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ABSTRACT For the unmanned aerial vehicle (UAV) communication scenarios, the time-varying fading
characteristics cased by the three-dimensional(3D) scattering environment and 3D trajectory have an
important impact on establishing the reliable communication link. In this paper, a generic 3D non-stationary
geometry-based stochastic model (GBSM) for UAV channels is developed. Different from the traditional
3D GBSMs, the proposed model takes the 3D arbitrary trajectories of UAV into account. On this basis,
two important second-order statistical properties of fading envelope, i.e., the level crossing rate (LCR) and
average fading duration (AFD), are investigated and derived in details. The obtained closed-form expressions
are explicit functions of flight parameters and compatible with the results in the previous works. Numerical
simulations show that the simulated results are in accordance with the theoretical and measurement data
under 3D flight scenarios. The proposed model and statistical properties can be applied to the optimal design
of channel coding and block interleave schemes for UAV communication systems.

INDEX TERMS Unmanned aerial vehicle (UAV) channel, channel model, fading envelope, level crossing
rate (LCR), average fading duration (AFD).

I. INTRODUCTION
Unmanned aerial vehicles (UAVs) have been attracting more
and more attention in the military and civilian fields, such
as weather monitoring, forest fire detection, filming, goods
transport, and traffic control, for their affordable prices and
high flexibility [1]. The UAV-assisted communications have
been considered as an important option in the fifth generation
(5G) communication systems [2], [3] and are also essential
for extending wireless network coverage and relay commu-
nications [4], [5].

Due to the high-altitude and high-speed flight of UAV,
the propagation environment of UAV communication is
quite different from the conventional cellular and vehicular
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communications [6]. For example, the Doppler frequency
changes rapidly due to the three-dimensional (3D) movement
of UAV in the 3D space. This would lead to the severe
fluctuation of received power and the deterioration of system
performance [7], [8]. Therefore, a thorough understanding
of UAV channel and its characteristics is vital to guarantee
the high-speed transmission and reliability requirements of
UAV communication systems. Particularly, it is a hot topic to
investigate the statistical properties of UAV channels, such
as probability distribution function (PDF), autocorrelation
function (ACF), cross-correlation function (CCF), Doppler
power spectral density (DPSD), level crossing rate (LCR),
and average fade duration (AFD) [9]–[13]. Note that LCR
and AFD are two important second-order statistical proper-
ties reflecting the fluctuation of fading envelope over time,
and they have an important impact on the channel coding
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and block interleave schemes. However, the investigations of
LCR and AFD for UAV channels are very limited compared
with other statistical properties.

The existing UAV channel models in the literatures can
be classified into two categories, the deterministic model
and the stochastic model. Several typical deterministic mod-
els, e.g., the Ray-tracing model and finite-difference time
domain (FDTD) model can be addressed in [14]–[17]. Due to
the advantages of generality and complexity, most of research
work was focused on the stochastic models, which can be fur-
ther categorized into the non-geometrical stochastic models
(NGSMs) [18]–[22] and geometry-based stochastic models
(GBSMs) [23]–[30], e.g., sphere model, cylinder model, two-
cylinder model, and etc. In [23], the authors proposed a
UAV channel model with cylindrical scatterers including the
line of sight (LoS) and non-line-of-sight (NLoS) paths, and
investigated the relevance between the position and flight
direction of UAV with the channel space-time frequency cor-
relation characteristics. In [24], [25], the authors analyzed the
influence of azimuth angle of arrival (AAOA) and elevation
angle of arrival (EAOA) on the space-time correlation char-
acteristics of a cylinder GBSM UAV channel model, but the
analysis of LCR andAFDwasmissing in these articles. Based
on the sphere GBSM channel model, the authors in [26]
derived the expressions of second-order statistical properties,
which showed LCR was positively correlated with the carrier
frequency. In [27], a 3D cylinder GBSM for UAV channels
was proposed and the influence of the Rice factor, angle of
arrival (AOA), and angle of departure (AOD) on the LCR
and AFD was investigated. Furthermore, the authors in [28]
derived the explicit expressions of LCR and AFD, but the
UAV was assumed flying with a constant speed. In [29],
the LCR and AFD were analyzed based on the hemispherical
channel model, but no detailed derivation was given and the
model was also lacked of generality. In [30], the cylinder
channel model proposed by the authors researched the ACF,
CCF, DPSD, but neglected the analysis of LCR andAFD only
giving the final results. Overall, a thorough exploitation of
LCR and AFD for generic 3D non-stationary channels is still
challenging. This paper aims to fill this research gap and the
primary contributions are summarized as follows:

1) A general 3D non-stationary UAV communication chan-
nel model in the 3D space is developed. The new channel
model originates from the conventional GBSM but considers
the effect of 3D scattering environment and 3D arbitrary
trajectory of transceivers on the time-varying characteristics.

2) The expressions of joint fading PDF, Doppler frequency,
and ACF of proposed channel model are derived. On this
basis, the LCR and AFD of fading envelope are analyzed and
the corresponding theoretical expressions including the effect
of 3D flight parameters are given. The theoretical results are
also comparedwith the simulated andmeasured ones to verify
the correctness of proposed model and derivations.

The reminder of this paper is structured as follows.
In Section II, a generic 3D non-stationary UAV chan-
nel model is proposed. The joint PDF of channel fading

FIGURE 1. 3D non-stationary GBSM for UAV channels.

envelope, Doppler frequency, ACF, LCR, and AFD are
derived in Section III. Simulations are performed and com-
pared with the theoretical results in Section IV. Finally, con-
clusions are given in Section V.

II. A GENERIC 3D NON-STATIONARY GBSM FOR UAV
CHANNELS
A representative communication link between the UAV and
vehicle is shown in Fig. 1. Both the UAV and vehicle are
moving with 3D velocities, denoted as vtx (t) and vrx (t),
respectively. Due to the high-altitude flight of UAV, the valid
clusters are only existing around the vehicle. It’s assumed
that the nth cluster, denoted by Sn, consists of M randomly
distributed scatterers and locates on the surface of one of
several circular cylinders with radiusR and heightH as shown
in Fig. 1. The detailed parameters are shown in Table 1. Note
that the spherical unit vector in the 3D space is defined as

s (v (t) , u (t)) =

 cos v (t) cos u (t)
cos v (t) sin u (t)

sin v (t)

 , (1)

where v (t) and u (t) denotes the azimuth and elevation
angle, respectively. Thus, svtx/rx (t), s

LoS
tx/rx (t), and stx/rx,n,m (t)

can be respectively obtained by s (βtx/rx (t) , αtx/rx (t)),
s
(
θLoStx/rx (t) , φ

LoS
tx/rx (t)

)
, and s

(
θNLoStx/rx,n,m (t) , φ

NLoS
tx/rx,n,m (t)

)
,

while vtx/rx (t) can be written as ‖vtx/rx (t)‖ ·
s(βtx/rx (t) , αtx/rx (t))T .
The small scale fading channel between the UAV and

vehicle i.e., the channel impulse response (CIR) H̃ (τ, t), can
be represented by the combination of LoS component and
several NLoS components as

H̃ (τ, t)=

√
1

KR (t)+1

N∑
n=1

H̃NLoS
n (t) δ (τ−τn (t))

+

√
KR (t)

KR (t)+1
H̃LoS (t) δ (τ−τ (t)) , (2)
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TABLE 1. The channel parameters.

where N is the number of valid NLoS components, KR (t)
represents the Ricean K-factor, τ (t) and τn (t) denote the
delay of LoS component and the nth NLoS component
respectively. The LoS and NLoS components of CIR can be
further respectively expressed as

H̃LoS (t) = e
j
[∫ t

0 k
(
vtx(τ )·sLoStx (τ )+vrx(τ )·sLoSrx (τ )

)
dτ+ϕLoS

]
(3)

and (4), as shown at the bottom of the page, where
k = 2π f0/c0 denotes the wave number, f0 and c0 represent
the carrier frequency and the speed of light, respectively,
√
Pn means the power, hNLoSn (t) is the complex channel

coefficient, M is the number of rays, ϕLoS and ϕn,m are the
random initial phases of LoS and NLoS components.

III. THEORETICAL DERIVATION OF LCR AND AFD
A. JOINT PDFs OF FADING ENVELOPE
Since the LoS component can be regarded as a special case of
NLoS component containing one sub-path, hereafter we take
the NLoS component as an example to derive the theoretical
expressions of statistical properties. Firstly, the hNLoSn (t) can
be rewritten as the inphase component and quadrature com-
ponent as

hNLoSn (t) = hNLoS1,n (t)+ jhNLoS2,n (t) , (5)

and the envelope is denoted as ς =
∣∣hNLoSn (t)

∣∣. At the time
instant of t = t0, we have

hNLoS1,n (t0) =

√
1
M

M∑
m=1

cos
(
8NLoS (t0)+ ϕn,m

)
hNLoS2,n (t0) =

√
1
M

M∑
m=1

sin
(
8NLoS (t0)+ ϕn,m

)
, (6)

where

8NLoS (t0)=k ·
∫ t0

0
vtx (τ )·stx,n,m (τ )+vrx (τ )·srx,n,m (τ ) dτ .

(7)

According to [31, Eq.(17)], the envelope distributions of
hNLoS1,n and hNLoS2,n can be derived as

phNLoSi,n
(xi) =


√
m

π

√
1− mx2i

, |xi| <
1
√
m

0, |xi| ≥
1
√
m
,

(8)

where i = 1, 2. It is noticed that hNLoS1,n (t0) and hNLoS2,n (t0) are
statistically dependent, thus the joint PDF can be expressed
as

phNLoS1,n hNLoS2,n
(x1, x2) = phNLoS1,n

(x1) · δ (x2 − g (x1)) , (9)

where

g (x1) =

{√
1/m − x21 , |x1| ≤

√
1/m

0, |x1| >
√
1/m .

(10)

Secondly, the joint characteristic function of hNLoS1,n (t0) and
hNLoS2,n (t0) can be derived as

9ĥNLoS1,n ĥNLoS2,n
(ν1, ν2) =

M∏
m=1

J0

(
2π

1
√
m

√
ν21 + ν

2
2

)
, (11)

where J0 (·) denotes the first class of zero-order Bessel
function.Making the Fourier transform on (11), we can obtain

H̃NLoS
n (t) =

√
PnhNLoSn (t) =

√
Pn
M

M∑
m=1

e
j
[∫ t

0 k(vtx(τ )·stx,n,m(τ )+vrx(τ )·srx,n,m(τ ))dτ+ϕn,m
]

(4)

143136 VOLUME 8, 2020



Q. Zhu et al.: Envelope Level Crossing Rate and AFD of a Generic 3D Non-Stationary UAV Channel Model

the joint PDF of hNLoS1,n (t) and hNLoS2,n (t) as

pĥNLoS1,n ĥNLoS2,n
(x1, x2)

= 2π

∞∫
0

[
J0

(
2π

1
√
m
r
)]
· J0

(
2πr

√
x21 + x

2
1

)
rdr .

(12)

By transforming the Cartesian coordinate (x1, x2) into the
polar coordinate (z, θ) where x1 = z cos θ and x2 = z sin θ ,
which yields the joint PDF of fading envelope and phase as

pςϑ (z, θ) = zpĥNLoS1,n ĥNLoS2,n
(z sin θ, z cos θ)

= 2πz

∞∫
0

[
J0

(
2π

1
√
m
x
)]
· J0 (2πxz) xdx. (13)

On this basis, we can get the PDF of fading envelope by
integrating (13) over θ ∈ (−π, π) as

pς (r) = (2π)2r

∞∫
0

[
M∏
m=1

J0

(
2π

1
√
m
x
)]

J0 (2πrx) xdx.

(14)

Finally, the joint PDF of ς and its first derivative, which will
be used in the following derivation, can be obtained as (15),
as shown at the bottom of the page.

B. TIME-VARIANT DOPPLER FREQUENCY
The Doppler frequency shift (or Doppler frequency for brief)
caused by the movements of terminals is closely related to
the channel fading characteristic. Actually, the Doppler fre-
quency is a function of velocities and spherical unit vectors
of departure and arrival signals. In this section, we take the
NLoS component as an example to analyze the Doppler
frequency, which is theoretically defined as (16), as shown
at the bottom of the page, where λ = c0/f0 means the
wavelength. Due to the fast movement of UAV, the relative

locations of UAV, vehicle and scatterers change over time,
and this would lead to the obvious non-stationarity of the
UAV channel. Note that some existing non-stationary channel
models [32] directly used the following item to calculate the
phase caused by the Doppler frequency under non-stationary
scenarios

8NLoS
′

(t)=k ·
[
vtx(τ )·stx,n,m(τ )+vrx(τ )·srx,n,m(τ )

]
t.

(17)

However, according to the relationship between frequency
and phase, the output Doppler frequency can be calculated as

f NLoSn,m
′
(t)

=
1
2π

d8NLoS
′

(t)
dt

=
1
λ

[
vtx (t)·stx,n,m (t)+vrx (t)·srx,n,m (t)

+
d
(
vtx (t)·stx,n,m(t)+vrx (t)·srx,n,m(t)

)
dt

t]6=f NLoSn,m (t) .

(18)

which is inconsistent with the theoretical one as (16). In con-
trast, for the proposed model in this paper, the output Doppler
frequency exactly equals to the theoretical one as

f NLoSn,m (t) =
1
2π

d8NLoS (t)
dt

=
1
λ

[
vtx (t) · stx,n,m (t)+ vrx (t) · srx,n,m (t)

]
.

(19)

Moreover, the new model also supports velocity variations as
well as arbitrary trajectories of terminals.

During the short time period, both the UAV and vehicle can
be viewed as moving on a horizontal plane. For this reason,
the theoretical Doppler frequency can be simplified as (20),
as shown at the bottom of the next page. Furthermore, if the
movement of vehicle is ignored and the elevation angle of
transmitting signal from the UAV is fixed in the 2D scenario,

pςς̇ (t, r, ṙ) = 4πr

∞∫
0

∞∫
0

2π∫
0

[
M∏
m=1

J0

(
1
√
m

{
r12 +

(
2π8̇NLoS (t) r2

)2
−4π8̇NLoS (t) r1r2 sin θ

}1/2 )]
· e−j2π [rr1 cos θ+ṙr2]r1dθdr1dr2 (15)

f NLoSn,m (t) =
1
λ

(
vtx (t) · stx,n,m (t)+ vrx (t) · srx,n,m (t)

)
=

1
λ

‖vtx (t)‖
cosβtx (t) cosαtx (t)cosβtx (t) sinαtx (t)

sinβtx (t)

T ·
cos θNLoStx,n,m (t) cosφ

NLoS
tx,n,m (t)

cos θNLoStx,n,m (t) sinφ
NLoS
tx,n,m (t)

sin θNLoStx,n,m (t)



+ ‖vrx (t)‖

cosβrx (t) cosαrx (t)cosβrx (t) sinαrx (t)
sinβrx (t)

T ·
cos θNLoSrx,n,m (t) cosφ

NLoS
rx,n,m (t)

cos θNLoSrx,n,m (t) sinφ
NLoS
rx,n,m (t)

sin θNLoSrx,n,m (t)


 (16)
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the Doppler frequency can be further simplified as

f NLoSn,m (t) =
1
λ
· ‖vtx (t)‖ cos

[
αtx (t)− φNLoStx,n,m (t)

]
, (21)

and this special case can be addressed in [33].

C. CLOSED-FORM EXPRESSIONS OF ACF
The normalized spatial-temporal correlation function of pro-
posed channel model can be defined as

ρ (1f ,1t; t) = E
{

H∗ (t)H (1f , t +1t)
|H∗ (t)| |H (1f , t +1t)|

}
, (22)

where (·)∗ denotes the conjugate and H (f , t) denotes the
Fourier transform of CIR. Due to the non-stationarity of UAV
channel, this paper divides the whole channel into several
time intervals and assumes that the channel keeps stationary
within each short time interval. By setting 1f = 0 in (22),
the ACF can be expressed as (23), as shown at the bottom of
the page.

Referring to the measurements and recommendations of
standardized channel models in [34], this paper describes the
elevation and azimuth angles by the Laplacian distribution
and VM distribution, respectively. Under non-stationary sce-
narios, the corresponding PDFs should be time-variant and
expressed respectively as

f (θ, t) =
1
2σ

e−
|θ(t)−θ̄ (t)|

σ (24)

and

f (φ, t) =
eκ cos(φ(t)−φ̄(t))

2π I0 (κ)
(25)

where θ̄ (t) and φ̄ (t) denotes the mean values of elevation
and azimuth angles, respectively, and I0 (·) is the zeroth-
order modified Bessel function of the first kind, and σ and κ
control the angle spread on the elevation and azimuth planes,
respectively. Then, the time-variant elevation and azimuth
angles are modeled as

θNLoStx/rx,n,m (t) = θ̄tx/rx (t)+1θtx/rx, (26)

φNLoStx/rx,n,m (t) = φ̄tx/rx (t)+1φtx/rx, (27)

where 1θ and 1φ are the angle offsets of elevation and
azimuth, respectively.

Substituting (26) and (27) into (23), the theoretical ACF
can be obtained as (28), as shown at the bottom of the page.
Under the condition of 2D scattering scenario, the ACF can
also be rewritten as (29), as shown at the bottom of the
page. Furthermore, during the short time period, the speed,
the movement direction, and the mean angle can be viewed as
changing linearly, and the theoretical ACF of proposed model
with velocity variation can be further expressed as
rςς̇ (t,1t)

=
1

2π I0 (κ)

·

+π∫
−π

ejkM(t,1t) sin1φtx+(κ+jkN (t,1t) cos1φtx )d1φtx (30)

f NLoSn,m (t) =
1
λ

‖vtx (t)‖
cosαtx (t)sinαtx (t)

0

T ·
cos θNLoStx,n,m (t) cosφ

NLoS
tx,n,m (t)

cos θNLoStx,n,m (t) sinφ
NLoS
tx,n,m (t)

sin θNLoStx,n,m (t)



+ ‖vrx (t)‖

cosαrx (t)sinαrx (t)
0

T ·
cos θNLoSrx,n,m (t) cosφ

NLoS
rx,n,m (t)

cos θNLoSrx,n,m (t) sinφ
NLoS
rx,n,m (t)

sin θNLoSrx,n,m (t)


 (20)

rςς̇ (t,1t) =
∫∫ ∫∫ √

p
(
θNLoSn,m (t +1t) , φNLoSn,m (t +1t)

)√
p
(
θNLoSn,m (t) , φNLoSn,m (t)

)
·ejk

∫ t+1t
t (vtx(τ )·stx,n,m(τ )+vrx(τ )·srx,n,m(τ ))dτdθNLoSn,m (t +1t) dθNLoSn,m (t) dφNLoSn,m (t +1t) dφNLoSn,m (t) (23)

rςς̇ (t,1t) =
∫∫ ∫∫ √

eκ cos1φtx−|1θtx|/σ

4πσ I0 (κ)

√
eκ cos1φrx−|1θrx|/σ

4πσ I0 (κ)

·ejk
∫ t+1t
t ‖vtx(t)‖(cosβtx(τ ) cos(θ̄tx(τ )+1θtx) cos

[
αtx(τ )−φ̄tx(τ )−1φtx

]
+sinβtx(τ ) sin(θ̄tx(τ )+1θtx))dτ

·ejk
∫ t+1t
t ‖vrx(t)‖(cosβrx(τ ) cos(θ̄rx(τ )+1θrx) cos

[
αrx(τ )−φ̄rx(τ )−1φrx

]
+sinβrx(τ ) sin(θ̄rx(τ )+1θrx))dτ

d θ̄tx (t +1t) d θ̄rx (t) d φ̄tx (t +1t) dφrx (t) (28)

rςς̇ (t,1t) =

+π∫
−π

eκ cos1φtx

2π I0 (κ)
ejk

∫ t+1t
t ‖vtx(τ )‖ cos(αtx (τ )−φ̄tx (τ )−1φtx)dτd1φtx (29)
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where M (t,1t) and N (t,1t) are given in (31) and (32),
as shown at the bottom of the page, respectively, atx, ωtx

φ ,
and C tx

φ represent the changing rates of velocity, direc-
tion, and AAoD, respectively, vtx (t0), αtx (t0), and φtx (t0)
denote the initial values of velocity, direction, and AAoD,
respectively. Finally, according to the integral formula of
[35, Eq.(3.338-4)], the ACF can be further simplified as

rςς̇ (t,1t) =
I0

(√
(jkM (t,1t))2+(κ+jkN (t,1t))

)
2π I0 (κ)

=
I0
(√

Q (t,1t)
)

2π I0 (κ)
, (33)

where Q (t,1t) is given as (34), as shown at the bottom of
the page.

D. THEORETICAL LCR AND AFD
The LCR denotes the expected rate at which the signal enve-
lope passes through the specified level with a positive or nega-
tive slope within one second, and the AFDmeans the average
duration where the amplitude of fading envelope remains
below a given threshold. According to the definitions, LCR
and AFD can be calculated respectively by

N (t, r) =
∫
+∞

0
ṙpςς̇ (t, r, ṙ)dṙ, (35)

T (t, r) =
Pξ (t, r)
N (t, r)

, (36)

where r means the level of threshold. Substituting (15)
into (35), the theoretical LCR of proposed model can
be obtained as (37), as shown at the bottom of the next page.

M (t,1t) =
2 (vtx (t0)+ atxt) sin

[(
ωtx
φ − C

tx
φ

)
(t +1t/2 )+ αtx (t0)− φtx (t0)

]
sin
[(
ωtx
φ − C

tx
φ

)
1t/2

]
ωtx
φ − C

tx
φ

+

2atxt cos
[(
ωtx
φ − C

tx
φ

)
(t +1t/2 )+ αtx (t0)− φtx (t0)

]
sin
[(
ωtx
φ − C

tx
φ

)
1t/2

]
(
ωtx
φ − C

tx
φ

)2
−

atx1t cos
[(
ωtx
φ − C

tx
φ

)
(t +1t)+ αtx (t0)− φtx (t0)

]
ωtx
φ − C

tx
φ

(31)

N (t,1t) =
2 (vtx (t0)+ atxt) cos

[(
ωtx
φ − C

tx
φ

)
(t +1t/2 )+ αtx (t0)− φtx (t0)

]
sin
[(
ωtx
φ − C

tx
φ

)
1t/2

]
ωtx
φ − C

tx
φ

+

2atxt sin
[(
ωtx
φ − C

tx
φ

)
(t +1t/2 )+ αtx (t0)− φtx (t0)

]
sin
[(
ωtx
φ − C

tx
φ

)
1t/2

]
(
ωtx
φ − C

tx
φ

)2
−

atx1t sin
[(
ωtx
φ − C

tx
φ

)
(t +1t)+ αtx (t0)− φtx (t0)

]
ωtx
φ − C

tx
φ

(32)

Q (t,1t) = κ2 + j2kN (t,1t)− k2M2 (t,1t)− k2N 2 (t,1t)

= κ2 + j2k



2 (vtx (t0)+ atxt) cos
[(
ωtx
φ − C

tx
φ

)
(t +1t/2 )+ αtx (t0)− φtx (t0)

]
sin
[(
ωtx
φ − C

tx
φ

)
1t/2

]
ωtx
φ − C

tx
φ

+

2atxt sin
[(
ωtx
φ − C

tx
φ

)
(t +1t/2 )+ αtx (t0)− φtx (t0)

]
sin
[(
ωtx
φ − C

tx
φ

)
1t/2

]
(
ωtx
φ − C

tx
φ

)2
−

atx1t sin
[(
ωtx
φ − C

tx
φ

)
(t +1t)+ αtx (t0)− φtx (t0)

]
ωtx
φ − C

tx
φ



− k2



4(vtx (t0)+ atxt)2sin2
[(
ωtx
φ − C

tx
φ

)
1t/2

]
+ atx21t2 + 2 (vtx (t0)+ atxt) sin2

[(
ωtx
φ − C

tx
φ

)
1t/2

]
(
ωtx
φ − C

tx
φ

)2
+

4atx2t2sin2
[(
ωtx
φ − C

tx
φ

)
1t/2

]
(
ωtx
φ − C

tx
φ

)4 −

2atx21t sin
[(
ωtx
φ − C

tx
φ

)
1t/2

]
cos

[(
ωtx
φ − C

tx
φ

)
1t/2

]
(
ωtx
φ − C

tx
φ

)3


(34)
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It can be proved that when the path number M approaches
infinity, the expression would be

N (t, r) =

√
R (t)
2π

pς (r) , (38)

where R (t) is the second derivative of ACF with1t = 0, and
defined by

R (t) =
∂2rςς̇ (t,1t)

∂1t2
|1t=0 . (39)

Similarly, Pς (t, r) is the CDF of ς and can be obtained
by substituting (14) into Pς (t, r) =

∫ r
0 pς (r)dr . When M

approaches infinity, we can get the theoretical expression of
AFD as

T (t, r) =
1− Q

(√
2KR (t),

√
2 (KR (t)+ 1) r2

)
N (t, r)

. (40)

IV. SIMULATION RESULTS AND ANALYZE
In this section, based on the derived expressions of LCR and
AFD of proposed model, the numerical simulations are inves-
tigated and compared with the theoretical and measured data.
Since the statistical properties of stochastic model vary with
each single simulation, the simulation results in this section
are based on the average value of 1500 simulations. The
carrier frequency is 2.4 GHz and the initial distance between
the UAV and vehicle is 150 m. The UAV flies away from
the vehicle. The Ricean factor obeys a Gaussian distribution
KR (t) ∼ N (1, 3). For general purpose, the environment
dependant parameters are set as H = 50 m, R = 10 m.
Both the elevation and azimuth are supposed to obey the
Laplacian distribution with σ = π/6 and VM distributions
with κ = 10 [37]. The 3D velocities of UAV and vehicle are
modeled as

‖vtx/rx (t)‖ = vtx/rx (t0)+ atx/rxt, (41a)

θ̄tx/rx (t) = ωtx/rx
θ t + C tx/rx

θ , (41b)

φ̄tx/rx (t) = ωtx/rx
φ t + C tx/rx

φ . (41c)

The parameters are given in Table 2. Fig. 2 shows the
corresponding trajectories based on these parameters and the
initial locations of cluster within one simulation.

In order to demonstrate the time fluctuation of fading
envelope for the undergoing UAV channel, the theoretical
expressions based on the above derivation and simulation
results of LCR and AFD under the 3D flight scenario at
t = 0.5s, 1s and 1.5s are shown in Fig. 3 and Fig. 4, respec-
tively. It clearly shows that the theoretical values are consis-
tent with the simulated ones, which verifies the derivations as
well as the simulations. In addition, both of two figures show

TABLE 2. Parameters of 3D velocity.

FIGURE 2. 3D Trajectories of the UAV and vehicle.

that the LCR and AFD change over time, which includes
the important non-stationary aspect due to the movements of
transceivers and scatterers.

To the best knowledge of authors, there are few mea-
surement results of LCR and AFD for UAV channels.
In [36], the authors carried out some measurements on the
statistical properties of UAV channels in the urban envi-
ronment. In order to verify the correctness of proposed
model, we adjust the simulation parameters according to
the field test condition in [36], where the speed of UAV is
8 m/s, the initial distance between the UAV and vehicle is
1000 m. The comparisons between the theoretical LCR and
AFD with the measured data are shown in Fig. 5. The consis-
tency in the figure verifies the validity of proposed model.

To investigate the effect of cluster’s position on the LCR
and AFD, we assume that the local clusters distribute on the
surface of serval cylinders with different heights and radiuses.
The center of cylinder is set as the starting point of the vehicle

N (t, r) = 4πr

żmax∫
0

ṙ

∞∫
0

∞∫
0

2π∫
0

[
M∏
m=1

J0

(
2π

1
√
m

{
r12 + (2π8̇NLoS(t)r2)

2

−4π8̇NLoS(t)r1r2 sin θ
} 1

2
)]
· e−j2π [rr1 cos θ+żr2]r1dθdr1dr2dṙ (37)
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FIGURE 3. Theoretical and simulated LCRs at different time instants.

FIGURE 4. Theoretical and simulated AFDs at different time instants.

FIGURE 5. Theoretical, measured, and simulated (a) LCRs and (b) AFDs.

in the simulation. The typical heights are 2 m, 10 m, and
50 m and the typical radiuses are 5 m, 10 m, and 20 m.
The LCRs and AFDs with different heights and radiuses are
shown in Fig. 6 and Fig. 7, respectively. As we can see that the

FIGURE 6. Effects of cluster’s height on the (a) LCRs and (b) AFDs.

FIGURE 7. Effects of cluster’s radius on the (a) LCRs and (b) AFDs.

LCR decreases while the AFD increases as the distance value
increases, which means the fluctuation of received signal
is more severe. Meanwhile, under the UAV communication
scenarios, the scattering scenario changes as the transmitter
and receiver moving. When the threshold level increases,
the fading envelope tends to be smaller than the level in
most of time. The rate of fading envelope breaks through the
level decreases, while the average duration of fading envelope
below the level increases. Thus, the LCR decreases while the
AFD increases as the threshold level increases.

V. CONCLUSION
In this paper, we have developed a generic 3D non-stationary
cylinder-based GBSM for UAV channels. Considering the
specific scenario of UAV-to-ground communications, the pro-
posed model includes the LoS and NLoS components and
takes the 3D movements and 3D scattering into account.
Based on the proposed model, the theoretical expressions
of two important statistical properties, i.e., LCR and AFD,
have been analyzed and derived in details. These expressions
have also been validated by the simulations and the measured
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results under the urban environment. It should be mentioned
that channel fading has a significant impact on the quality
and reliability of signal transmission and the analytical LCR
and AFD can well describe the fading rate. Thus, the derived
expressions are of great significance to channel coding, block
interleave, and system design. In the future, we will carry out
measurements of UAV channels under different environments
to further optimize the angle distributions and verify the
theoretical results.
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