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Abstract—A three-dimensional (3D) theoretical model for un-
manned aerial vehicle (UAV) communications is proposed in this
paper. From the theoretical model, the envelope level crossing rate
(LCR) and average fade duration (AFD) are derived under a 3D
propagation environment. Based on the derived expressions, we
for the first time investigate the LCR and AFD for UAV channels
with different UAV-related parameters. The close agreement
between the theoretical results and measured data demonstrates
the utility of the proposed model.

I. INTRODUCTION

UAV communications have become a hot topic in advancing
5G networks, since it can provide a wide-range coverage
for connection [1]-[3]. The UAV-aided communication sys-
tems have both the transmitter and receiver in motion with
significantly different elevations, and the high mobility and
moving direction of UAVs are significant and unique factors
to the communication performace. For the system design, it is
necessary to have a detailed understanding of the UAV fading
channel and its statistical properties.

For now, some research groups have conducted measure-
ment campaigns [4]-[11] and worked on developing generic
channel models [12]-[20] to characterize UAV channels. In
[19] and [20], UAV channel measurements and modeling has
been comprehensively investigated in detail and demonstrated
some useful and interesting conclusions. These UAV channel
models can be broadly categorized as deterministic models and
stochastic models. The deterministic models, using the ray-
tracing method or the finite difference time domain (FDTD)
method, were proposed in [12] and [14]. The stochastic models
can be further classified as non-geometrical stochastic models
(NGSMs) and geometry-based stochastic models (GBSMs).
For NGSMs, the most classical one is the statistical model
[15]-[16], which is essentially an stochastic process, e.g,
Gaussian or Ricean process. The curved-earth two-ray (CE2R)
model has been proposed [17]-[20] for high-altitude (or long-
distance) UAV communication scenarios, where the ground
curvature cannot be neglected, and the received signal mainly
consists of a line-of-sight (LoS) component and a surface
reflection. Unlike NGSMs, GBSMs utilize simplified ray-
tracing rules on the effective scatterers that are randomly dis-

tributed in a geometrical shape to mimic multipath channels.
Since GBSM directly deals with scatterers, it can naturally
model fast time-variant characteristics of channels by properly
mimicking the property of scatterers. Therefore, the GBSM
approach has been widely used for modeling vehicle-to-vehicle
(V2V) channels [21]-[24]. Recently, the GBSM approach has
been used for UAV channel modeling. In [25], a 3D cylinder
GBSM had been developed for UAV channels. While, a 3D
sphere GBSM had been proposed for UAV channels in [26].

The aforementioned papers mainly focused on the study of
first-order statistics and space-time correlation properties. To
assess communication-system characteristics, such as handoff,
velocities of the transmitter and receiver, and fading rate, it
is of great importance to study the second-order statistics
derived from channel models. The envelope level crossing rate
(LCR) and average fade duration (AFD) are two important
ones that characterize the temporal fluctuations of received
envelope. To derive the LCR and AFD, we first propose a
generic 3D geometry-based stochastic model that employs a
two-cylinder model and obtains the complex faded envelope
as a superposition of the line-of-sight (LoS), single-bounced,
and double-bounced rays. From the theoretical model, we
derive the LCR and AFD for a 3D non-isotropic scattering
environment and investigate the impact of important model
parameters on them. Finally, we compare the analytical results
for the LCR and AFD with the measured data in [15].
Excellent agreement between them demonstrates the utility of
the proposed model.

The remainder of this paper is organized as follows. Section
II presents a 3D theoretical model to derive the LCR and AFD.
Section III derives the LCR and AFD of the complex envelope
for 3D non-isotropic scattering environments. Section IV com-
pares analytical and measurement results to verify theoretical
derivations. Finally, Section V provides some conclusions.

II. A THEORETICAL MODEL FOR UAV CHANNELS

Let us now consider a narrowband single-user UAV com-
munication system. Both the Tx and Rx are in motion and
equipped with single antenna. The propagation scenario is
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Fig. 1. A generic channel model with LoS components, single- and double-
bounced rays for UAV channels.

characterized by a non-isotropic scattering with possibly a LoS
component between the Tx and Rx.

Fig. 1 illustrates the geometry of the proposed two-cylinder
GBSM. The proposed model has two cylinders to place
effective scatterers, one around the Tx and the other around
the Rx. We suppose there are N1 effective scatterers around
the Tx lying on the surface of a cylinder of radius RT , and the
n1th (n1 = 1, 2, ..., N1) effective scatterer is denoted by s(n1).
Similarly, suppose there are N2 effective scatterers around the
Rx lying on the surface of a cylinder of radius RR, and the
n2th (n2 = 1, 2, ..., N2) effective scatterer is denoted by s(n2).
The horizontal and vertical distance between the Tx and Rx
is D and H , respectively. We assume the Tx and Rx move
with speeds of vT and vR, respectively. As shown in Fig.
1, we decompose the vector vT into a horizontal component
vT,xy and a perpendicular component vT,z , and then define
〈vT,xy, vT 〉 = ξ, and 〈vT,xy,+x〉 = γT , where 〈·, ·〉 denotes
the included angle. This angle pair, ξ and γT , is used to
characterize the UAV movement in a 3D space. For the Rx,
namely the ground user, it moves in the direction of γR in the
xy plane. The AoA of the wave traveling from an effective
scatterer s(ni)(i = 1, 2) toward the Rx is denoted by β(ni)

R , and
the AoD of the wave that impinges on the effective scatterer
s(ni) is designated by β

(ni)
T . The AoD and AoA of the LoS

path are αLoST , βLoST , αLoSR , and βLoSR , respectively.
The received complex fading envelope between the Tx (T )

and the Rx (R) at the carrier frequency fc is a superposition
of the LoS single-bounced, and double-bounced components.

hTR(t) = hLoSTR (t) + hSBTTR (t) + hSBRTR (t) + hDBTR (t) (1)

where

hLoSTR (t) =

√
KΩTR
K + 1

e−j2πfcτTR

ej2πfTmt[cos(α
LoS
T −γT )βLoST cos ξ+sin βLoST sin ξ]

ej2πfRmt[cos(α
LoS
R −γR) cos βLoSR ]

(2)

hSBTTR (t) =

√
ηSBTΩTR
K + 1

lim
N1→∞

1√
N1

N1∑
n1=1

ejφ
(n1)

e−2πfcτpq,n1

ej2πfTmt[cos(α
(n1)

T −γT ) cos β
(n1)

T cos ξ+sin β
(n1)

T sin ξ]

ej2πfRmt[cos(α
(n1)

R −γR) cos β
(n1)

R ]

(3)

hSBRTR (t) =

√
ηSBRΩTR
K + 1

lim
N2→∞

1√
N2

N2∑
n2=1

ejφ
(n2)

e−2πfcτpq,n2

ej2πfTmt[cos(α
(n2)

T −γT ) cos β
(n2)

T cos ξ+sin β
(n2)

T sin ξ]

ej2πfRmt[cos(α
(n2)

R −γR) cos β
(n2)

R ]

(4)

hDBTR (t) =

√
ηDBΩTR
K + 1

lim
N1,N2→∞

1√
N1N2

N1,N2∑
n1,n2=1

ejφ
(n1,n2)

e−2πfcτpq,n1,n2

ej2πfTmt[cos(α
(n1)

T −γT ) cos β
(n1)

T cos ξ+sin β
(n1)

T sin ξ]

ej2πfRmt[cos(α
(n2)

R −γR) cos β
(n2)

R ].
(5)

In (2)-(5), τTR = εTR/c, τTR,n1
= (εTn1

+ εn1R)/c,
τTR,n2 = (εn2 + εn2R)/c, τTR,n1,n2 = (εTn1 + εn1n2 +
εn2R)/c are the waves’ travel times through the link T − R,
T − s(n1) − R, T − s(n2) − R, T − s(n1) − s(n2) − R,
respectively, where c is the speed of light. The symbols KTR

and ΩTR denote the Ricean K-factor and the total power of the
T−R link, repectively. Besides, ηSBT and ηSBR designate the
contribution of the single- and double-bounced rays to the total
scattered power ΩTR/(K + 1). Note that these energy-related
parameters satisfy ηSBT + ηSBR + ηDB = 1. The scattering-
caused phases φ(n1), φ(n2) and φ(n1,n2) are independent and
identically distributed (i.i.d) random variables with uniform
distributions over [−π, π). The maximum frequencies related
to the movement of Tx and Rx are denoted by fTm and fRm,
repectively.

From Fig. 1, we know that the AoD and AoA are indepen-
dent for double-bounced rays, while they are geometrically
interdependent for single-bounced rays. Below is the relation-
ship of the AoD and AoA in single-bounce rays.

A. For SBT rays

cosα
(n1)
R ≈ −1 (6)

sinα
(n1)
R ≈

RT
D sinα

(n1)
T

1− RT
D cosα

(n1)
T

(7)

cosβ
(n1)
R ≈ cosβ0 +

RT
D

sinβ0 cosβ0

· (tanβ
(n1)
T cosβ0 − cosα

(n1)
T sinβ0)

(8)

sinβ
(n1)
R ≈ sinβ0 −

RT
D

cos2 β0

· (tanβ
(n1)
T cosβ0 − cosα

(n1)
T sinβ0).

(9)



B. For SBR rays

cosα
(n2)
T ≈ 1 (10)

sinα
(n2)
T ≈

RR
D sinα

(n2)
R

1 + RR
D cosα

(n2)
R

(11)

cosβ
(n2)
T ≈ cosβ0 +

RR
D

sinβ0 cosβ0

· (tanβ
(n2)
R cosβ0 + cosα

(n2)
R sinβ0)

(12)

sinβ
(n2)
T ≈ sinβ0 −

RR
D

cos2 β0

· (tanβ
(n2)
R cosβ0 + cosα

(n2)
R sinβ0).

(13)

Since the number of effective scatterers is assumed to
be infinite, i.e., N1, N2 → ∞, our model is actually a
mathematical reference model, which cannot be implemented
in practice due to the infinite complexity. However, a reference
model is useful for theoretical analysis of wireless channels,
and is also a starting point for a realizable simulation model.
For our reference model, the discrete expressions of the AoA
and AoD, i.e., α(ni)

R , β(ni)
R and α(ni)

T , β(ni)
T , can be replaced

by continuous expressions αR, βR and αT , βT . Besides,
we assume the random variables αT , βT , αR, and βR are
independent. Therefore, the joint PDF of these angles can be
written as the product of marginal PDFs of the AoA and AoD.
In this paper, we use the von Mises PDF to characterize the
azimuth angles αT and αR. The von-Mises PDF is defined as

f(α) =
ek cos(α−αµ)

2πI0(k)
,−π ≤ α ≤ π (14)

where I0(·) is the zeroth-order modified Bessel function of
the first kind, and αµ ∈ [−π, π] is the mean angle at which
the scatterers are distributed in the xy plane. The parameter k
controls the spread around the mean angle, and increasing k
incurs more non-isotropic scattering. The elevation angles βT
and βR is decribed as the cosine PDF, which is defined as

f(β) =
π

4βm
cos(

π

2

β − βµ
βm

), |β − βµ|≤ βm ≤
π

2
. (15)

Note that β ∈ [βµ − βm, βµ + βm]. For simplicity, we let
βµ−βm = β1 and βµ+βm = β2, i.e., β ∈ [β1, β2]. Applying
these PDFs to the AoA and AoD, we have

f(αT ) =
ekT cos(αT−αTµ)

2πI0(kT )
,−π ≤ αT ≤ π (16)

f(αR) =
ekR cos(αR−αRµ)

2πI0(kR)
,−π ≤ αR ≤ π (17)

f(βT ) =
π

4βTm
cos(

π

2

βT − βTµ
βTm

), βT1 ≤ βT ≤ βT2 (18)

f(βR) =
π

4βRm
cos(

π

2

βR − βRµ
βRm

), βR1 ≤ βR ≤ βR2 (19)

where βT1 = βTµ − βTm, βT2 = βTµ + βTm, βR1 = βRµ −
βRm, and βR2 = βµ + βRm.

The LCR at a specified level r, L(r), is defined as the
rate at which the signal envelope crosses level r in the
positive/negative going direction. For Ricean fading channels,
we can derive the expression of the LCR as

L(r) =
2r
√
K + 1

π
3
2

√
b2
b0
− b21
b20
· e−K−(K+1)r2

∫ π/2

0

cosh(2
√
K(K + 1)r cos θ)·

[e−(χ sin θ)2 +
√
πχ sin θ · erf(χ sin θ)]dθ

(20)

where cosh(·) is the hyperbolic cosine function, erf(·) is the
error function, and χ =

√
Kb21

b0b2−b21
. Finally, parameters b0, b1,

and b2 are defined as

b0 = E[hITR(t)2] = E[hQTR(t)2] (21)

b1 = E[hITR(t)ḣQTR(t)] = E[hQTR(t)ḣITR(t)] (22)

b2 = E[ḣITR(t)2] = E[ḣQTR(t)2] (23)

where hITR(t) and hQTR(t) are the in-phase and quadrature
components of the complex fading envelope hTR(t), and
ḣITR(t) ḣITR(t) are the first derivative of hITR(t) and hQTR(t),
respectively.

By substituting (1) to (21)-(23), the parameters bm (m ∈
{0, 1, 2}) becomes

bm = bSBTm + bSBRm + bDBm (24)

where

bSBTm =
ηSBT

2(K + 1)
(2π)m

∫ βT2

βT1

∫ π

−π
f(αT )f(βT )

{fTm[cos(αT − γT ) cosβT cos ξ + sinβT sin ξ]

+ fRm[cos(αR − γR) cosβR]}mdαTdβT
(25)

bSBRm =
ηSBR

2(K + 1)
(2π)m

∫ βR2

βR1

∫ π

−π
f(αR)f(βR)

{fTm[cos(αT − γT ) cosβT cos ξ + sinβT sin ξ]

+ fRm[cos(αR − γR) cosβR]}mdαRdβR
(26)

bDBm =
ηDB

2(K + 1)
(2π)m

∫ βR2

βR1

∫ π

−π

∫ βT2

βT1

∫ π

−π

f(αT )f(βT )f(αR)f(βR)

{fTm[cos(αT − γT ) cosβT cos ξ + sinβT sin ξ]

+ fRm[cos(αR − γR) cosβR]}m

dαTdβTdαRdβR.
(27)

Note that for m = 0, we have

b0 = bSBT0 + bSBR0 + bDB0 =
1

2(K + 1)
(28)

where

bSBT0 =
ηSBT

2(K + 1)

∫ βT2

βT1

∫ π

−π
f(αT )f(βT )dαTdβT

=
ηSBT

2(K + 1)

(29)
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Fig. 2. Envelope LCR and AFD for different moving directions of the Tx
and Rx.

bSBR0 =
ηSBR

2(K + 1)

∫ βR2

βR1

∫ π

−π
f(αR)f(βR)dαRdβR

=
ηSBR

2(K + 1)

(30)

bDB0 =
ηDB

2(K + 1)

∫ βR2

βR1

∫ π

−π

∫ βT2

βT1

∫ π

−π

f(αT )f(βT )f(αR)f(βR)dαTdβTdαRdβR

=
ηDB

2(K + 1)
.

(31)

The AFD, T (r), is defined as the average time over which
the signal envelope, |hTR(t)|, remains below a certain level r.
In the proposed model, the AFD can be written as

T (r) =
1−Q(

√
2K,

√
2(K + 1)r2)

L(r)
(32)

where Q(·) is the Marcum Q function. For NLoS conditions,
the AFD in (32) simplifies to T (r) = (1 − e−r

2

)/L(r) by
setting K = 0.

III. NUMERICAL RESULTS AND ANALYSIS

In this section, we investigate the derived LCR and AFD and
compare the numerical results with the measured data in . The
following parameters are used for our analysis: D = 100m,
H = 50m, β0 = π/6, RT = 5m, RR = 3m, λ = 0.1m,
vT = 10m/s, vR = 2m/s, γT = γR = 0, ξ = 0, βTµ = 0,
αTµ = 0, βRµ = π/4, αRµ = π, kT = 10, kR = 3, βTm =
π/6, βRm = π/6, and θT = θR = π/2.
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Fig. 3. Envelope LCR and AFD for different elevation angles of the UAV.

Fig. 2 shows the LCR and AFD for different moving
directions of the Tx and Rx. It can be observed from Fig. 2
that the LCR is higher when Tx and Rx move in the opposite
direction than the one when Tx and Rx move in the opposite
direction.

Fig. 3 illustrates the impact of elevation angles of the UAV
(i.e., the UAV’s altitudes) on the envelope LCR and AFD.
The power-related parameters are K = 0.3, ηSBT = 0.1,
ηSBR = 0.7, ηDB = 0.2. It can be observed from Fig. 3 that
the larger the β0, the lower the LCR, and the higher the AFD.
It is because that increasing β0 increases the distance between
the UAV and the ground user, i.e., D/cosβ0. The larger the
distance d(T,R), the smaller the impact of UAV movement,
and thus the higher the temporal stability of UAV channels.

Fig. 4 compares the theoretical LCR/AFD with some mea-
surement data, also from [15]. In Fig. 4, the environment-
related parameters are K = 0.03, ηSBT = 0.05, ηSBR = 0.9,
ηDB = 0.05, β0 = π/10, RT = 20m, RR = 105m,
D = 1000m, kT = 1, kR = 0.5. We have considered
the measured path gain [15] when obtaining the theoretical
LCR/AFD. As shown in Fig. 4, the excellent agreement
between the theoretical results and the measurement data
confirms the utility of the proposed model.

IV. CONCLUSIONS

In this paper, we have proposed a 3D two-cylinder GBSM
for UAV Ricean channels and investigated the impact of some
unique UAV-related parameters on the derived LCR and AFD.
The good agreement between the theoretical results and the
measured data has validated the utility of the proposed model.
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Fig. 4. Comparisons between the theoretical LCR/AFD and the measurement
data.
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