three parameters of the Suburban,
Urban, Dense urban, and High-rise urban are (0.1, 750, 8),
(0.3, 500, 15), (0.5, 300, 20), and (0.5, 300, 50). The loca-
tion of buildings follows Uniform distribution and the mean
value of building width in these four scenarios are 11.6, 24.5,
40.8, and 40.8 m, respectively. The height of buildings follows
Rayleigh distribution as

h
F(h) = ?exp|:—7i| 2)

where # is the height of buildings.

A typical A2G channel under urban scenarios is shown in
Fig. 1, where 27X and hRX represent the heights of transmitter
(TX) and receiver (RX), respectively, and 4R is the horizon-
tal distance between TX and RX. In the figure, the average
building width [43] can be obtained by

W = 1000,/a/B 3)
and the average street width can be obtained by
V =1000//8 — W. )
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Fig. 2. LoS path of A2G channel under urban scenarios.

The average number of buildings along the propagation path
between the transceivers can be calculated by

E[N] = ﬂoor(dTR\/oTﬁ /1000) 5)

where floor(.) represents the downward rounding function.
The energy of the propagation path is not concentrated along
a straight line but in the entire Fresnel zone. When we consider
the occurrence of the propagation path, it is necessary to judge
the occlusion of obstacles not only along the straight path but
also on the entire Fresnel zone. The Fresnel clearance zone

can be expressed as [37], [38]
2 2 2
X y z
+ - Tt 71 = <1 (6)

where the ellipsoid parameters can be calculated by

X = Z_
(7

A dTR

where A is the wavelength. In this article, we only con-
sider the first-order Fresnel zone which includes half of total
field strength. The radius of the first-order Fresnel ellipsoid
corresponding to the location of the ith building is

/% dTR 4. TR
);?TRd[7di< d_

- 2
Ri - /}»dTR(dTR—d,') d dTR (8)
— 4k W > 5=

where d; is the distance between the ith building and TX, given
by
_ (i—05)d™ LW
~ floor(d™/aB/1000) = 2°

€))

III. STOCHASTIC PATH PROBABILITY MODELS
A. LoS Path Probability Model
Most of the scatterers under A2G communication scenarios
are on the ground and the LoS propagation is cut off only

when the Fresnel zone is totally blocked by obstacle as shown
in Fig. 2. In other words, the Fresnel zone between TX and

RX is not blocked by any building. Thus, the LoS probability
can be defined as

E[N] E[N]

plos _ 1—[ PLoS — 1—[ P(h,- - hl_Los)

i=1 i=1

(10)

where P%OS is the probability that the ith building does not
block the LoS path, A; is the height of the ith building, and
h{f"s is the maximum height of the ith building unblocking the
LoS path.

Since the height of buildings follows the Rayleigh distribu-
tion, the probability that the buildings do not block the LoS
path is

ploS

pLos — (h <hLOS) _/(;’

F(h)ydh=1-— exp|:— 22
v

)

(an

When the effect of the Fresnel ellipsoid is not considered,
the maximum height point is along the straight line between
TX and RX, which can be expressed as

di (hTX _ hRX)

_ 3 TX
=h" - TR

LoS’
hi° (12)
The influence of Fresnel ellipsoid depending on the signal
frequency is considered in this article. The maximum height
can be modified as the lowest point of the first-order Fresnel

zone as shown in Fig. 2. It yields

TX RX
plos _ jTX _ di(h™ — h*%) R (13)
! dTR cosO;
Furthermore, we can obtain
dTR
cosf = . (14)
\/(dTR)z + (X — hRX)2

Finally, the LoS probability can be obtained by (15), shown at
the bottom of the next page, which is related to the altitudes of
TX and RX, the communication frequency, and the scenario.
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Fig. 3. GS path of A2G channel under urban scenarios.

B. GS Path Probability Model

The GS propagation path consists of three parts, i.e., the
incident path, reflection path, and Fresnel reflection zone.
The location and height of buildings obey the aforemen-
tioned distributions. As shown in Fig. 3, the area under the
ground is the mirror of the counterpart above the ground. The
area that the Fresnel ellipsoid between mirrored TX" and RX
crosses the ground can be denoted by G, i.e., the reflection
Fresnel zone. Then, the probability that the ith building does
not block the GS path can be equivalent to the LoS probabil-
ity between RX and mirrored TX' as shown in Fig. 3. Thus,
it can be expressed as

s (hSS)?
P _P(h, < I ) /0 F(hydh = 1 exp|: 37 ]
(16)

However, it is slightly different from calculating LoS proba-
bility, since the buildings are divided into two classes accord-
ing to their positions in this article. Therefore, the GS path
exists only when the building between TX and G does not
block the incident path, and the building between G and RX
does not block the reflection path. Note that the case of reflec-

can be obtained by performing the triangle similarity theorem
as

dTRhTX
dC= —— . (17)
hTX + hRX
Then, the cosine of 6, in Fig. 3 can be obtained as
dTR
cosfy = . (18)
(@) 4 (5 4 )2

First, we assume that the arbitrary building is located
between the TX and G, and then, the average number of
buildings along the incident path can be calculated by

E[N'] = floor(d®/a/1000).

The distance d; between TX and the ith building can be
expressed as

19)

di - dTG B dTR hTX

= R (20)

The height of the centerline of incident Fresnel ellipsoid htGSI/
is the same as the height when the incident path is considered
as a straight line. It can be given by

tion zone G not blocked by any building is already included asr  h™ (d™C - a))
in the above two constraints. The distance between G and TX b = 4G (21
2
di (WX —pRX VAdTR /(dTR)2+(hTX_hRX)2 )
E[N] |:hTX - d™R ) - (dTR)2 mln(d,- ) d™ — di)
PLoS(dTR, WX, BRX 4, k) = 1_[ 1 —exp| — 3 15)
i=1

2y
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Considering the influence of the Fresnel zone, the maximum
height at which the ith building does not block the incident
path is

— hGSl/ _ Ri

GSI
hl l .
cos br

(22)
The probability of the ith building does not block the incident
ray can be derived as (23), shown at the bottom of the page.

Second, if the building is located between the RX and G,
the average number of buildings along the reflection path can
be calculated by

E[N®] = floor( (4™ — d™) /af/1000).

The distance d; between the TX and the ith building can be
expressed as

(24)

TG dTRhTX
Similarly, we can obtain
hGSR/ _ WX (di - dTG) 26
i ~  4TR _ 4TG (26)
and
/ R'
PSR = pSR — L 27
cos 6h

Then, the probability that the ith building does not block the
reflection path can be obtained as (28), shown at the bottom
of the page. Thus, the final probability model of the GS path
can be obtained as

E[NT E[N¥]

TT 755" TT P98, 29)

i=1 i=1

PGS(dTR, hTX, hRX, ‘[/, )\,) —

It should be noted that the case of buildings on the reflection
Fresnel zone is included in (29). Since buildings are usually
much larger than the reflection Fresnel zone, they would block

2365

C. BS Path Probability Model

Since the double-bounce and multiple-bounce scattering
paths have much lower power compared with the single-
bounce scattering path, they are not considered in this article.
Moreover, any one building can become a scattering zone
when the height of the building enters the first Fresnel zone.
A typical BS path in A2G communications is shown in Fig. 4.
According to the position of the scattering zone, the buildings
along the straight line can be classified into three categories,
e.g., scattering buildings, front buildings, and behind buildings.
Note that the scattering occurs on the scattering buildings.
The front buildings are located between TX and the scattering
zone, and the behind buildings are located between RX and
the scattering zone.

During the scattering propagation process, it is necessary to
ensure that the incident and scattering buildings do not block
the incident path and the scattering path. Therefore, the BS
probability model can be expressed as

E[N"]

1_[ le

E[NB]

[T

n=1

E[N]

S=1-J]|1-P}-

i=1

Pl

N

(30)

where E[NF] is the average number of front buildings. When
the scattering zone is on the ith building, it can be expressed
as

E[N"] = floor(d;/B/1000). 31)
The average number of behind buildings can be obtained as

E[N?] = ﬁoor[(dTR —d)Jap /1000]. 32)

Then, the probability that the ith building enters the Fresnel
zone can be derived as

n (nS)?
S : S = — = S A
PS = P(h, > h,) 1 [0 F(h)dh exp|: 2 }

(33)

According to (13) and (14), the minimum height of the nth
building entering the first Fresnel ellipsoid is

the incident path or reflection path when close to the reflection S X d; (hTX _ th) B R; ”
Zone. S = T o
2
HX(ATO—q)  ~nd ) (dTR) 4 (X 1RX)?
|: (Jm ) Yn ( (diR)( min(d;, d"™® — di):|
PESU ™, 1™ RX g, 0) = 1 —exp| — 37 23
2
WX (di=d™0)  VmAdTR\/ (dTR)* 4 (X 4HRX)? =
ATR_41G @® ) i d di)
PlGSR(dTR’ W, hRX A)=1—exp|— > 28)
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Scattering Building

Fig. 4. BS path of A2G channel under urban scenarios.

According to triangular geometry, the cosine of 63 in Fig. 4
can be expressed as

dTR

) (35)
V() (7 )

cosb3 =

Therefore, the probability that the ith building height enters
the Fresnel ellipsoid can be calculated as (36), shown at the
bottom of the page.

The probability that the mth front building does not block
the incident path can be expressed as

hfm (hF )2
Psz = P(hi,m < thm) = / F(h)dh =1 exp| — l,m2 )
s | 0 2]/

(37

Here, the maximum height of the mth front building th m
can be expressed as

- GO

1

(38)

where lean is the horizon distance between TX and the mth
front building

(i—0.5)d, 114

Then, the probability that the mth front building does not block
the incident ray can be obtained as

2
_dTF ) (X —p$)
1] m 1] S
¢ *th

§
PE(d™ W™ % g 2) = 1 —exp| —

2y2

(40)

The probability that the nth behind the building does not
block the scattering path can be defined as

B B o (hfn)z
P, = P(hi,n < hi‘n) = F(h)ydh =1 —exp ——5 5
0 2y
41)

where h?n denotes the maximum height of the nth front
building. Similarly, we can obtain

2
(=2 =)
p L)

|:hRX+
PP, (™ B B g, 0) = 1 —exp| — 2,2

(42)

where the horizon distance between TX and the nth front
building can be expressed as

(i —0.5)d, w

TF _ _. (39) 1B _ —. (43)
"M floor(d;/af/1000) 2 " floor(d/af/1000) 2
2
(BTX_jRX AR/ (dTR)Z 4 (3 TX _jRX)2
PY(d™, ™, WXy, 1) = exp| — 22 (36)
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TABLE III
RT SIMULATION PARAMETERS

Parameter

Value

Scenario

Building area ratio («)
Number of buildings (3)
Average building height ()
Building width(WW)

Street width (V)

Building location distribution
Building height distribution
Frequency (f)

Antenna type

TX altitude (interval)

TX number

RX altitude

RX number

Suburban, Urban, Dense urban and High-rise urban
0.1, 0.3, 0.5, 0.5

750/km?, 500/km?, 300/km?, 300/km?
8 m, 15 m, 20 m, 50 m

11.6 m, 24.5 m, 40.8 m, 40.8 m

249 m, 20.2 m, 16.9 m, 16.9 m
Uniform distribution

Rayleigh distribution

28 GHz, 1.4 GHz, 5 GHz
Omnidirectional

0-1000 m (20 m)

1000 (50 altitudes, 20 per altitude)

2 m

6825 (39 concentric circles, 30-200 on each circle)

p

e
P
i

S

[

1]
i
gz'ﬁ

S———

)
@0,
o

200
[EE -

LT ——————

Fig. 5.

Four constructed urban scenarios.

By substituting (31)-(33), (40), and (43) into (30), we can
obtain the BS probability model of a single bounce.

Most of the urban scenarios can be approximately rep-
resented by one of four typical scenarios, so the scenario
parameters in Section II and Table III can be used directly for
prediction. For the high-precision application, users can cal-
culate ¥ € {«, B8, y}, W, and V via the digital map of given
scenario and substitute them into the prediction model.

IV. SIMULATION RESULTS AND VALIDATION
A. RT-Based Simulation Method

This section demonstrates the effectiveness and accuracy of
proposed stochastic probability models. We conduct massive
RT simulations under urban scenarios for quantitative com-
parison. In order to obtain the average probabilities by the
RT simulation method, we first reconstruct four typical urban
scenarios. These scenarios can be quantitatively described by
three parameters ¢ € {«, B, ¥} and the corresponding values
can be addressed in [27], [34], [35], and [38]. The recon-
structed scenarios, including standard Suburban, Urban, Dense

08

High-rise urban |

proposed model
model in [27]
model in [35]
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(b)

Fig. 6. Comparison of the proposed LoS probability model and RT data.
(a) LoS probability versus elevation angle (f = 28 GHz, K™R = 5000 m).
(b) LoS probability versus distance (f = 28 GHz, hTR = 30, 120, 500 m,
urban scenario).

urban, and High-rise urban, are shown in Fig. 5. In the simu-
lation, we further introduce two parameters, i.e., the building
width W and the street width V. Note that their values can be
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Fig. 7. Comparison of the proposed GS probability model and RT data (W™ = 200 m). (a) GS probability at f = 1.4 GHz. (b) GS probability at f =
5 GHz.
1 . . .
high latitude (over 10 km), as presented in [27] and [35]. In
Fig. 2, the elevation angle is defined as 6 = arctan(h'R /dTR)
08 | and the proposed LoS probability model can be transformed
g to the function of #. Set f = 28 GHz, 1'™X = 5005 m, and
£ 06 hRX =5 m. The comparison results with respect to 6 for dif-
';2 ferent scenarios are shown in Fig. 6(a). It can be seen that the
£o4 Vi 8 prediction trend of the proposed model is the same as that of
2 Lt the models in [27] and [35].
5 The comparison of the proposed LoS probability model,
0.2 Dense urban f—14CHs R .
Hiah-rise urban |- - = ¢ = 5 GHz RT simulation method, and the standard models under Urban
igh-rise urban . . . . . .
oL : ‘ ‘ ‘ e f = 28 GHe scenario is shown in Fig. 6(b). Since the standard models
100 200 300 400 500 600 700 800 900 1000 are designed for low altitude scenarios, the relative height
Altitude, h™ (m) TR TX RX : . .
h'™ = '™ — ™" is set as 30 m. The model in [41] is an
Fig. 8. GS probability versus altitude at different frequencies. altltude—dependent model but assumes the bulldmgs of the

obtained by substituting o and 8 into (3) and (4). Moreover,
it is assumed that the buildings and streets follow Uniform
distribution and the height of buildings obeys Rayleigh distri-
bution. Moreover, 50 TXs with the height from 10 to 1000 m
are evenly placed, and 6825 RXs at the altitude of 2 m are
uniformly distributed on several concentric circles in each sce-
nario, which covers most of the possible local surrounding
conditions. The detailed parameters are given in Table IIIL. It
should be mentioned that 28 GHz is one of the recommended
bands for 5G millimeter-wave (mmWave) communications [7]
and 1.4 GHz is also recommended by China government as
the communication frequency of UAV data link.

We apply the RT technique to the constructed scenarios and
obtain the conditions of LoS, GS, and BS paths. In this arti-
cle, the commercial RT tool, Wireless InSite, is adopted in this
article to obtain the RT simulation data [44]. The occurrence
number of LoS, GS, and BS paths at the same altitude and
distance can be obtained, respectively. Then, the path probabil-
ities of LoS, GS, and BS paths refer to the ratio of occurrence
number to the total number.

B. Comparison and Validation

We first analyze and verify the LoS probability model
which is described as a function of elevation angle at the

Poisson point process (PPP) distribution, so we set the relative
height 120 and 500 m. As we can see, the proposed LoS prob-
ability model shows good agreement with the standard models
and the RT data at low altitude. As the altitude increases,
the standard models are no longer applicable. However, our
proposed model is still applicable and shows good agreement
with the RT data. Note that the LoS path is essential for the
reliability of millimeter-wave (mmWave) A2G communica-
tions. Taking the LoS probability of 0.9 as an example, we
can obtain the average MCDs as 42.8, 139.7, and 503.2 m
for different altitudes of UAV. This is because the LoS path
is blocked by less buildings as the altitude increases. These
quantitative results can be used to evaluate the cell coverage
and placement of aerial base stations.

To the best of our knowledge, there are no probability mod-
els for the GS and BS paths of A2G channels. To verify the
proposed GS probability model, we use the RT results under
the aforementioned four urban scenarios. Since the GS and
BS paths have more influence on the sub-6G A2G communi-
cations, the simulation parameters are set as f = 1.4/5 GHz,
h™ =202 m, and ARX = 2 m. As shown in Fig. 7, excellent
agreement between the proposed model and RT data verifies
the prediction accuracy. Moreover, in the four urban scenarios,
the GS path probability gradually decreases with increasing
communication distance since longer communication distance
involves a larger number of buildings which in turn increases
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the probability of occlusion. Taking the GS probability of 0.8
as an example, we can obtain the average MCDs on 1.4 GHz
as 651.1, 209.9, 156.2, and 52.5 m for different scenarios.
For the case of 5 GHz, the corresponding MCDs are slightly
larger. This is because the Fresnel zone radius of 5 GHz is
smaller than the one of 1.4 GHz, which makes the valid com-
munication distance a little longer. Furthermore, we give the
relationships between the GS probability and UAV altitude
with different frequencies under different scenarios in Fig. 8.
The GS probability rises as the altitude increases. The rea-
son is that the increase in communication height makes less
occlusion of the building height.

To verify the proposed BS probability model, we set
f = 1.4/5 GHz, ATX = 202 m, and ARX = 2 m and compare
the proposed model with the RT data under four urban scenar-
ios in Fig. 9. We can see that the BS probability increases first
and then decreases with the increasing distance. It is shown
in (30) that the trend of BS probability is mainly influenced
by three factors P Pl > and an. For the rising stage, PiS,
depending on the scattering building, plays a major role in
the BS probability. As the distance increases, the radius of the
Fresnel ellipsoid increases. Therefore, the scattering building

is easy to enter the first Fresnel zone, and it makes the value
of PiS rise. For the decreasing stage, the point whether the
scattering propagation is obstructed by the front and behind
buildings refers to PF and PB The long distance makes the
probability PF and PB increase significantly. Moreover, as
the scenario transforms from Suburban to High-rise urban, the
optimal communication distances are 975.8, 470.9, 262.5, and
129.6 m, respectively. This is because the BS path is easy to be
blocked when the density of buildings increases. In addition,
as the frequency increases, the Fresnel zone radius decreases
and the MCD increases.

The prediction results at 1.4 GHz are given in Fig. 10,
which demonstrates the effects of altitude on the BS probabil-
ity. As we can see, scenarios with dense and high buildings,
such as the Dense urban and High-rise urban, the BS probabil-
ity is large when the altitude is high. However, it is difficult
to carry out long-distance communication. On the contrary,
Suburban and Urban support long-distance communication
but are not suitable for the communication with extremely
high communication altitudes. Moreover, taking the commu-
nication altitude of 200 m as an example, we can easily
get the MCDs under four scenarios from Fig. 10 as 930,
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446, 262, and 125 m, respectively, which can also be found
in Fig. 9.

V. CONCLUSION

In this article, we have proposed novel stochastic proba-
bility models that can predict the occurrence of LoS, GS,
and BS paths in A2G communications. These models are
based on the stochastic geometric information, i.e., the build-
ing height, the building width, and the building locations. The
influence of transceiver altitudes, communication distance, and
Fresnel ellipsoid zone has also been considered. These mod-
els have good versatility in different altitudes and frequencies.
Simulation results have shown that the prediction results of
LoS, GS, and BS path probabilities are consistent with the RT
simulation data and also compatible with the existing probabil-
ity models for the specific purpose. The research content can
be used in enhancing the communication performance, signal
coverage, and layout optimization of aerial base stations in the
A2G integrated networks.
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