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Abstract

The application of unmanned aerial vehicles (UAVs) has recently attracted

considerable interest in various areas. A three-dimensional multiple-input

multiple-output concentric two-hemisphere model is proposed to characterize

the scattering environment around a vehicle in an urban UAV-to-vehicle com-

munication scenario. Multipath components of the model consisted of line-

of-sight and single-bounced components. This study focused on the key

parameters that determine the scatterer distribution. A time-variant process

was used to analyze the nonstationarity of the proposed model. Vital statistical

properties, such as the space–time–frequency correlation function, Doppler

power spectral density, level-crossing rate, average fade duration, and channel

capacity, were derived and analyzed. The results indicated that with an

increase in the maximum scatter radius, the time correlation and level-

crossing rate decreased, the frequency correlation function had a faster down-

ward trend, and average fade duration increased. In addition, with the increase

of concentration parameter, the time correlation, space correlation, and level-

crossing rate increased, average fade duration decreased, and Doppler power

spectral density became flatter. The proposed model was compared with cur-

rent geometry-based stochastic models (GBSMs) and showed good consistency.

In addition, we verified the nonstationarity in the temporal and spatial

domains of the proposed model. These conclusions can be used as references

in the design of more reasonable communication systems.
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1 | INTRODUCTION

In recent years, the application of unmanned aerial
vehicles (UAVs) has attracted extensive attention because
of their important roles in many scenarios, such as real-time

monitoring, forest fires, and emergency rescue. Therefore, it
is important to have a deep understanding of UAV commu-
nications to establish more accurate channel models.

Existing UAV channel models can be classified as
deterministic, nongeometrical stochastic (NGSMs) [1] and
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geometry-based stochastic models (GBSMs). Deterministic
models require extensive geographical data, such as the
locations, sizes, and dielectric parameters of all scattering
materials in specific scenarios. Thus, deterministic models
yield high accuracy and complexity. NGSMs obtain the sta-
tistical distribution of channel parameters through exten-
sive channel measurements, which means NGSMs require
sophisticated channel systems and signal processing.

Compared with NGSMs, GBSMs reduce complexity
considerably by assuming that the distribution of scat-
terers follows geometrical properties. The geometric
models for UAV communication systems are diverse.
Yan and others [2] conducted a comprehensive survey of
UAV communication channel modeling. This survey
focused on reviewing air-to-ground, ground-to-ground,
and air-to-air channel measurements and modeling for
UAV communication in various scenarios.

One of the common GBSMs is the cross-section of an
ellipsoid with the transmitter (Tx) and receiver (Rx) as the
foci and the ground [3–6]. In Mao and others [6], the pro-
posed geometrical model was applied to characterize a
UAV air-to-air channel in which the Markov birth–death
process was introduced to describe the evolution of clus-
ters. The space–time correlation function (STCF), Doppler
power spectrum density (DPSD), root-mean-square delay
spread, and stationary interval were analyzed. The simula-
tion results showed that the UAV velocities, motion direc-
tions, and carrier frequencies have a significant impact on
statistical properties. The model in Change and others [4]
was proposed for low-altitude UAV-to-ground scenarios.
In this model, an elliptical cylinder represents the distant
scattering region, whereas a cylinder around the Rx was
constructed to describe the nearby scattering region. The
effectiveness of the model was verified by comparing simu-
lation and measurement results.

In channel modeling of UAV communication, the
cylindrical model is also general. A coaxial double-cylinder
model was proposed in Ma and others [7], assuming that
distant and near scatterers are distributed on the outer and
inner cylinder surfaces, respectively. The bottom part of the
cylinder was used to simulate ground-moving scatterers. A
two-state Markov model was introduced to describe the
evolution of the clusters. In Ma and others [8], a cylindrical
model was applied to an air-to-air communication sce-
nario. A three-dimensional (3D) Markov mobility model
was used to characterize the movement of the UAV. The
numerical results show that the impact of the vertical
movement of the UAV on the time correlation function is
greater than that of the horizontal movement. The model
proposed in Ma and others [9] was similar to that proposed
in [8]. Different movement scenarios of the UAV were
selected, which show that the variation in the velocity and
moving direction of the UAV will have an obvious impact

on the statistical properties. In Cheng and others [10], a
double-cylindrical model was proposed to simulate the dis-
tribution of scatterers around a UAV and base station on
the ground. By analyzing the STCF, DPSD, level-crossing
rate (LCR), and average fade duration (AFD), it was found
that parameters, such as moving direction and height, have
a significant impact on the channel characteristics. Based
on the cylindrical model in Lian and others [11], a
two-state continuous-time Markov process was introduced
to simulate the dynamic properties of scatterers. The
space–time–frequency correlation functions were derived
by considering the survival probabilities of scatterers.

Spherical and hemispherical models are also com-
monly used in UAV communication channel modeling
[12–17]. Bian and others [12] combine a two-cylinder
model and an aeronautic random mobility model to
describe the temporal nonstationarity of the channel.
These results provide a reference for designing UAV com-
munication systems. In Jia and others [16], the UAV was
assumed to be directly above the vehicle. A hemispherical
model was adopted to simulate the scattering environ-
ment. In Jiang and others [13], the scatterers were consid-
ered to be distributed on the surface of a sphere centered
on the Rx. The STCF was deduced and studied analytically
in terms of various key factors. It can be concluded that
both the movement direction and location of the UAV
have significant influences on the channel characteristics.
A similar model was used in Jin and others [15].

In Ma and others [17], a two-sphere model was
applied to the air-to-air scenario. The two spheres simu-
lated the scattering environments near the Rx and
Tx. This demonstrates that the moving directions, veloci-
ties of the UAVs, and antenna spacing can affect statisti-
cal properties. In Yuan and others [14], a hemispherical
model was used to simulate a scattering environment
near a ground vehicle.

Related research has also been conducted on channel
modeling and characteristic analysis for UAV communi-
cation scenarios, such as air-to-sea communication [18],
UAV array communication [19], and UAV-aided satellite
communication [20]. Moreover, earlier studies [21, 22]
proposed models for intelligently reflecting surface-
assisted UAV multiple-input-multiple-output (MIMO)
communication scenarios.

However, the aforementioned models assume that
scatterers are distributed on the geometric surface. Never-
theless, the scatterers were distributed in the observable
region in several cases. Moreover, these models rarely con-
sider the effect of the scattering radius, which is conducive
to the measurement of the effect of the scatterer distribu-
tion range on the properties. The time-variant process,
which is used to verify the nonstationarity of the channel,
was not considered in previous research [3, 7, 8, 14].
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The contributions of this study can be summarized as
follows:

• A two-hemisphere model with time-variant parameters
is proposed to characterize the air-to-vehicle MIMO
channel. The proposed GBSM considers the line-
of-sight (LoS) and single-bounced (SB) components.
Time-variant angular parameters as well as distanced
parameters are deduced to describe the dynamic pro-
cess of the proposed channel.

• In the proposed model, the influences of the maximum
scatter radius and concentration parameter on the sta-
tistical properties are investigated. The use of the maxi-
mum scatter radius and concentration parameter can
allow the construction of a suitable scattering distribu-
tion. By adjusting these variations, the proposed model
can apply to different urban environments.

• The channel characteristics, including the space–time–
frequency correlation function (STF-CF), DPSD, LCR,
AFD, and channel capacity, are derived and analyzed
based on the proposed time-variant channel model. Some
valuable observations and conclusions are presented.

The remainder of this paper is organized as follows.
In Section 2, a two-hemisphere model is proposed for
the air-to-vehicle MIMO channel. Theoretical expressions
of the statistical properties are presented in Section 3.
The numerical results are discussed in Section 4, and
conclusions are drawn in Section 5.

2 | GEOMETRY-BASED MODEL
FOR UAV CHANNEL

In our considerations, the UAV which contained Tx was
assumed to move freely in 3D space, whereas the vehicle
which contained the Rx moves on a horizontal xy plane,
as shown in Figure 1. Owing to the large height of the
UAV, the effect of scattering around the UAV was negli-
gible. The distributions of near (such as nearby vehicles

and trees) and far (such as buildings) scatterers around
the vehicle, modeled by the inner and outer hemispheres,
are considered in the urban scenario. Observable scat-
terers are distributed between the inner and outer hemi-
spheres. According to the geometric models shown in
Figure 2, the main geometric variables in the model are
defined and listed in Table 1.

In the proposed model, the height of Tx is HT. The hor-
izontal distance between Tx and Rx is D. The velocities

F I GURE 1 Unmanned aerial vehicle (UAV)-to-vehicle

propagation model.

F I GURE 2 Geometry-based stochastic model (GBSM) of the

proposed UAV multiple-input-multiple-output (MIMO) channel.

TABL E 1 Definition of geometric variables.

Variable symbols
Geometric
variables

Velocities of transmitter (Tx), receiver (Rx) vT, vR

Azimuthal angle of Tx, Rx θT, θR

Elevation angle of Tx ϕT

Angle between Tx and Rx antenna arrays and
positive direction of x-axis

βT, βR

Angle between Tx antenna array and xy plane αT

Distance between adjacent antenna spaces of Tx
and Rx

δT, δR

Radii of the inner and outer hemispheres Rmin , Rmax

Heights of Tx, Rx HT, HR

Horizontal distance between Tx and Rx D

Number of scatterers in the area between the
two hemispheres

N

Scatterer passed by the nth single bounce path Sn

Azimuthal and elevation angles of the nth
single bounce path

on the location of vehicle αRR, βRR

Azimuthal angle of departure (AAoD) and
elevation angle of departure

(EAoD) of nth single bounce path γT, ωT

Azimuthal angle of arrival (AAoA) and
elevation angle of arrival

(EAoA) of the nth single bounce path γR, ωR

Distance between Sn and Rx R

Projection of N on the xy plane O
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and azimuthal angles of the Tx and Rx are labeled as VT

and VR and θT and θR, respectively. The elevation angle
of Tx was ϕT. The orientations of Tx and Rx antenna
arrays relative to the positive direction of the x-axis are
denoted by βT and βR, respectively, whereas the orienta-
tion of Tx antenna array relative to the xy plane is
denoted by αT. Both the inner and outer hemispheres are
centered on the Rx, with radii R1 and R2. We assume that
N scatterers are distributed in the area between the two
hemispheres. The nth path formed by a single bounce is
denoted as Sn. The azimuthal and elevation angles of the
nth scatterer centered at the vehicle location are αRR and
βRR, respectively. The AAoD and the EAoD of the nth SB
path are γT and ωT. The distance between Sn and the Rx
is R. The projection of N onto the xy plane corresponds to
the coordinate origin O. In this study, uniform linear
antenna arrays are deployed on the Tx and Rx. The dis-
tances between adjacent antenna spaces of Tx and Rx are
denoted by δT and δR.

We consider the pth antenna of the transmitting array
and the qth antenna of the receiving array as the research
targets. The MIMO channel is described by a MT�MR

matrix HðtÞ¼ ½hijðtÞ�MT�MR
. To simplify, we define

kp ¼ðMT�2pþ1Þ=2, kq ¼ðMR�2qþ1Þ=2.

2.1 | Time-variant transfer function

In the proposed model, the LoS path extended from the
pth antenna of the transmitting array to the qth antenna
of the receiving array. The SB path extended from the pth
antenna of the transmitting array to the qth antenna of
the receiving array via scattering from nth scatterers. The
time-variant transfer function at time point t can be
written as a superposition of the LoS and SB components,
as follows:

Hpqðt, f Þ¼HLoS
pq ðt, f ÞþHSB

pqðt, f Þ, ð1Þ

where f denotes frequency. HLoS
pq ðt, f Þ and HSB

pqðt, f Þ are
the time-variant transfer functions of LoS and SB compo-
nents, respectively, as expressed in (2) and (3).

HLoS
pq ðt, f Þ¼

ffiffiffiffiffiffiffiffiffiffiffi
KΩpq

Kþ1

r

ejϕ1�j2πϵpq=λej2πtf d,LoSðtÞ�j2πf τpqðtÞ, ð2Þ

HSB
pqðt, f Þ¼

ffiffiffiffiffiffiffiffiffiffiffi
Ωpq

Kþ1

r

lim
N!∞

1
ffiffiffiffi
N

p
XN

n¼1

ejϕ�j2πðϵpSnþϵSnqÞ=λej2πtf dðtÞ�j2πf τSn ðtÞ,

ð3Þ

where λ denotes the wavelength, K denotes the Rician
factor, and Ωpq denotes the total power received. Phases

ϕ1 and ϕ are independent random variables with uniform
distributions in the interval ½�π, πÞ. Owing to the time-
variant property of the proposed model, the angular and
distanced parameters at different time points were
considered.

The complex channel impulse response hpqðtÞ from
the pth antenna of the transmitting array to the qth
antenna of the receiving array is a superposition of the
LoS component hLoSpq ðtÞ and SB component hSBpqðtÞ, which
can be expressed as

hpqðtÞ¼ hLoSpq ðtÞþhSBpqðtÞ, ð4Þ

where

hLoSpq ðtÞ¼
ffiffiffiffiffiffiffiffiffiffiffi
KΩpq

Kþ1

r

ejϕ1�j2πϵpq=λej2πtf d,LoSðtÞ, ð5Þ

hSBpqðtÞ¼
ffiffiffiffiffiffiffiffiffiffiffi
Ωpq

Kþ1

r

lim
N!∞

1
ffiffiffiffi
N

p
XN

n¼1

ejϕ�j2πðϵpSnþϵSnqÞ=λej2πtf dðtÞ:

ð6Þ

Based on the motions of the Tx and Rx, the channel
changes constantly. The assumed scattering environment
around the Rx exhibits negligible changes over time.
Figure 3 shows the plane projection of the movement
process. The location of the projection of the UAV moved
from O to O1, whereas the location of the vehicle moved
from M to M1 during time t. The relevant angular and
distance parameters are deduced as follows:

The height of the UAV changes over time as follows:

HTðtÞ¼HTþ vTt sin ϕT: ð7Þ

The deviation angle is expressed as

μ¼ arctan
vRt sin θR� vT sin θT cosφT

Dþ vRt cos θR� vT cos θT cosφT

� �

: ð8Þ

F I GURE 3 Planar projection of the movement process for

unmanned aerial vehicle (UAV)-to-vehicle multiple-input-multiple-

output (MIMO) channel.
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The distance from O1 to M1 can be calculated as
follows:

ϵO1M1 ¼ðDþ vRt cos θR� vT cos θT cosϕÞsec μ: ð9Þ

For the LoS path, ϵpqðtÞ denotes the distance from p
to q, which can be calculated as

ϵpqðtÞ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2þB2þC2

p
, ð10Þ

where

A ¼Dþ vRt cos θRþkqδR cos βR
� vTt cos φT cos θT�kpδT cos αT cos βT,

B ¼ vRt sin θRþkqδR sin βR
� vTt cos φT sin θT�kpδT cos αT sin βT,

C ¼HTðtÞþkpδT sin αT:

ð11Þ

Thus, the delay τpqðtÞ can be calculated as τpqðtÞ¼
ϵpqðtÞ=c (where c is the speed of light).

The time-variant Doppler f d,LoSðtÞ of the LoS path at
time t can be calculated as

f d,LoSðtÞ ¼ vTðtÞ
λ

cos ðμ�θTÞ cos ωLoSð Þ cos ϕTð
þ sin ðωLoSÞ sin ϕTÞ
þ vR

λ
cos ðμþπ�θRÞ cos ðωLoSÞ,

ð12Þ

where ωLoS ¼ arctan HTðtÞ=ϵO1M1ð Þ We define the nth
scatterer as SnðtÞ at time t. AAoD and EAoD can be
expressed as

ωTðtÞ¼ arctan
ωnum

ωden

� �

, ð13Þ

γTðtÞ¼�arctan
HTðtÞ�R sin αRR

γden

� �

, ð14Þ

where

ωnum ¼R cos αRR sin βRRþ vRt sin θR

�vT sin θT cosϕT,

ωden ¼DþR cos αRR cos βRRþ vRt cos θR
�vT cos θT cosϕT,

γden ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εO1M1

2þG2�2εO1M1G cos ðπþμ�βRRÞ
q

G ¼R cos αRR:

The time-variant Doppler signal of the SB path at time t,
denoted by f dðtÞ, can be calculated as

f dðtÞ¼
vT
λ
ð cos ðωTðtÞ�θTÞ cos γTðtÞ cos φT

þ sin γTðtÞ sin φTÞþ
vR
λ

cos ðθR�βRRÞ cos αRR:
ð15Þ

For the SB path, ϵp,SnðtÞ and ϵSnðtÞ,q are the distances
from p to SnðtÞ and SnðtÞ to q, respectively, as follows:

εp,SnðtÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

E2þF2þðHTðtÞþkpδT sin αT�R sin αRRÞ2
q , ð16Þ

where

E ¼Dþ vRt cos θRþR cos αRR cos βRR
�vTt cos φT cos θT�kpδT cos αT cos βT,

F ¼ vRt sin θRþR cos αRR sin βRR
�vTt cos φT sin θT�kpδT cos αT sin βT:

The distance from SnðtÞ to q can be calculated as

εSnðtÞ,q ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R2þðkqδRÞ2�2R cos αRRkqδR cos ðβRR�βRÞ
q : ð17Þ

Thus, the delay τSnðtÞ from p to SnðtÞ and q can be cal-
culated as τSnðtÞ¼ ðϵpSnðtÞþϵSnqðtÞÞ=c.

As the number of scatterers approaches infinity,
the exact location of the scatterers is determined by the
angle and radius. We assumed that the two continuous
random variables that determine the angles of the scat-
terers have a joint probability density function. In this
study, the von Mises–Fisher probability density function
was used to describe the probability of a scatterer at a
random point on the surface of the hemisphere at a fixed
radius. At random joint angles, the von Mises–Fisher
probability density function is described as

f ðαRR,βRRÞ¼
kR cos αRR
4π sinh ðkRÞe

kR½ cos αu cos αRR cos ðβRR�βuÞþ sin αu sin αRR� ð18Þ

where αRR � ½0, π=2Þ and βRR � ½�π, πÞ are the elevation
and azimuthal angles of the scatterer, respectively.
αu � ½0, π=2Þ and βu � ½�π, πÞ are the statistical mean
values of the elevation and azimuthal angles of the
scatterer, respectively. The parameter kR controls the
degree of concentration of scatterers around the statisti-
cal mean value. As the value of kR increases, the tighter
its distribution around the statistical mean value of the
scatterers.
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The probability distributions of the far and near scat-
terers are not the same because of differences in the spa-
tial distribution of buildings. Thus, we adopted a
truncated log-normal distribution to describe the proba-
bility density of scatterers with different radii, which can
be expressed as follows:

hðRÞ¼ 1
ffiffiffiffiffi
2π

p
σRPR

e
�ðlnðRÞ�RmÞ2

2σ2
R ðRmin ≤R≤Rmax Þ, ð19Þ

where PR ¼
R Rmax

Rmin
hðRÞdR. Rm is the expected radius of the

hemisphere and σR denotes the standard deviation of
radius. Therefore, in the area of the scattering distribu-
tion, the probability of any random scatterer is jointly
determined by the probabilities of the angle and radius.
Furthermore, the model can be applied to various scenar-
ios by adjusting the aforementioned parameters. In an
urban scenario, Rmin is always influenced by nearby vehi-
cles and street trees, whereas Rmax is determined by taller
buildings located farther away. Therefore, Rmin should be
minimized. In empty suburbs, Rmin can be increased
owing to the lower-density traffic flow and sparser nearby
buildings. Nevertheless, in the river scenario, Rmin is
determined by ships at a distance and buildings on the
land. Scatterers are more dispersed. Thus, Rmin and Rmax

are larger and a smaller kR is selected. Additionally, the
parameters in (18) and (19) can change the degree of
aggregation and the location of scatterers, which makes
the proposed model more accurate for simulations of
real-world scattering scenarios.

3 | STATISTICAL PROPERTIES
OF GBSM

3.1 | Normalized space-time-frequency
correlation function

According to the 3D GBSM described in Section 2, the rele-
vant statistical properties can be derived using(2) and (3).
The normalized time-frequency correlation function can be
calculated by two different time-variant transfer functions
Hpqðt, f Þ and Hp0q0 ðt, f Þ. The time-varying transfer func-
tions from the pth (or p0th) antenna of the transmitting
array to the qth (or q0th) antenna of the receiving array
can be described as follows.

Rpq,p0q0 ðδT,δR, t,Δt,Δf Þ¼
EðH ∗

pqðt, f ÞHp0q0 ðtþΔt, f þΔf ÞÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Var½Hpqðt, f Þ�Var½Hp0q0 ðt, f Þ�

p
, ð20Þ

where ð�Þ ∗ denotes complex conjugation, Varð�Þ denotes
statistical variance, and Eð�Þ denotes the expectation
operator. On the basis of (1), (20) can be written as
follows:

Rpq,p0q0 ðδT, δR, t, Δt, Δf Þ¼
RLoS
pq,p0q0 ðδT, δR, t, Δt, Δf ÞþRSB

pq,p0q0 ðδT, δR, t, Δt, Δf Þ,
ð21Þ

where RSB
pq,p0q0 ðδT, δR, t, Δt, Δf Þ and RLoS

pq,p0q0 ðδT, δR, t,
Δt, Δf Þ are the normalized time–frequency correlation
functions of the SB and LoS components, respectively.
Therefore, by substituting (2) and (3) into (20), the
expressions for the normalized time–frequency correla-
tion functions of the SB component and LoS component
can be obtained as follows:

RLoS
pq,p0q0 ðδT, δR, t, Δt, Δf Þ

¼EðHLoS
pq ðt, f Þ ∗HLoS

p0q0 ðtþΔt, f þΔf ÞÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Var½HLoS

pq ðt, f Þ�Var½HLoS
p0q0 ðt, f Þ�

q

¼Kej2πðϵpq�ϵp0q0 Þ=λej2πΔtf d,LoSðtþΔtÞ�j2πΔf τLoSðtÞ

ej2πtðf d,LoSðtþΔtÞ�f d,LoSðtÞÞ,

ð22Þ

RSB
pq,p0q0 ðδT, δR, t, Δt, Δf Þ

¼EðHSB
pqðt, f Þ ∗HSB

p0q0 ðtþΔt, f þΔf ÞÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Var½HSB

pqðt, f Þ�Var½HSB
p0q0 ðt, f Þ�

q

¼ lim
N!∞

1
N

XN

n¼1

Eðe2πðϵpSnþϵSnqÞ=λe�j2πtif dðtiÞþj2πf τSn

e�2πðϵp0SnþϵSnq0 Þ=λej2πðtiþΔtÞf dðtiþΔtiÞþj2πðfþΔf ÞτSn Þ

¼
Zπ

�π

Zπ=2

0

ZRmax

Rmin

e2πðϵpSnþϵSnq�ðϵp0SnþϵSnq0 ÞÞ=λej2πtiðf dðtiþΔtÞ�f dðtiÞÞ

ej2πΔtf dðtiþΔtÞ�j2πΔf τSn ðtÞ

f ðαRR,βRRÞhðRÞdαRRdβRRdR:

ð23Þ

3.2 | DPSD

The DPSD is derived by the Fourier transform of time–
frequency correlation function Rpq,p0q0 ðδT, δR, ti, Δt, Δf Þ
with ti ¼ 0, Δt¼ 0, Δf ¼ 0. Thus, the DPSD can be
expressed as

Spq,p0q0 ðf DÞ¼
Z∞

�∞

Rpq,p0q0 ðt, ΔtÞe�j2πf DΔtdΔt, ð24Þ
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where f D is the Doppler frequency. In the proposed
model, the DPSD is a superposition of the LoS and SB
components.

Spq,p0q0 ðf D, tÞ¼ SLoSpq,p0q0 ðf D, tÞþSSBpq,p0q0 ðf D, tÞ: ð25Þ

3.3 | Envelope LCR

The LCR is defined as the average number of times the
signal envelope passes a certain level value r with a posi-
tive/negative slope per unit of time. It is used to describe
the statistical rules for the number of fading cycles. Using
traditional PDF-based methods, the LCR of the model
can be written as [23]

LðrÞ ¼ 2r
ffiffiffiffiffiffiffiffiffiffiffi
Kþ1

p

π
3
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2b0�b21

b20

s

e�K�ðKþ1Þr2

Z

π

2

0

cosh 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
KðKþ1Þ

p
r cos θ

� �

e�ðχ sin θÞ2 þ ffiffiffi
π

p
χ sin θerfðχ sin θÞ

h i
dθ,

ð26Þ

where coshð�Þ is the hyperbolic cosine, erfð�Þ is the error
function, and χ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Kb21=ðb0b2�b21Þ

q
. Parameters b0, b1, b2

are defined as

b0 ¼E½hSB,Ipq ðtÞ2� ¼E½hSB,Qpq ðtÞ2�
b1 ¼E½hSB,Ipq ðtÞ _hSB,Qpq ðtÞ� ¼E½hSB,Qpq ðtÞ _hSB,Ipq ðtÞ�
b2 ¼E½ _hSB,Qpq ðtÞ2� ¼E½ _hSB,Ipq ðtÞ2�,

ð27Þ

where hSB,Ipq ðtÞ and hSB,Qpq ðtÞ are the in-phase and quadra-
ture components of hSBpqðtÞ, respectively. _h

SB,I
pq ðtÞ and

_h
SB,Q
pq ðtÞ are the first derivatives of hSB,Ipq ðtÞ and hSB,Qpq ðtÞ

with respect to time t,
Based on the derivation of the aforementioned model,

substitution of (5) and (6) into (27) bm (m = 0, 1, 2, …)
can be derived as

bm ¼ 1
2ðKþ1Þ

Zπ

�π

Zπ=2

0

ZRmax

Rmin

vTðtiÞ
λ

ð cos ðθTðtiÞ�ωTÞ cos γT cos ϕTðtiÞ
�

þ sin γT sin ϕTðtiÞÞþ
vR
λ

cos ðθR�βRRÞ cos αRR
�m

f ðαRR,βRRÞhðRÞdαRRdβRRdR:

ð28Þ

Substituting m¼ 0, 1, 2 into (28), b0, b1, and b2 can be
expressed as

b0 ¼ 1
2ðKþ1Þ , ð29Þ

b1 ¼ 1
2ðKþ1Þ

Zπ

�π

Zπ=2

0

ZRmax

Rmin

vTðtiÞ
λ

cos ðθTðtiÞ�ωTÞð
�

cos γT cos ϕTðtiÞþ sin γT sin ϕTðtiÞÞ
þvR

λ
cos ðθR�βRRÞ cos αRR

�

f ðαRR,βRRÞhðRÞdαRRdβRRdR

ð30Þ

b2 ¼ 1
2ðKþ1Þ

Zπ

�π

Zπ=2

0

ZRmax

Rmin

vTðtiÞ
λ

ð cos ðθTðtiÞ�ωTÞ
�

cos γT cos ϕTðtiÞþ sin γT sin ϕTðtiÞÞ
þvR

λ
cos ðθR�βRRÞ cos αRR

�2

f ðαRR,βRRÞhðRÞdαRRdβRRdR:

ð31Þ

3.4 | Envelope AFD

AFD is the average value of the sum of the durations of
each segment in which the signal envelope drops below a
given level r in a certain statistical time, which can be
expressed as

TðrÞ¼ 1�Q
ffiffiffiffiffiffi
2K

p
,

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðKþ1Þr2p� �

LðrÞ , ð32Þ

where Qð�, �Þ is the Marcum Q function.
Based on (32), we observe that the AFD can be

derived using LCR.

3.5 | Channel capacity

For the proposed MT�MR MIMO channel, the relation-
ship between the receiving and transmitting-signal vec-
tors can be expressed as [24]

yðtÞ¼HðtÞsðtÞþnðtÞ : ð33Þ
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where yðtÞ and xðtÞ denote the MR�1 receiving-signal
vector and MT�1 transmitting-signal vector, respec-
tively. nðtÞ denotes an MR�1 noise vector. The channel
capacity is used to evaluate the maximum error-free
information rate that can be transmitted. The proposed
model can be used to evaluate the channel capacity of
UAV communication. The ergodic channel capacity can
be expressed as

C¼E log2det IMT þ
SNR
MR

HHH

� �	 


ð34Þ

where IMT denotes an MR�MR identity matrix and the
dimensions of the channel matrix H are MR�MT. ð�ÞH
denotes the transpose-conjugate operation. The SNR
denotes the signal-to-noise ratio. The channel matrix of
the multipath components is derived as follows [22],

H¼HLoSþHSB : ð35Þ

The conventional Kronecker model assumes no corre-
lation between the receiver and transmit array matrices.
The channel matrix can be expressed as [25]

H¼R
1
2
RHwR

1
2
T

ð36Þ

where RT and RR are the correlation matrices for the Tx
and Rx, respectively. Hw is a MT�MR stochastic matrix
with complex independent Gaussian-distributed entries.
ð�Þ12 denotes the square root.

4 | NUMERICAL RESULTS AND
ANALYSIS

In this section, the time-variant channel statistical prop-
erties are simulated and analyzed based on the proposed
model. The autocorrelation function (ACF) (time
domain), frequency correlation function (FCF), spatial
cross-correlation (SCCF), DPSD, LCR, AFD, and channel
capacity were simulated. The acronyms are listed in
Table 2. The influence of certain parameters on channel
characteristics was explored and analyzed. The simula-
tion parameters were set as follows: f ¼ 3:5GHz,
αT ¼ π=4, βT ¼ π=3, θTðtÞ¼ π=2, θR ¼ π=3, ϕTðtÞ¼ 5π=12,
δT ¼ δR ¼ λ=2, kR ¼ 2, vR ¼ 10m=s, vT ¼ 20m=s, D¼ 200m,
HT ¼ 30 m, αu ¼ π=12, βu ¼ π=6, Rmin ¼ 1 m, Rmax ¼ 50 m,
Rm ¼ 3:8m, σR ¼ 0:4.

A comparison between the normalized ACF of the
proposed model and normalized ACFs in earlier studies
[12, 13, 15, 25] is presented in Figure 4. The ACF RpqðΔtÞ
can be obtained by setting δT ¼ 0, δR ¼ 0, Δf ¼ 0, p¼ p0,

q¼ q0. The model of the sphere in Jia and others [13], cyl-
inder model in Jia and others [25], two-cylinder model in
Bian and others [12], and hemisphere model in Jin and
others [15] were simulated to verify how reasonable the
proposed channel model was. The ACFs of all the models
eventually level off at approximately K

Kþ1. The root-
mean-square errors of the ACFs of the proposed and
existing models are listed in Table 3. From the table list-
ings, it can be concluded that the ACF of the proposed
model is more similar to that of the hemisphere model in
Jin and others [15] and the sphere model in Jiang and
others [13] because the proposed model is based on the
improved sphere model. However, there was a consider-
able difference compared with the cylinder-based model.

TABL E 2 Table for all acronyms.

Unmanned aerial vehicles UAV

Three-dimensional 3D

Multiple-input multiple-output MIMO

Line-of-sight LoS

Single-bounced SB

Space–time–frequency correlation function STF-CF

Doppler power spectrum density DPSD

Level-crossing rate LCR

Average fade duration AFD

Nongeometrical stochastic models NGSMs

Geometry-based stochastic models GBSMs

Autocorrelation function (time domain) ACF

Frequency correlation function FCF

Spatial cross-correlation function SCCF

F I GURE 4 Normalized time correlations of the proposed

model, model in Jia et al. [13], model in Jia et al. [25], model in

Bian et al. [12], and model in Jin et al. [15].
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Thus, we can speculate that the sphere- and cylinder-
based models with the same distribution may simulate
two different actual scattering scenarios.

Figure 5 presents the normalized ACF in terms of dif-
ferent frequencies and the maximum scatter radius.
When the propagation delay increased, the ACF
decreased rapidly and gradually stabilized. In addition, a
larger maximum scatter radius leads to a faster down-
ward trend and larger amplitudes, which results from the
distribution of scatterers. Thus, the size of the scattering
region affects the ACF. Moreover, the ACF exhibits a
more rapid downward trend at higher frequencies. Thus,
it is crucial to select an appropriate frequency to enhance
communication capability.

Figure 6 presents the normalized ACF at different
delays and time points. As time increased, the ACF
decreased more rapidly and stabilized quickly. In this
study, the scattering environment was assumed to be
constant around the Rx. Because of the motion of the
UAV and vehicle, the orientations of scatterers relative to
the UAV changed over time, which leads to channel non-
stationarity in the time domain.

Figure 7 shows the ACFs as functions of different
concentration parameters kR; these represent the spread

of scatterers around the mean angle. This illustrates that
a larger concentration parameter results in a larger ACF.
This is because scatterers are more concentrated near the
mean angle, thus resulting in a smaller angular distribu-
tion range. Thus, environments with more diffuse scat-
terers generated smaller time correlations. In addition,
the coherence time Tc, which describes the maximum
transmission time of the signals without distortion, can
be estimated. Tc is defined as the first instant at which
the ACF decreases below 0.5, as shown in Table 4. We

TAB L E 3 Root-mean-square error between the proposed

model and other models.

Comparison model
Root-mean-square
error

Sphere model in Jin et al. [15] 0.0582

Cylinder model in Jia et al. [25] 0.1064

Two-cylinder model in Bian et al. [12] 0.1186

Hemisphere model in Jin et al. [15] 0.0244

F I GURE 5 Normalized temporal correlations of the proposed

model at different maximum scatter radii and frequencies.

F I GURE 6 Normalized time correlation of the proposed

model at different delays and times.

F I GURE 7 Normalized time correlation of the proposed

model at different kR values.

TABL E 4 Coherence time at different kR values.

kR Coherence time (ms)

0.1 3.1

2 3.5

5 4.0

10 4.1
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can conclude that as the distribution of the scatterers
becomes more dispersed, the coherence time becomes
shorter.

By setting δR ¼ 0, Δf ¼ 0, Δt¼ 0, p¼ q¼ 1, p0 ¼ q0 ¼ 2,
the spatial correlation for the antenna spacings of the Tx
Rpq,p0q0 ðδRÞ at different times is illustrated in Figure 8. We
note that the normalized space correlation has a slower
downward trend and decreases over time, which demon-
strates the nonstationarity of the proposed model in the
spatial domain. This is because the motions of the Tx and
Rx lead to smaller angular spreads relative to those of the
Tx. Moreover, the model in Jia and others [13] exhibits a
similar trend when the LoS component is considered,
thus demonstrating the fact that the proposed model is
reasonable.

The spatial correlation of the antenna spacings of Tx
with different concentration parameters is shown in
Figure 9. Note that a larger kR leads to a larger spatial
correlation in terms of the antenna spacing of the
Tx. The factor contributing to this situation is that a
larger kR leads to a concentration of scatterers around the
mean angles and results in a reduction in the distribution
range of the path difference between different antennas
through the same scatterer. Thus, better MIMO perfor-
mance is derived with more dispersive scatterers.

By setting Δf ¼ 0, Δt¼ 0, p¼ q¼ 1, p0 ¼ q0 ¼ 2, we can
obtain the joint SCCF of antenna spacings of Tx and Rx
Rpq,p0q0 ðδT,δRÞ in Figure 10. The SCCF of the first antenna
of Tx and Rx and the second antennas of Tx and Rx were
explored. It can be observed that the Tx antenna spacings
of Tx exhibit a larger fluctuation than those of the Rx
antenna spacings. In an actual scenario, multipath com-
ponents of the MIMO channel are not always indepen-
dent, especially when the LoS component exists, which
increases the difficulty of antenna deployment. The

correlation function of the proposed model served as a
reference for obtaining smaller spatial correlations.

By setting δT ¼ 0, δR ¼ 0, Δt¼ 0, p¼ p0, q¼ q0, we can
obtain the FCF for different maximum scatter radii (see
Figure 11). The FCF exhibits a slower descent rate and
greater amplitude as the maximum scatter radius
decreases. This was a result of the influence of the maxi-
mum scatter radius on the distribution of scatterers.

Figure 12 shows the simulation results of the LCR for
different maximum scatter radii and kR values. The LCR
increases significantly with a decrease in the maximum
scatter radius and an increase in kR. Similarly, the AFD
increased with an increase in the maximum scatter
radius and a decrease in kR. Therefore, a stable channel
can be obtained by expanding the scattering region and
dispersing the scatterers.

Figure 13 studies the simulation results of DPSD for
different concentration parameters kR. It can be observed
that when kR decreases, Doppler decreases. This is
because a smaller kR implies that the angles of scatterers

F I GURE 8 Spatial correlation functions of the antenna

spacings of the transmitter (Tx) at different times.

F I GURE 9 Spatial correlation functions of the antenna

spacings of the Tx at different kR values.

F I GURE 1 0 Spatial cross-correlation function for different

antenna spacings of the Tx and receiver.
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are more well-proportioned, which leads to a more
evenly distributed Doppler frequency. Table 5 shows the
variance of DPSD of Figure 13. When kR ¼ 0:1, the DPSD

is the highest and the variance is the minimum. As kR
increases, the variance tends to increase.

By calculating (34), Figure 14 shows the channel
capacity for different numbers of the transmitting and
receiving antennas. It is evident that the channel capacity
increases as a function of the signal-to-noise ratio. In
addition, more antennas deployed on the UAV and vehi-
cle resulted in a larger channel capacity; this finding is

F I GURE 1 1 Frequency correlation functions for different

maximum scatter radii and kR.

F I GURE 1 2 Level-crossing rate and average fade duration for

different maximum scatter radii and kR values.

F I GURE 1 3 Doppler power spectrum density for different kR
values.

TABL E 5 Variance of DPSD.

kR Variance

0.1 3.8598

2 4.3873

5 4.7902

10 5.2021

Abbreviation: DPSD, Doppler power spectrum density.

F I GURE 1 4 Capacity comparison as a function of the signal-

to-noise ratio for different numbers of antennas.
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consistent with the conclusions of [26]. Hence, a higher
signal-to-noise ratio and more antennas allocated at Tx
and Rx can enhance the transmission efficiency of infor-
mation on the channel.

5 | CONCLUSIONS

In this study, a concentric two-hemisphere model was
proposed to characterize a time-variant UAV-to-vehicle
3D MIMO channel. The LoS and SB components in the
channel were considered. Based on the proposed model,
the effects of the maximum scatter radius and concentra-
tion parameter kR on the statistical characteristics were
explored. Statistical properties, including the normalized
ACF, SCCF, FCF, LCR, AFD, DPSD, and channel capac-
ity, were derived and analyzed. The results indicated that
different maximum scatter radii and concentration
parameters had obvious influences on channel character-
istics. Moreover, the nonstationarity of the channel in the
temporal and spatial domains was demonstrated. Specifi-
cally, with an increase in the maximum scatter radius,
ACF decreased, FCF exhibited a quicker descent rate,
LCR decreased, and AFD increased. In addition, with the
increase of kR, ACF, SCCF, and LCR increased, AFD
decreased, and DPSD became flatter. The proposed
model was compared with current GBSMs and showed
good consistency.
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