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Abstract—In order to provide reliable and efficient connec-
tions between unmanned aerial vehicles (UAVs) and ground
stations (GSs), realistic UAV-to-ground channel models are indis-
pensable. In this article, we propose a novel 3-D nonstationary
geometry-based stochastic model (GBSM) for UAV-to-ground
multiple-input–multiple-output (MIMO) channels. Distinctive
UAV-to-ground channel characteristics, such as time-domain
nonstationarity, distinctions between different altitudes, spatial
consistency, and 3-D arbitrary UAV movement trajectories, are
taken into account. By adjusting parameter settings, the proposed
channel model framework is sufficiently general to support
multiple frequency bands and multiple scenarios, including mil-
limeter wave (mmWave) and massive MIMO configurations.
Statistical properties, including power delay profile (PDP), sta-
tionary interval, space–time correlation function (STCF), and
root-mean-square (RMS) delay spread are derived and analyzed
for different frequencies and scenarios. The accuracy of the
proposed model is validated by comparing its statistical prop-
erties with corresponding available channel measurements. The
proposed channel model will provide a fundamental support for
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the design, performance evaluation, and optimization of future
UAV integrated sixth-generation (6G) wireless networks.

Index Terms—3-D nonstationary wireless channel models, arbi-
trary UAV trajectory, geometry-based stochastic model (GBSM),
unmanned aerial vehicles (UAVs).

I. INTRODUCTION

THE RAPID development of unmanned aerial vehicles
(UAVs) industry poses great challenges to UAV com-

munication technologies. Many new applications of UAVs,
such as aerial photography and remote sensing, not only
demand reliable control and nonpayload communication links
but also need high transmission data rate of payload links [1].
Utilizing future cellular networks to fulfill UAV communi-
cation demands is a feasible solution due to the extensive
coverage and large bandwidth of current fifth-generation
(5G) and future sixth-generation (6G) wireless communication
networks [2]. According to the vision on potential applica-
tions of 6G wireless communication networks, UAVs will play
more important roles in network coverage extension by serv-
ing as mobile base stations (BSs) [3], [4]. The deployment of
aerial BSs has been regarded as a promising way to provide
ubiquitous access from the sky toward the ground user equip-
ment (UE) in specified areas and cases (e.g., hotspot areas,
large public venues, and remote areas without network cov-
erage) [5]. By combining UAVs with other key technologies
related to satellite, terrestrial, and maritime communications,
we can achieve Internet of Things (IoT) all over the world
or global coverage through 6G space–air–ground–sea inte-
grated networks [6], [7]. It is well known that a set of precise
and easy-to-use channel models are critical for the design
and performance optimization of communication systems [8].
Therefore, investigation of UAV channels has been a hot
research topic recently.

Most previous investigations devoting to UAV-to-ground
channel characterization can be categorized into two methods,
i.e., measurement-based methods providing empirical channel
models and simulation-based methods providing deterministic
or stochastic channel models [9]. Through measurement-based
methods, UAV-to-ground channel properties were investi-
gated according to channel measurement data. For instance,
a series of channel measurement campaigns were conducted
in [10]–[12]. An S-C3B Viking aircraft was used to study the
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air-to-ground channel characteristics at L-band and C-band
in diverse environments. In [13], the channel between air-
ship and ground station (GS) was measured at 2.5-GHz band,
and comparison results showed that the air-to-ground channels
are kind of special links with properties between terrestrial
channels and land mobile satellite (LMS) channels. In [14],
the UAV-to-ground channel was measured in a suburban sce-
nario by exploiting cell-specific signals in long term evolution
(LTE) networks. Statistical properties, such as path loss, shad-
owing, root-mean-square (RMS) delay spread (DS), were
analyzed. Although channel measurements are the most intu-
itive methods to study wireless channels, it is too expensive
and time-consuming to conduct channel measurement cam-
paigns, especially in some extreme scenarios such as the
UAV-to-ground scenario.

As for the simulation-based methods, they are able to
provide channel simulation results based on electromagnetic
wave propagation theory. Simulation-based methods can be
divided into deterministic modeling methods and stochastic
modeling methods. A typical deterministic modeling method
is ray tracing, which can depict the realistic behavior of the
electromagnetic wave propagation. Feng et al. [15] used ray
tracing to evaluate the UAV-to-ground link coverage range
in an urban scenario. In [16], a UAV-to-ground large-scale
fading model supporting millimeter wave (mmWave) band
was developed based on ray tracing simulation. The accuracy
of deterministic modeling methods depends on the descrip-
tion of environmental layout including the terrain topography
and the electromagnetic parameters of obstruction materi-
als. Besides, the simulation of time-variant channels using
deterministic methods will cause considerable computation
complexity, which will decrease simulation efficiency [17].

In stochastic modeling methods, part of stochastic channel
models were developed by modeling channel fading statistics
as stochastic processes. In [12], wideband stochastic channel
models were proposed based on the time delay line (TDL)
structure from the measurement data. With explicit geom-
etry relationships between transmitter (Tx), receiver (Rx),
and scatterers, geometry-based stochastic models (GBSMs)
are suitable for simulation of high-mobility communication
channels, such as vehicle-to-vehicle (V2V) [18]–[20] and
high speed train (HST) channels [21]–[25]. Similarly, UAV-
to-ground channels can be modeled in the 3-D space by
GBSM. Zeng et al. [26], [28] and Li and Cheng [27]
used cylinder to describe the scatterers around the GSs.
Statistical properties like temporal autocorrelation functions
(ACFs) and spatial cross-correlation functions (CCFs) were
derived according to geometry relationships. Chang et al. [29]
and Jiang et al. [30] utilized the ellipsoid model to describe
the wideband properties of UAV-to-ground multiple-input–
multiple-output (MIMO) channels. However, these GBSMs
ideally assume that scatterers are distributed on regular shaped
cylinders, ellipsoids, or spheres, which cannot represent the
realistic scenarios. In addition, 3-D UAV trajectories and
spatial consistency are not taken into account in current
GBSMs.

Besides, some standard UAV-to-ground channel models
were proposed, such as the 3rd generation partnership project

(3GPP) model in technical report “Study on Enhanced LTE
Support for Aerial Vehicles” [2]. Some channel parame-
ters were provided, including path loss, Ricean K factor,
angular distribution, etc. The distinctions between UAV-to-
ground channel and terrestrial channel are parametrized,
e.g., UAV heights were introduced to describe the channel
parameters.

It is well known that a complete and useful channel model
should be able to represent corresponding channel character-
istics. UAV-to-ground channels present some unique channel
properties due to changeable UAV trajectories in the 3-D space
and time-varying properties introduced by UAV movement.
These distinctive channel properties include but not limited to
the following.

1) Arbitrary 3-D UAV trajectories and velocities will intro-
duce the Doppler frequency shift and fast time-variant
channel characteristics.

2) UAVs are usually fly in low altitudes, e.g., below 150 m
or 100 m, where channel characteristics are highly
dependent on UAV altitudes.

3) UAV movements cause the continuous changing of chan-
nel scenarios and bring the nonstationary and spatial
consistency channel properties.

Precise characterization of UAV-to-ground channels is the
foundation of follow-up technical research. For instance,
Quality of Service (QoS)-aware UAV trajectory optimization
needs channel fading information along the 3-D UAV trajec-
tory. Strategy selections in UAV-aided cooperation and relay
techniques largely depend on heterogeneous channel condi-
tions in different scenarios and altitudes. However, existing
UAV-to-ground channel models have their limitations to accu-
rately describe such channel characteristics. To the best of
our knowledge, the UAV-to-ground channel model support-
ing arbitrary UAV trajectory and spatial consistency in 3-D
space is still missing. Long time channel simulation consider-
ing time-varying of channel statistical properties according to
UAV height is also rarely investigated.

Motivated by the above background and gaps of current
research, a novel nonstationary GBSM for UAV-to-ground
channels is proposed in this article. The contributions and
novelties of this article include the following.

1) The proposed model supports the channel genera-
tion through arbitrary 3-D trajectories and velocities.
Considering the acceleration and deceleration of UAVs,
adaptive track sampling is used to enhance simulation
efficiency.

2) To ensure the spatial consistency of channel properties,
a grid-based correlated large-scale parameter (LSP) gen-
eration method is applied. Considering the different sta-
tistical property distributions at different UAV altitudes,
the grids are divided into multiple layers according to
altitudes with different parameter distributions.

3) Time-variant small-scale parameters (SSPs) and clus-
ter evolution process are introduced in time and array
domain to mimic the nonstationarity. High resolutions
of SSPs in time and space domains enable the proposed
model to support mmWave bands and massive MIMO
configuration.
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4) Statistical properties of the proposed UAV-to-ground
channel model are derived, including power delay profile
(PDP), space–time correlation function (STCF), station-
ary interval, RMS Doppler spread, etc. The simulation
results are validated by channel measurement results.

The remainder of this article is organized as follows.
In Section II, the proposed channel model is illustrated in
detail, including geometry construction and LSP/SSP gener-
ation processes. Statistical properties, such as PDP, STCF,
stationary interval, RMS Doppler spread, and RMS DS, are
derived in Section III. In Section IV, channel simulation results
are analyzed. Finally, conclusions and future works are given
in Section V.

II. THREE-DIMENSIONAL WIDEBAND UAV-TO-GROUND

MIMO GBSM

The channel between UAV and GS is affected by large-scale
fading and small-scale fading. A widely used representation
form of fading channels is the channel impulse response (CIR),
and a complete MIMO CIR matrix is given by

H = [PL · SH]1/2 · Hs (1)

where PL denotes the path loss caused by propagation dis-
tance between the UAV and GS. 3GPP gives a complete
UAV-to-ground path loss model at multifrequencies and in
multiscenarios [2]. Shadowing is represented by SH and con-
sidered as an LSP, which will be discussed later. The matrix
Hs denotes small-scale fading of different antenna pairs.

Small-scale channel fading is caused by multipath compo-
nents (MPCs) generated by terrains and buildings near the
ground. Fig. 1(a) gives a typical scenario of UAV-to-ground
channel including all possible MPC types. The transmitted sig-
nal can arrive by Line-of-Sight (LoS) path, single bounce,
and multibounce. In order to simulate the UAV-to-ground
channel more accurately and reduce unnecessary computation
complexity, we construct the UAV-to-ground channel using
geometry shapes to effectively abstract real-world scatterers.

A typical 3-D MIMO channel between UAV with nT

antenna elements and GS with nR antenna elements is
presented in Fig. 1(b). Both UAV and GS are equipped with
uniform linear arrays (ULAs). The UAV is set as Tx and
the GS is set as Rx. To simplify description, only the nth
(n = 1, . . . ,Npq(t)) path is illustrated in detail, in which Npq(t)
is the total path number in the link between Tx and Rx at
the time instant t. Considering for massive MIMO antenna
configuration, the observable cluster set can be different for
different antenna pairs. Only clusters observable for both Tx
and Rx antenna elements will be considered in channel simu-
lation. For instance, in Fig. 1(b), n + 1th path will be ignored
in channel simulation. Meanwhile, the first and last bounce
clusters are specified as spheres containing yellow dots, i.e.,
the cluster beside Tx, CA

n , and the cluster beside Rx, CZ
n . The

propagation path between CA
n and CZ

n is abstracted as a virtual
link with a given delay. Note that for single bounce rays, CA

n
and CZ

n are regarded as the same cluster and the delay of vir-
tual link is set to zero. In this channel modeling framework,
Tx, Rx, CA

n , CZ
n all can be moving, i.e., changing coordinates

(a)

(b)

Fig. 1. Typical UAV-to-ground communication scenario. Scatterers like build-
ings are abstracted as scattering clusters. (a) Real world scene. (b) Abstract
scene.

AT
0 , AR

0 , CA
n , and CZ

n with respect to (w.r.t.) time. In case of
UAV to fixed BS channel simulation, BS can be regarded as
static. The Azimuth Angle of Departure (AAoD) and Elevation
Angle of Departure (EAoD) of the mth ray in cluster CA

n trans-
mitted from Tx are denoted by φT

A,mn
and φT

E,mn
, respectively.

Azimuth Angle of Arrival (AAoA) and Elevation Angle of
Arrival (EAoA) of the mth ray in cluster CZ

n received from Rx
are denoted by φR

A,mn
and φR

E,mn
. Similarly, the EAoD, EAoA,

AAoD, and AAoA of the LoS path are denoted by φT
A,LoS,

φT
E,LoS, φR

A,LoS, and φR
E,LoS, respectively. For clarity, the key

parameters involved in channel modeling are listed in Table I.
The small-scale fading of MIMO channel with given setting

can be represented by a matrix Hs = [hpq(t, τ )]nT×nR . The
complex CIR of MIMO fading channel between the pth Tx
antenna element and the qth Rx antenna element can be rep-
resented by the superposition of the LoS and non-LoS (NLoS)
components, i.e.,

hpq(t, τ ) =
√

KR

KR + 1
hLoS

pq (t, τ )+
√

1

KR + 1
hNLoS

pq (t, τ ) (2)

where KR is the K-factor (KF). The NLoS components
hNLoS

pq (t, τ ) can be expressed as

hNLoS
pq (t, τ ) =

Npq(t)∑
n=1

Mn∑
m=1

⎡
⎣Fq,V

(
φR

E,mn
, φR

A,mn

)
Fq,H

(
φR

E,mn
, φR

A,mn

)
⎤
⎦

T

×
⎡
⎣ ejθVV

mn

√
κ−1

mn ejθVH
mn√

κ−1
mn ejθHV

mn ejθHH
mn

⎤
⎦
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TABLE I
DEFINITION OF SIGNIFICANT CHANNEL MODEL PARAMETERS

×
⎡
⎣Fp,V

(
φT

E,mn
, φT

A,mn

)
Fp,H

(
φT

E,mn
, φT

A,mn

)
⎤
⎦√Ppq,mn(t)

× ej2π fcτpq,mn (t) · δ(τ − τpq,mn(t)
)

(3)

where {·}T denotes the transposition operation, fc is the carrier
frequency, and Fp/q,V and Fp/q,H are the antenna patterns of
Tx/Rx for vertical and horizontal polarizations, respectively.
Besides, κmn is the cross polarization power ratio, θVV

mn
, θVH

mn
,

θHV
mn

, and θHH
mn

are initial phases subject to uniform distribution
in (0, 2π ], Ppq,mn(t) and τpq,mn(t) are the powers and delays
of the mth ray in the nth cluster between Tx antenna and Rx
antenna at time t, respectively. For the LoS component, it can
be expressed as

hLoS
pq (t, τ ) =

⎡
⎣Fq,V

(
φR

E,LoS, φ
R
A,LoS

)
Fq,H

(
φR

E,LoS, φ
R
A,LoS

)
⎤
⎦

T[
ejθVV

LoS 0

0 ejθHH
LoS

]

×
⎡
⎣Fp,V

(
φT

E,LoS, φ
T
A,LoS

)
Fp,H

(
φT

E,LoS, φ
T
A,LoS

)
⎤
⎦

× ej2π fcτpq,LoS(t)δ
(
τ − τpq,LoS(t)

)
(4)

where θVV
LoS and θHH

LoS are random phases in (0, 2π ], and τpq,LoS
is the time delay of LoS path.

Due to the movement of UAV, the environment will present
changes w.r.t. time axis, i.e., nonstationary properties in time
domain. In order to capture these changes accurately, the
cluster evolution algorithm is applied to obtain time-variant
channel coefficients. To be specific, channel simulation param-
eters can be divided into two types: 1) LSPs, including DS,
Ricean KF, shadow fading (SF), and angular spread (AS)

Fig. 2. Flow chart of channel simulation process.

which change slowly and remain constant within a certain
area and 2) SSFs, including AoA, AoD, delay, and power of
each cluster generated or updated for each track segment. The
specific flow chart is shown in Fig. 2.

Before channel generation, the UAV trajectory will be
divided into several small trajectory segments, and within each
segment the channel can be seen as constant. Therefore, the
UAV-to-ground channel with given trajectory can be described
by a series of channel snapshots for different locations like
Fig. 1(a) shown. In order to capture fast variant channel prop-
erties, proper trajectory sample methods should be applied.
In time domain, the trajectory can be divided by temporal
sampling according to sampling theorem [31]

fT ≥ 4 · max|fmax| ≥ 4 · max|vUAV| + ∣∣vg
∣∣+ |vc|

λ
(5)

where fT is the sampling number per second, fmax is the
maximum Doppler frequency value, |vUAV| and |vg| are abso-
lute values of UAV and GS velocities, and |vc| denotes the
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velocity summation of moving scatterers CA
n and CZ

n with
|vc| = |vA| + |vZ |. Equation (5) specifies the lower bound
for time sampling rate. In temporal sampling, the distance
between adjacent segments will vary w.r.t. UAV velocity, i.e.,
δd = vUAV/fT . In space domain, the trajectory can be divided
w.r.t. distance along the trajectory according to correspond-
ing spatial sampling theorem, and the lower bound of spatial
sampling is determined by minimum UAV velocity along
the trajectory

fS ≥ 4 · min|vUAV| + ∣∣vg
∣∣+ |vc|

λ · min|vUAV| (6)

where fS is the sampling number per meter along the UAV
trajectory, and the sample interval along the trajectory is
δd = 1/fS. The temporal sampling and spatial sampling can
transform to each other by resampling. Note that when GS and
scatterers in the scenario are static, i.e., |vg| = |vc| = 0 m/s,
the spatial sampling rate will reduce to fS = 4/λ, which agrees
with the result in [31].

For channel simulation of arbitrary 3-D UAV trajectories,
the spatial sampling method that fulfills one condition and
has fewer sampling points along the same UAV trajectory is
recommended first for efficiency. The condition is described as

max|vUAV|
|vUAV| − 1 >

∣∣vg
∣∣+ |vc|

min|vUAV| −
∣∣vg
∣∣+ |vc|

|vUAV| (7)

where vUAV is the mean value of UAV velocity along the
trajectory.

There are three significant mechanisms modeling nonsta-
tionary properties caused by movement of the UAV, i.e., the
grid-based LSPs generation, cluster birth–death process, and
the drifting of SSPs. We will introduce these three mechanisms
below.

A. Grid-Based LSPs Generation

Positions and parameters of scattering clusters are depen-
dent on LSPs. Therefore, LSPs in the UAV flight space should
be generated and saved before cluster time evolution. In chan-
nel generation, in each segment, only LSPs in the segment
corresponding grid are used for cluster generation. Considering
the spatial consistency of LSPs, i.e., the fact that adjacent seg-
ments in the UAV trajectory may share similar LSPs, the UAV
flight space is first divided into several layers with certain
height 	h at different altitudes. Then, each layer is divided
into multiple grids with size of Dg × Dg, and LSPs in each
grid are spatial consistent. The LSP matrices in top layer and
bottom layer, i.e., r̃ht and r̃hb , are generated first according
to the available parameter sets. For carrier frequency bands
below 6 GHz, the parameter set from 3GPP TR 36.777 [2]
and some available measurement data [9], [11]–[14] are rec-
ommended. As for higher frequency bands, e.g., mmWave
bands, since there are no complete available UAV-to-ground
channel measurement data, up to date terrestrial channel mod-
els supporting mmWave such as, 3GPP TR 38.901 [32] and
5GCM [33], can be applied. Considering the correlation of
LSPs between adjacent grids, an exponential spatial filter is
used to correlate independent LSPs in top layer and bottom

layer LSP matrices [34]

r̃u,w =
U∑

x=0

W∑
y=0

rx,y · F(u − x,w − y) (8)

where r̃u,w and rx,y are correlated and independent LSPs at
grids (u,w) and (x, y) in top or bottom layer, U × W denotes
total grids number, and F(u−x,w−y) is the exponential filter
defined by

F(u − x,w − y) = exp

(
−Dg · ‖u − x,w − y‖

DS
c

)
(9)

where DS
c is the scenario-dependent correlation factor in time

domain with typical values of 10 m, 30 m, 50 m, 100 m,
and Dg usually with typical value of 1 m [35]. Considering
the correlation between different altitudes at the same grid
location, the LSPs of middle layers are calculated according
to the altitude differences from current layer to top layer and
bottom layer

r̃h = r̃ht · h − hb

ht − hb
+ r̃hb · ht − h

ht − hb
, hb < h < ht (10)

where r̃h is the LSP matrix at corresponding altitude h, r̃ht

and r̃hb are LSP matrices at top layer and bottom layer with
corresponding altitudes ht and hb, respectively. It is worth
mentioning that the LSPs vary w.r.t. change of grid and layer,
while LSPs in the same layer same grid are consistent.

Taking generation of Ricean K factor in dB for instance in
Fig. 3, independent K factors in top layer and bottom layer are
generated first according to the Gaussian process with corre-
sponding mean value μKR and standard deviation σKR . These
two parameters are defined in 3GPP TR 36.777 [2, Table
B.1.2-1] as

μKR = 22.55log10(hUT)− 4.72 (11)

σKR = 6.988 exp(0.01659hUT) (12)

where hUT is the UAV altitude. Here, we substitute hUT = ht

and hUT = hb to get μKR and σKR at top layer and bottom
layer. Then correlated K factors in top layer and bottom layer
are obtained by spatial filtering. It can be seen that after spatial
filtering, the continuous spatial variation of K factor is realized.
Finally, multilayer K factors are calculated according to K
factors in top/bottom layers and altitudes of middle layers.
Since UAVs usually carry out complex operations, such as
rising, diving, hovering, acceleration, and deceleration in 3-D
space, in the choice of the LSPs at each segment, it first checks
which grid the UAV locates and then assigns the corresponding
LSPs in calculation of SSPs.

B. Time-Array Cluster Birth-Death Process

Since the movement of UAVs, scattering cluster existing
in the last segment may disappear in the next segment, and
the new clusters also can appear in any segments, which can
be described as birth/death process. This process also will
happen in antenna array domain, i.e., the cluster observable
for one antenna element may be unobservable for another
antenna element. There are two parameters controlling the
birth/death process, i.e., the generation rate of clusters λG and
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Fig. 3. Generation process of multilayer correlated K factor.

the recombination rate of clusters λR. The survival probability
PT

s (δd,	dT) of a cluster surviving over the trajectory segment
δd and Tx antenna element spacing 	dT is computed as

PT
s (δd,	dT) = exp

[
−λR

(
δd

DS
c

+ 	dT

DA
c

)]
(13)

where DA
c is the scenario-dependent correlation factor in array

domain. At the Rx side, the survival probability PR
s (δd,	dR)

of a cluster surviving over the trajectory segment δd and
Rx antenna element spacing 	dR can be computed similarly.
Since each antenna element has its own observable cluster set,
a cluster can contribute to the received power only if can be
seen by at least one transmit antenna element and one receive
antenna element. Therefore, the joint survival probability of a
cluster is expressed as

Ps(δd,	dT ,	dR) = PT
s (δd,	dT) · PR

s (δd,	dR). (14)

Meanwhile, a random number of new clusters will be gen-
erated in the now segment or antenna pair according to the
Poisson process. The mean value of new generated clusters
can be calculated as

E(Nnew) = λG

λR
(1 − Ps(δd,	dT ,	dR)). (15)

For each new generated cluster, the 3-D coordinate is gener-
ated according to LSPs in the corresponding grid. The position
of a cluster is determined by three parameters, i.e., azimuth
angle (AAoA, AAoD), elevation angle (EAoA, EAoD), and
distance. For instance, the AAoA and AAoD of cluster CZ

n
can be calculated as

φR
A,n = AS

[
φR

A,n

]
YR

A,n + ψR
A,n (16)

φR
E,n = AS

[
φR

A,n

]
YR

E,n + ψR
E,n (17)

where YR
A,n and YR

E,n follow normal distribution N (0, 1),
AS[φR

A,n] and AS[φR
A,n] are ASs, and ψR

A,n and ψR
E,n are mean

values of AAoA and EAoA. The distances from Rx to CZ
n , DR

n ,
is defined as a non-negative variable in accordance with expo-
nential distribution. Then, same generation process is applied

to parameters of CA
n , and the positions of scattering clusters

CA
n and CZ

n are calculated, respectively, by

[0]CA
n = [0]AT

0 + DT
n ·
⎡
⎣ cosφT

A,n · cosφT
E,n

sinφT
A,n · cosφT

E,n
sinφT

E,n

⎤
⎦

T

(18)

[0]CZ
n = [0]AR

0 + DR
n ·
⎡
⎣ cosφR

A,n · cosφR
E,n

sinφR
A,n · cosφR

E,n
sinφR

E,n

⎤
⎦

T

(19)

where superscript [0]{·} denotes coordinate while clusters CA
n

and CZ
n is generating. Finally, because of the spread of the

scattering cluster in space, the coordinate of mth ray in CA/Z
n

can be obtained by

[0]CA/Z
mn

= [0]CA/Z
n +

[
	xA/Z

mn
	yA/Z

mn
	zA/Z

mn

]
(20)

where [	xA/Z
mn 	yA/Z

mn 	zA/Z
mn ] can be modeled as 3-D

Gaussian distribution. The 3-D Gaussian scattering assumption
is widely used because it has been observed experimentally in
channel measurement [36]. The probability density function
of 3-D Gaussian distribution with given standard deviation
σn [37] can be written as

P
(
	xA/Z

mn
,	yA/Z

mn
,	zA/Z

mn

)

=
exp
(
−
(
	xA/Z

mn +	yA/Z
mn +	zA/Z

mn

)
/2σ 2

n

)
2π3/2σ 3

n
. (21)

C. Updating Drifting SSPs

After generation of cluster positions, SSPs will be calculated
according to geometry relationships between transceivers and
clusters in each segment. For the trajectory segment at time
instant t, the coordinates of scattering clusters CA

n and CZ
n are

CA
mn

= [0]CA
mn

+ vA(t − tbn) ·
⎡
⎣ cos θA

A,n · cos θA
E,n

sin θA
A,n · cos θA

E,n
sin θA

E,n

⎤
⎦

T

CZ
mn

= [0]CZ
mn

+ vZ(t − tbn) ·
⎡
⎣ cos θZ

A,n · cos θZ
E,n

sin θZ
A,n · cos θZ

E,n
sin θZ

E,n

⎤
⎦

T

(22)

where tbn is the birth time of clusters CA
n and CZ

n . Besides,
θA

A,n, θA
E,n, θZ

A,n, and θZ
E,n are azimuth and elevation angles of

clusters CA
n and CZ

n velocities.
The emergent vector from pth Tx antenna element to CA

n
via mth ray, and incidence vector from cluster CZ

n to qth Rx
antenna element via mth ray can be obtained by

rT
mn

= CA
mn

− AT
p (23)

rR
mn

= AR
p − CZ

mn
(24)

where AT
p and AR

q denote coordinates of pth Tx antenna ele-
ment and qth Rx antenna element which can be expressed by

AT
p = AT

0 + (p − 1) · δT ·
⎡
⎢⎣

cosβT
A · cosβT

E

sinβT
A · cosβT

E
sinβT

E

⎤
⎥⎦

T

(25)
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TABLE II
GENERATION OF SIGNIFICANT CHANNEL MODEL PARAMETERS

AR
q = AR

0 + (q − 1) · δR ·
⎡
⎣ cosβR

A · cosβR
E

sinβR
A · cosβR

E
sinβR

E

⎤
⎦

T

. (26)

Based on the emergent and incidence vectors, the AoDs and
AoAs of nth path can be expressed as

φX
A,mn

= arctan2

(
rX

mn,y, rX
mn,x

)
(27)

φX
E,mn

= arcsin
(
rX

mn,z,DX
mn

)
(28)

where arctan2(·) is the four-quadrant inverse tangent operation,
rX

mn,y, rX
mn,x, and rX

mn,z are x, y, and z components of the vector
rX

mn
, in which X = {T,R}. Note that the subscripts p/q are

omitted for clarity. Besides, the distance of mth ray from scat-
tering cluster CA

n to pth Tx antenna element and the distance of
mth ray from scattering cluster CZ

n to qth Rx antenna element
are expressed by DX

mn
= {DT

p,mn
,DR

q,mn
}, with DT

p,mn
= ‖rT

mn
‖

and DR
q,mn

= ‖rR
mn

‖.
Meanwhile, the AoA and AoD of LoS component can be

obtained by the vector of LoS path

rLoS
pq = AR

p − AT
q . (29)

Similar to NLoS computation

φLoS
A = arctan2

(
rLoS

pq,y, rLoS
pq,x

)
(30)

φLoS
E = arcsin

(
rLoS

pq,z,DLoS
pq

)
(31)

where rLoS
pq,x, rLoS

pq,y, and rLoS
pq,z denote x, y, and z components of

rLoS
pq , and the length of LoS path from pth Tx antenna element

to qth Rx antenna element is expressed as DLoS
pq = ‖rLoS

pq ‖.
The delays and powers of different paths are dependent on

the total propagation distance of paths. For the mth ray in nth
path, the total propagation delay is

τpq,mn(t) =
(

DT
p,mn

+ DR
q,mn

)
/c + τ̃mn (32)

where τ̃mn is the time delay caused by propagation distance
of virtual link between CA

mn
and CZ

mn
and is modeled as τ̃mn =

d̃mn/c + τC,link where d̃mn is distance between CA
mn

and CZ
mn

,
and τC,link is a non-negative variable which assumed to be
exponentially distributed, and can be expressed by

τC,link = −rτ στ · ln un (33)

where un is uniformly distributed within (0, 1), rτ is the delay
scalar, and στ is the DS [40]. Note that ray delays are calcu-
lated at each segment, the phase shift caused by the Doppler
effect is also included in CIR generation process. Based on

the time-variant ray delays, the ray powers can be generated
according to single slope exponential distribution

P′
pq,mn

(t) =
[

exp

(
−τpq,mn(t)

rτ − 1

rτ στ

)
10− Yn

10

]
(34)

where Yn is the per cluster shadowing in dB. Finally, the ray
powers are normalized to 1, and the final powers are

Ppq,mn(t) = P′
pq,mn

(t)/

Npq(t)∑
n=1

Mn∑
mn=1

P′
pq,mn

(t). (35)

For clarity, some generation methods of significant param-
eters are also listed in Table II. It is worth mentioning
that, based on the more practical near field spherical wave
propagation than plane wave propagation, SSPs for different
antenna pairs are generated, respectively, according to geome-
try relation between antenna elements and scatterer, which will
increase the spatial resolution of the proposed model. Higher
space resolution enables channel simulation with increasing
antenna size.

III. STATISTICAL PROPERTIES OF PROPOSED MODEL

A. Time-Variant PDP

The time-variant PDP pq(t, τ ) directly reveal the power
and delay of MPCs, and it can be expressed as

pq(t, τ ) =
Npq(t)∑
n=1

Mn∑
mn=1

Ppq,mn(t)δ
(
τ − τmn(t)

)
. (36)

The variation of PDP is caused by evolutions of clusters.
Different UAV trajectories or velocities will lead to different
PDP variation trends.

B. Stationary Interval

The stationary interval is a statistical property defined as the
maximum duration within which the channel can be seen as
stationary. For UAV communication systems, the channel esti-
mation frequency can be determined by the value of stationary
interval.

Here, method of local region of stationary (LRS) is used
to calculate the stationary interval [39]. First, the correlation
coefficient between two PDPs in t and t +	t is obtained by

c(t,	t) =
∫
pq(t, τ )·pq(t +	t, τ )dτ

max
{∫
pq(t, τ )2dτ,

∫
pq(t +	t, τ )2dτ

} . (37)
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Then the stationary interval can be calculated as the largest
interval within which the correlation coefficient beyond a
certain threshold cthresh, i.e.,

Ts(t) = max{	t|c(t,	t) ≥ cthresh}. (38)

In most current channel investigations, the correlation coef-
ficient threshold is empirically set to 80% and this value can
be adjusted according to specific requirements [8].

C. Time-Variant Transfer Function

The time-variant transfer function is defined as the Fourier
transform of time-variant CIR hpq(t, τ ) w.r.t. time delay τ

Hpq(t, f ) =
∫ ∞

−∞
hpq(t, τ )e

−j2π f τdτ. (39)

Since the time delays are discrete defined for each ray in
our proposed model, the integral operation can be simplified
to summation operation, i.e.,

Hpq(t, f ) =
Npq(t)∑
n=1

Mn∑
mn=1

hpq,mn(t)e
−j2π f τpq,mn (t). (40)

In addition, the coherence bandwidth is obtained from cal-
culation of correlation between different frequency bands.
Usually, the 90% coherence bandwidth measures the band-
width in which the channel can be regarded as flat [40].

D. Local STCF

The local STCF is defined as the correlation between hpq(t)
and hp̃q̃(t −	t)

Rpq,p̃q̃(t, f ;	d,	t) = E

{
hpq(t)h

∗
p̃q̃(t −	t)

}
. (41)

Substituting (2) into (41), the local STCF can be obtained by
superposition of LoS part and NLoS part

Rpq,p̃q̃(t, f ;	d,	t) = KR

KR + 1
RLoS

pq,p̃q̃(t, f ;	d,	t)+ 1

KR + 1

×
Npq(t)∑
n=1

RNLoS
pq,p̃q̃,n(t, f ;	d,	t). (42)

For the local STCF of LoS part, it has the expression of

RLoS
pq,qp̃(t, f ;	d,	t)

=
[
PLoS

pq (t)PLoS
p̃q̃ (t −	t)

] 1
2 · e

j 2π
λ

[
dLoS

pq (t)−dLoS
p̃q̃ (t−	t)

]
(43)

where 	d = {	dT ,	dR} is the antenna elements spacing of
Tx and Rx with 	dT = δp̃ − δp and 	dR = δq̃ − δq. For the
NLoS part, it can be expressed as

RNLoS
pq,qp̃,n(t, f ;	d,	t)

= Ps(t,	t,	d) · E
⎧⎨
⎩

Mn∑
mn=1

amn ej 2π
λ

[
dpq,mn (t)−dp̃q̃,mn (t−	t)

]⎫⎬
⎭
(44)

where amn is the amplitude expressed by amn =
[Ppq,mn(t)Pp̃q̃,mn(t − 	t)](1/2), and Ps(t,	t,	d) is the joint
probability that the cluster can survive from t to t + 	t and
antenna spacing 	d.

E. RMS Doppler Spread and Delay Spread

The movements of UAV, GS, and scatterers will cause
the shift of the carrier frequency. The frequency shift of the
mth ray in nth path can be calculated w.r.t the derivative of
propagation distance

νpq,mn(t) = 1

λ

d
[
DT

p,mn
(t)+ DR

q,mn
(t)
]

dt
. (45)

Then the Doppler power spectrum density (PSD) can be
obtained by

Spq(t, fD) =
Npq(t)∑
n=1

Mn∑
mn=1

Ppq,mn(t)δ
(
fD − νpq,mn(t)

)
(46)

where fD is the Doppler frequency. Meanwhile, the RMS
Doppler spread and RMS DS are introduced to characterize
the dispersion of signal in Doppler frequency and time delay
domain. The calculation of the RMS spread is the same as the
calculation of the second central moment. For example, the
RMS Doppler spread σν can be obtained by

σν =
√
ν2 − ν2 (47)

where

ν2 =
Npq(t)∑
n=1

Mn∑
mn=1

Ppq,mn(t)ν
2
pq,mn

(48)

ν =
Npq(t)∑
n=1

Mn∑
mn=1

Ppq,mn(t)νpq,mn . (49)

Meanwhile, the RMS Doppler spread στ can be calculated by
replacing the Doppler frequency part νpq,mn by time delay part
τpq,mn in (47)–(49).

IV. RESULTS AND ANALYSIS

In the simulation, since the proposed channel model mainly
focuses on small-scale fading, to clearly reveal the change rule
of small-scale fading, we assume that the CIRs are normal-
ized, i.e., the path loss is set to one. Besides, omnidirectional
antennas are used and only vertical polarization is considered
in the simulation. The time-variant PDPs of different trajec-
tory settings are shown in Figs. 4 and 5. For linear trajectory
in Fig. 4(a), initial UAV velocity vUAV(0) = 1 m/s, accel-
eration aUAV = 0.1 m/s2. Since we intend to focus on the
effect caused by the UAV movement, the velocities of scatter-
ers and GS are set to zero. For circle trajectory in Fig. 5(a),
UAV linear velocity vUAV = 3 m/s. Both the temporal and
spatial sampling results are presented in Figs. 4(a) and 5(a).
For clarity, we implement downsample in figure and it can
be found that using spatial sampling, equidistant sampling is
realized for both constant speed and variable speed. The simu-
lation frequencies are set to typical bands used in current and
future cellular networks. In Figs. 4(b) and 5(b), the drifting
of cluster parameters (power, delay), and the phenomenon of
cluster birth and death can be observed. Different trends of
PDP changing accord with movement characteristics of cir-
cle and linear trajectories, which presents the ability of the
proposed model to simulate the arbitrary 3-D UAV trajectory.
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Fig. 4. Time-variant PDPs of the proposed UAV-to-ground channel model
with the linear accelerated trajectory (fc = 2.5 GHz, vg = vc = 0 m/s,
λG = 20, λR = 1, DS

c = 20 m, fT = 100 Hz, fS = 40 m−1). (a) Accelerated
linear trajectory. (b) PDPs of linear trajectory.

Fig. 5. Time-variant PDPs of the proposed UAV-to-ground channel model
with the constant speed circle trajectory (fc = 2.5 GHz, vg = vc = 0 m/s,
λG = 20, λR = 1, DS

c = 20 m, fT = 100 Hz, fS = 40 m−1). (a) Constant
speed circle trajectory. (b) PDPs of circle trajectory.

The absolute values of the local temporal ACF and spatial
CCF can be obtained by the simplification of local STCF by
setting 	d = {0, 0} or 	t = 0. Fig. 6 gives the variations of
temporal ACF w.r.t. carrier frequencies and time. The UAV

Fig. 6. Temporal ACFs with different frequencies and time instants (vA =
vZ = 0.1 m/s, initial UAV velocity vUAV(0) = 3 m/s, acceleration aUAV =
1 m/s2, λG = 20, λR = 1).

Fig. 7. Spatial CCFs with different frequencies and antenna orientations
(DS

c = 20 m, ψT
A,n = 0, ψT

E,n = π/6, βT
E = π/6, σn = 20).

trajectory is set as linear acceleration. With the increase of
UAV velocity, the decline of temporal correlation becomes
faster, which indicates that increasing of UAV velocity will
cause more dramatical channel variation. Besides, the impacts
of different frequencies on the temporal correlations of the
channel model can be observed. Higher carrier frequency will
induce larger phase shift, which will reduce the temporal
correlation. In our simulation, the analytical results are cal-
culated according to derivation of STCF, and the simulation
results are obtained by correlation of CIR at different time
instants. The consistency between the analytical results and
simulated results ensures the correctness of our simulations
and derivations.

Fig. 7 represents the variations of spatial CCF according to
carrier frequencies and directions of the UAV antenna array.
When the UAV antenna array point to the main distribution
direction of scatterers and use the higher carrier frequency,
the lower spatial correlation can be achieved. Meanwhile,
simulation results are compared with analytical results to
ensure the correctness of our simulations and derivations.
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Fig. 8. CDF of stationary interval with different trajectories (fc = 2.5 GHz,
initial UAV velocity, acceleration aUAV = 0 m/s2, vg = vc = 0 m/s, λG = 20,
λR = 1, DS

c = 20 m, ψT
A,n = 0, ψT

E,n =π/6, βT
E =π/6).

Fig. 8 shows the cumulative distribution function (CDF) of
the stationary intervals with different UAV flying velocities
and trajectories. The scattering mode is set as single bounce
to simulate the open scenario. The vertical distance from GS
to trajectory near to GS is 50 m, and the vertical distance
from GS to trajectory far from GS is 100 m. Clearly, we can
observe that higher UAV moving velocity will reduce the sta-
tionary interval of UAV-to-ground channels. Something worth
mentioning is that when UAV goes through GS with linear tra-
jectory, if the trajectory is close to GS, the stationary interval
will be smaller than the trajectory far from GS. That may
because when UAV flies near the GS, the angular parame-
ters will change more dramatically, making the UAV-to-ground
channel fluctuates more frequently.

Fig. 9 provides the fitting result of RMS Doppler spread
with the channel measurement data at the residential area. The
measurement field is a neighborhood with relative flat terrain
located in Chandler, AZ, USA, and the measurement frequency
is 5.8 GHz [41]. The model parameters are obtained by the
minimum mean square error (MMSE) fitting criterion, i.e.,
ε = |F̂ − F(P)|2, where F̂ and F are the measurement and
derived statistical properties, and P is the fitted parameter set.
It can be observed that the proposed model can fit well with the
measurement data, which verifies that the proposed model can
capture channel power spread features in Doppler frequency
domain. Both analytical and simulation results are offered to
illustrate the consistency of derivation and calculation.

Fig. 10 gives the fitting results of coherence bandwidth
with measurement data. The measurement was conducted at
the open field and the ultrawideband (UWB) technique was
applied. The measurement frequency is from 3.1 GHz to
5.3 GHz with an operation center frequency of 4.3 GHz [42].
From the fitting results, we can see that the coherence
bandwidth variation trend of the proposed model is the
same as measurement results, i.e., at the higher altitude, the
UAV-to-ground channels tend to have the lower coherence
bandwidth. The fitting result shows that the variation trend
of coherence bandwidth at different altitudes is consistent

Fig. 9. CDF of RMS Doppler spread (fc = 5.8 GHz, vc = vg = 0 m/s,
λG = 20, λR = 1, DS

c = 20 m, σn = 20).

Fig. 10. Coherence bandwidth (measurement UWB from 3.1 GHz to
5.3 GHz, UAV altitude from 0 m to 18 m, vc = vg = 0 m/s, λG = 20,
λR = 1, DS

c = 20 m, 	h = 2 m).

with realistic scenarios. Besides, an ellipsoid UAV-to-ground
GBSM is used for comparison. Since height specific LSPs
are not taken into account, ellipsoid model in [29] cannot
mimic changing of coherence bandwidth w.r.t. UAV heights.
Meanwhile, the ellipsoid model assumes that MPCs in the
same cluster distribute on an ellipsoid and have same delays,
which reduces the delay resolution. Therefore, the estimation
of coherence bandwidth using the ellipsoid model has larger
variance. The validation results illustrate that our model has
ability to simulate wideband channel characteristics. Greater
bandwidth means higher time delay resolution [43]. The
proposed model considers different time delays of differ-
ent rays in the same cluster, which will increase time delay
resolution.

Fig. 11 compares the RMS DSs with the proposed model at
different flying periods. The simulation trajectory is a ascend-
ing trajectory with constant speed. In time period 0–10 s, UAV
flies in low altitude below 30 m. Then in time period 10–20 s,
UAV flies in high altitude above 30 m. The simulation results
are compared with another measurement data obtained from
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Fig. 11. CDF of RMS DS (fc = 2.58 GHz, vc = vg = 0 m/s, λG = 20,
λR = 1, DS

c = 20 m, ht = 60 m, hb = 10 m).

Fig. 12. Angle power spectrum at the Tx side (fc = 2.5 GHz, λG = 20,
λR = 1, DA

c = 100 m).

the suburban scenario UAV to BS channel measurement [14].
The sounding frequency is 2.58 GHz which is used in the cur-
rent cellular networks. The variation of RMS DS fits well with
measurement results in both high altitude and low altitude,
which validates that the proposed model can mimic channel
power spread in time delay domain at different altitudes and
support changing of statistical properties in long time chan-
nel simulation. Besides, the simulation result from terrestrial
channel model WINNER+ [35] is provided for reference. It
can be observed that RMS DS of the UAV-to-ground channel
has lower variance.

The angle power spectrum of the proposed channel model
at the Tx side is presented in Fig. 12. A window consisting
of 12 consecutive antennas is slided along the array in order
to capture the nonstationary properties of the channel on the
array axis. Cluster birth–death, angular drifting, and smooth
power variations of cluster power can be observed.

V. CONCLUSION

In this article, we have proposed a 3-D nonstationary UAV-
to-ground GBSM for UAV integrated 6G wireless networks.
The proposed model is able to characterize the UAV-to-ground

channel with arbitrary 3-D UAV trajectory changes and sup-
ports long time dynamic channel simulations at different
UAV altitudes. The cluster evolution mechanisms, including
the birth–death process and drifting SSPs, have been intro-
duced to represent the scenario changes w.r.t. UAV trajectories
and antenna spacing. Based on the proposed model, impor-
tant channel characteristics, such as PDP, stationary interval,
STCF, Doppler PSD, RMS DS, and RMS Doppler spread,
have been derived and analyzed. The simulation results can
fit the analytical results well, showing the correctness of both
derivations and parameter generation methods in simulations.
Furthermore, the RMS DS, RMS Doppler spread, and coher-
ence bandwidth of the proposed channel model have been
verified by channel measurement results.

Benefiting from high temporal and spatial resolutions, the
proposed channel model framework can support mmWave
and massive MIMO channel simulations by interpolating suit-
able UAV-to-ground channel parameter sets. Our future works
include investigation of UAV-to-UAV channels with multiple
mobilities and UAV communication system performance eval-
uation and optimization based on the proposed channel
models.
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