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Abstract—A commonly used assumption in the existing un-
manned aerial vehicle (UAV) channel models is that the UAV flies
along linear trajectories. However, this assumption does not always
hold in realistic UAV communication scenarios. In this paper, we
relax the linear trajectory restriction and present a temporally non-
stationary channel model for UAV-to-ground communication sce-
nario. The temporal non-stationarity of the channel stemming from
time-varying heading directions of the UAV is properly modeled.
This is achieved by combining a geometry-based stochastic model
(GBSM) and an aeronautic random mobility model (RMM), which
is introduced to characterize the movement pattern of UAVs. Based
on UAV and ground station (GS) trajectories, time-varying model
parameters and statistics including space-time-frequency correla-
tion function (STF-CF), Doppler power spectrum density (PSD),
delay PSD, and stationary interval are derived. The influences of
the RMM-related parameters on the statistics are presented and
analyzed. Some of those statistics are verified by measurements,
showing the practicability of the model. The work presented in
this paper is helpful in designing UAV communication system
considering realistic UAV trajectories.
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I. INTRODUCTION

THE SIXTH generation (6G) wireless networks are deemed
to support ubiquitous always-on connectivity. This im-

plies that the future networks have to be seamlessly integrated
with terrestrial, satellite, and airborne networks [1]. Benefitting
from cost-effective and high-mobility advantages, unmanned
aerial vehicle (UAV) communication techniques are drawing
increasing attention from both military and civil fields [2]. UAVs
can provide fast deployment of communication networks for
diverse application scenarios, e.g., search-and-rescue, disaster
monitoring, border surveillance, traffic control, etc. Different
from terrestrial nodes, UAVs can fly in the sky dynamically and
stay at different heights, which mean the effects of elevation
angles relative to the ground should be fully considered in
UAV channel modeling [3]. Besides, high-mobility and different
multipath characteristics make UAV channels different from the
terrestrial ones [4]. Since testing and performance evaluation
of communication networks critically depend on the correspond-
ing channel models, accurate and computationally-efficient
UAV channel models which can faithfully capture the underlying
channel properties are urgently needed.

A. Related Works

According to the modeling approach, the existing UAV chan-
nel models can be divided into deterministic and stochastic
models. Deterministic models are often developed based on ray-
tracing [5]–[7]. In [5], multipath parameters including power,
delay, and delay spread of air-to-ground (A2G) channel were
estimated by ray-tracing. Similarly, using ray-tracing method,
the dependence between altitude of UAV and delay spread of
A2G channels was investigated in [6]. In [7], the UAV-to-ship
wireless channel was studied via ray-tracing by reconstructing
the waves propagating over sea surface between an UAV and
a ship. In general, deterministic models are relatively highly
accurate but lead to large computation complexity. Besides, they
require detail information of propagation environments, such as
size and distribution of scatterers and electrical characteristic of
materials, which make the deterministic models site-specific.
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The stochastic UAV channel models can be divided
into geometry-based stochastic models (GBSM) and non-
geometrical stochastic models (NGSMs) [8]. In NGSMs, the
tapped-delay line (TDL) models were widely adopted for UAV
scenarios due to their simple structure [9]–[11]. In [9] and [10],
TDL models with nine taps were presented for A2G moun-
tainous and suburban scenarios, respectively. Similarly, a TDL
model with three taps was proposed in [11] for A2G over-water
scenario. Those TDL models were composed of classic two-ray
propagation and additional intermittent multipath components
(MPCs). The statistics of each tap were empirically described
based on measurements. In [12], A2G channel measurements
were conducted at 2 GHz and indicated that the low elevation
A2G channel can be studied by the Loo model. Besides, a
narrowband channel simulator was presented having the ability
to mimic the fading statistics of the UAV channel. The fidelity of
those NGSMs relies on accurately estimating stationary interval
of the UAV channels. Compared with GBSMs, NGSMs with
relatively few adjustable parameters may not fully represent the
spatial-temporal characteristics of UAV channels.

The GBSMs are established based upon a large number of rays
scattered/reflected by objects distributed stochastically accord-
ing to certain geometrical shapes. In [13], the A2G channel was
modeled by a 3D single-sphere model, in which the scatterers
were located on a sphere with the terrestrial user in the center.
The aircraft was free of local scattering due to the high altitudes.
Similarly, in [14], a channel model for high-altitude platform
multiple-input multiple-output (MIMO) communication scenar-
ios was developed. The scatterers distribution was described
by a cylinder centering around the ground station (GS). The
space-time correlation function (CF) of the proposed model
was obtained and analyzed. Similar researches can be found
in [15], where an A2G channel model was proposed based on the
geometrical cylinder model. In [16], the elliptic-cylinder model
was adopted to depict the roadside environments around the
low-altitude UAV and GS. In [17], an A2G channel model was
developed by assuming that the air station and GS located at
the foci of an ellipsoid. The scatterers were filled in the region
which is bounded by ellipsoid, ground plane, and average height
of the buildings around GS. The angles of arrival (AoAs) were
derived based on the geometry. Furthermore, an A2G channel
model was presented in [18] and [19] based on a two-cylinder
model, which was used to describe the scatterers around the
UAV and GS. Channel statistics, e.g., spatial CF, temporal CF,
and Doppler power spectral density (PSD) were obtained.

By assuming certain geometric distributions of scatterers,
GBSMs can help in obtaining space-time characteristics of UAV
channels [20]. Besides, channel measurements have revealed
that the wide-sense stationary (WSS) condition of UAV channels
is only valid for short distances, which means the time varia-
tions of channel parameters and statistics should be faithfully
modeled [3]. However, only a few UAV channel models have
taken the temporal non-stationarity into consideration. In [21],
a temporally non-stationary A2G channel model was presented
by extending the geometrical cylinder model with time-varying
angular parameters. However, only space-time-frequency CF
(STF-CF) and Doppler PSD were investigated. A general A2G

channel model was developed in [22], which combines a cylinder
model with truncated ellipsoid models. Parameters including
cluster number, delay, power, and angles of MPC can evolve
over time. Furthermore, based on [14], an A2G channel model
for millimeter wave (mmWave) massive MIMO aerial channels
was proposed in [23]. The temporal and spatial non-stationarities
introduced by the motions of aircraft and large array were
modeled. However, the temporal non-stationarities in [21]–
[23] were simulated by substituting time-varying Doppler fre-
quencies for traditional time-invariant ones, which makes the
path phases inaccurate and lack of physical soundness. The
above-mentioned UAV channel models are summarized and
compared in Table I.

B. Motivations

As is well-known, a realistic channel model should have
the ability of capturing channel properties which relate with
the performance of communication systems. For the UAV
communication scenarios, the aircraft can move in the 3D space
along diverse trajectories. For example, an UAV hovers in the
air when used as a cellular base station. A linear trajectory can
be found in cargo and transportation applications. In search
and rescue, the UAV flies around the possible location of the
victim in circular trajectories. In patrolling and reconnaissance
missions where a certain target may not be available, highly-
dynamic movement patterns with flexible trajectories can be
observed. However, the above-mentioned UAV channel models
were designed assuming linear trajectory, which may be incon-
sistent with realistic propagation environments and unable to
capture certain channel characteristics resulting from time-
varying moving directions of UAVs.

It is worth noting that in [24] and [26], temporally non-
stationary GBSMs for A2G and terrestrial mobile-to-mobile
(M2M) scenarios were presented, where the heading direction
of the aircraft was allowed to change linearly, resulting in a
circular trajectory. However, this oversimplified moving trajec-
tory may not flexible enough to capture movement patterns
of UAVs. In the field of mobile ad hoc network (MANET)
researches, the random mobility models (RMMs) are widely
used as foundations for designing and evaluating of system
performance, since they can represent the mobility features
of mobile nodes [27]. In [25] and [28], GBSMs for air-to-air
(A2A) and terrestrial M2M communication scenarios were de-
veloped, where the mobile node movements were described by
Gauss-Markov RMM. However, the parameters of MPC, e.g.,
delay and angles, were assumed to be time-invariant, which may
be insufficient to simulate the temporal non-stationarity of the
channel. Besides, Gauss-markov RMM was designed for ground
nodes, whose mobility features are much different from those of
aircrafts due to the mechanical and aerodynamic constraints. For
example, ground nodes can easily make sharp turns and change
speeds abruptly. However, the aircrafts, especially fixed-wing
aircrafts, are prone to maintain constant direction and make
turns smoothly. As discussed in [29] and [30], ground-based
models such as Gauss-Markov RMM cannot reflect kinematic
behaviours of aircrafts and may generate misleading results in
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TABLE I
IMPORTANT UAV CHANNEL MODELS

system performance evaluation. The aforementioned limitations
suggest a need to develop temporally non-stationary UAV chan-
nel models considering realistic UAV trajectories.

C. Contributions

This paper provides a temporally non-stationary A2G MIMO
channel model for UAV communication scenarios. Based on
an aeronautic RMM, the proposed model with large amounts of
random UAV trajectories can be used in designing and evaluating
airborne networks. Besides, for specific scenarios, predefined
UAV trajectories can be deterministically generated by using
fixed RMM parameters. The major contributions of this paper
are listed as follows.

1) A temporally non-stationary UAV-to-ground channel
model is presented by introducing an aeronautic RMM
into a GBSM. By relaxing the widely used straight-
line trajectory assumption, the UAV is allowed to move
along realistic trajectories under aerodynamic constraint.
The effects of unique mobility features of UAV, such
as straight-line moving tendency and smooth turns with
large radii can be characterized by the proposed channel
model.

2) Time-varying model parameters including delays and
angles of MPCs are derived, which are different from those
of traditional UAV GBSMs assuming linear trajectories.
Considering the time-varying Doppler frequencies, conti-
nuity of the path phases is achieved, which describes the
temporal non-stationarity of the channel accurately.

3) Expressions of STF-CF, Doppler PSD, and delay PSD of
the proposed UAV-to-ground reference model and sim-
ulation model are derived. A novel stationary interval
metric is proposed and is shown to be useful for capturing
the channel non-stationarity resulting from dynamic UAV
movements.

4) The impacts of RMM parameters controlling the shape
and randomness of UAV trajectories, on channel statistics
are presented and analyzed. The consistency among ref-
erence model, simulation model, and simulation results
ensures the correctness of derivations. The practicability
of the model is validated by measurement data.

Fig. 1. The proposed temporally non-stationary GBSM for UAV-to-ground
MIMO channels.

The remainder of this paper is organized as follows. Section II
describes the novel reference UAV channel model, including
geometric construction and time-varying model parameters. Key
statistics are presented and studied in Section III. Section IV
briefly introduces the corresponding simulation model. Numeri-
cal results are presented and discussed in Section V. Conclusions
are finally drawn in Section VI.

II. 3D WIDEBAND TEMPORALLY NON-STATIONARY

UAV-TO-GROUND REFERENCE CHANNEL MODEL

Fig. 1 illustrates the proposed MR ×MT UAV-to-ground
channel model. Both the UAV and GS are equipped with uniform
linear arrays spaced with δT and δR, respectively. The UAV can

move in 3D space with a speed of vT =
√
v2
T,xy + v2

T,z , where

vT,xy and vT,z are horizontal and vertical speeds of the UAV.
Angle φT describes the moving direction of the UAV in the xy
plane, ζT is the elevation angle of the moving direction relative to
the xy plane. More detailed information of the UAV movements
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TABLE II
SUMMARY OF KEY PARAMETER DEFINITIONS

can be found in Section II-A. The movements of the GS are con-
fined in the horizontal plane and characterized by the speed vR
and moving direction φR. In typical communication scenarios,
the UAV flies above rooftops with a height of HT and is free
of local scattering. The scattering environment around the GS is
described by a single concentric-cylinders model. Specifically,
scatterers, e.g., buildings and vegetation, are spread over the
region between cylinders with radii Rmin and Rmax. Assuming
that there are N (l) scatterers locate on the lth (l = 1, . . ., L)
cylinder, whose radius is R(l). The nth (n = 1, . . ., N (l)) scat-
terer on the lth cylinder is denoted as S(n,l). At initial moment,
the projections of transmit and receive antenna array centers on
the xy plane, i.e., OT and OR, are aligned along the x axis.
The distance between OT and OR is D. Symbols γT and γR
describe the orientations of the transmit and receive antenna
arrays in the xy plane, respectively. Furthermore, ϕR is the
elevation angle of the receive antenna array with respect to the
xy plane. The azimuth and elevation angles of departure (AAoD
and EAoD) of the ray transmitted from the Tx impinging on the
scatterer S(n,l) are denoted by α(n,l)

T and β(n,l)
T , respectively.

Similarly, α(n,l)
R and β(n,l)

R stand for the azimuth AoA (AAoA)
and elevation AoA (EAoA) of the ray received at Rx associated
with S(n,l), respectively. Parameters relative to the proposed
model are summarized in Table II.

A. RMM for Airborne Networks

In UAV communications, the aircraft can experience dynamic
trajectories associated with a wide range of application scenar-
ios. The high-mobility feature of the aircraft introduces temporal
non-stationarity of the channel, which should be faithfully rep-
resented by UAV channel models [11]. In order to address this
challenge, a RMM that can capture various mobility patterns of
the aircraft is indispensable. Here, an aeronautic RMM called
smooth turn (ST)-RMM is introduced to describe the dynamic
trajectories of the aircraft [29]. The ST-RMM was developed
based on large numbers of aerial target tracking and has been
validated by real flight trajectories [31], [32]. As shown in Fig. 2,
the basic principle of the ST-RMM is that the aircraft flies
around a point located at the line perpendicular to its moving

Fig. 2. The ST-RMM for airborne networks.

direction until it chooses another turning center. The dynam-
ics of ST-RMM during the travel time interval Ti � t � Ti+1

(i = 0, 1, 2, . . .) is given by [29]

axyt(t) = 0 (1)

axyn(t) =
v2
xy(t)

r(Ti)
(2)

φ̇xy(t) = −ω(t) = −vxy(t)/r(Ti) (3)

l̇x(t) = vx(t) = vxy(t) cos(φ(t)) (4)

l̇y(t) = vy(t) = vxy(t) sin(φ(t)) (5)

l̇z(t) = vz(t) (6)

where “·” stands for the first-order derivative, axyt(t) and
axyn(t) are the horizontal tangential and centripetal accelera-
tions of the aircraft at time t, respectively. Symbols lx(t), ly(t),
and lz(t) are the coordinates of the aircraft, vx(t), vy(t), and
vz(t) are velocity components on x, y, and z axes, respectively.
Note that the subscripts “T” on velocity components are omitted
for simplicity. Furthermore, φ(t), and ω(t) are the heading di-
rection and angular velocity of the aircraft, respectively. During
the travel time interval [Ti, Ti+1), the aircraft moves around a
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fixed turning center (cx(Ti), cy(Ti)) with a constant turning
radius r(Ti). The reciprocal of the turning radii, i.e., 1/r(Ti),
follow the Gaussian distribution with zero mean and variance
σ2
s, which results in a linear movement tendency and avoids

very sharp turns. Note that the turning radii r(Ti) > 0 indicates
right turns and r(Ti) < 0 results in left turns. The travel time
interval between Ti and Ti+1, i.e., τi = Ti+1 − Ti, is modeled
by the exponential distribution with mean 1/λs. Note that for
the entire trajectory, the line connecting the turning center and
the aircraft is perpendicular to the moving direction, ensuring
smoothness of the trajectory.

The ST-RMM is flexible to capture diverse movements of the
aircraft. For example, imposing σs → 0 leads to an infinite turn-
ing radius, which generates a straight line trajectory. Increasing
σs results in large angular speeds of the aircraft and more curving
trajectories can be generated. Besides, by setting λs → 0 and
σs > 0, the travel time interval τi becomes infinite, leading to a
circular trajectory. A large value of λs means the aircraft changes
its turning center frequently, resulting in more wavy trajectories.
Moreover, setting vz(t) > 0 means the aircraft is climbing and
vz(t) < 0 indicates a descending motion. By setting appropriate
parameters, the ST-RMM is able to generate large mounts of
trajectories corresponding to different UAV scenarios such as
transportation, search and rescue, patrolling, take-off, landing,
etc.

B. Channel Impulse Response

The channel impulse response from the pth transmit antenna
A

(p)
T to the qth receive antennaA(q)

R is calculated as the summa-
tion of the line-of-sight (LoS) component and non-LoS (NLoS)
components, i.e.,

hpq(t, τ) = hLoS
pq (t, τ) + hNLoS

pq (t, τ) (7)

where hLoS
pq (t, τ) and hNLoS

pq (t, τ) are expressed as

hLoS
pq (t, τ) =

√
KΩpq
K + 1

e−j
2π
λ
εpq

× ej
2π
λ
vT t[cos ζT cosβLoS

T cos(αLoS
T −φT )+sin ζT sinβLoS

T ]

× ej
2π
λ
vRt cos(α

LoS
R −φR) cosβLoS

R δ(τ − τLoS) (8)

hNLoS
pq (t, τ) =

√
Ωpq
K + 1

lim
N→∞

1√
N

L∑
l=1

N(l)∑
n=1

ejψ
(n,l)

× ej
2π
λ
vT t[cos(α

(n,l)
T −φT ) cos ζT cosβ

(n,l)
T +sin ζT sinβ

(n,l)
T ]

× ej
2π
λ
vRt cos(α

(n,l)
R −φR) cosβ

(n,l)
R

× e−j
2π
λ
(εp,nl+εnl,q)δ(τ − τ (n,l)). (9)

In (8) and (9), δ(·) stands for Dirac delta function,K denotes the
Ricean factor, λ = c/fc is the wavelength, where c designates
the speed of light and fc stands for the carrier frequency. Besides,
N =

∑L
l=1 N

(l), εpq , εp,nl, and εnl,q account for the distances

of A(p)
T –A(q)

R , A(p)
T –S(n,l), and S(n,l)–A(q)

R links, respectively.
Symbol τLoS designates the delay of the LoS component and

τ (n,l) accounts for the delay of the ray associated with S(n,l),
Ωpq is the transmitted power between A(p)

T and A(q)
R , ψ(n,l) is

an initial random phase uniformly distributed within [−π, π).
Note that the cylinder radii are much larger than antenna

spacings δT and δR, i.e., Rmin � max{δT , δR}. Based on the
plane wavefront assumption, the travel distances εp,nl, εnl,q , and
εpq are calculated as

εp,nl ≈ [εT,nl −ΔT cos(α
(n,l)
T − γT )]/ cos β

(n,l)
T (10)

εnl,q≈ [R(l) −ΔR cosϕR cos(γR − α
(n,l)
R )]/ cos β

(n,l)
R (11)

εpq ≈ (D −ΔT cos γT +ΔR cos γR cosϕR)/ cosβ
LoS
R (12)

where ΔT = MT−2p+1
2 δT , ΔR = MR−2q+1

2 δR, εT,nl = [D2 +

(R(l))2 + 2DR(l) cosα
(n,l)
R ]

1
2 . The time delay of the MPCs, i.e.,

τLoS and τ (n,l), can be calculated as

τLoS =

√
D2 +H2

T

c
(13)

τ (n,l) =
εT,nl

c · cosβ(n,l)
T

+
R(l)

c · cosβ(n,l)
R

. (14)

For the NLoS components, the AoDs and AoAs of the waves
are interdependent. The interrelationship between them can be
expressed as

α
(n,l)
T = arcsin

(
R(l) sinα

(n,l)
R

εT,nl

)
(15)

β
(n,l)
T = arctan

(
R(l) tanβ

(n,l)
R −HT

εT,nl

)
. (16)

C. Time-Varying Model Parameters

In this model, both the aircraft and GS are in motion, which
makes the model temporally non-stationary. The movement of
the aircraft is described using the 3D ST-RMM and the GS
is assumed to move along a straight line. According to the
movements of UAV and GS, the model is extended by deriving
the time-evolution of model parameters.

Based on the geometry, α(n,l)
T (t) and β(n,l)

T (t) of the wave
impinging on S(n,l) during the travel time interval [Ti, Ti+1)
can be calculated as

α
(n,l)
T (t) = arctan

(
R(l) sinα

(n,l)
R − ly(t)

D +R(l) cosα
(n,l)
R − lx(t)

)
(17)

β
(n,l)
T (t) = arctan

(
R(l) tanβ

(n,l)
R − lz(t)

εT,n(t)

)
(18)

where εT,n(t) = [(R(l) sinα
(n,l)
R − ly(t))

2 + (ξT,nl −
lx(t))

2]1/2. For simplicity, vT,xy(t) and vT,z(t) are assumed
to be constant over time. Thus, lz(t) = HT + vT,zt, lx(t) and
ly(t) are determined as [29]

lx(t) = cx(Ti)− r(Ti) sinφT (t) (19)

ly(t) = cy(Ti) + r(Ti) cosφT (t) (20)
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where

φT (t) = φT (Ti)− θ(t)− 2π

⌊
φT (Ti)− θ(t)

2π

⌋
(21)

θ(t) =
vT,xy
r(Ti)

(t− Ti) (22)

where �·� denotes the floor function.
For the next travel time interval, i.e., [Ti+1, Ti+2), the time-

varying AAoDs and EAoDs are calculated according to the
turning radius r(Ti+1) and the new turning center (cx(Ti+1),
cy(Ti+1)). The x and y coordinates of the new turning center
during [Ti+1, Ti+2) are determined as

cx(Ti+1) = cx(Ti)

+ [r(Ti+1)− r(Ti)] sin

(
φ(Ti)− vT,xy(t) · τi

r(Ti)

)
(23)

cy(Ti+1) = cy(Ti)

− [r(Ti+1)− r(Ti)] cos

(
φ(Ti)− vT,xy(t) · τi

r(Ti)

)
. (24)

Proof: Based on (19), the x coordinate of the turning center,
i.e., cx(Ti+1) (Ti+1 � t < Ti+2) can be express as

cx(Ti+1) = lx(t) + r(Ti+1) sinφT (t)

= lx(Ti+1) + r(Ti+1) sinφT (Ti + τi) (25)

Note that the trajectories in adjacent travel time intervals are
smoothly connected, we have

lx(Ti+1) = lx(Ti + τi)

= cx(Ti)− r(Ti) sinφT (Ti + τi). (26)

Furthermore, the heading direction φT (Ti + τi) can be calcu-
lated according to (21) and (22) as

φT (Ti + τi) =

φT (Ti)− vT,xy · τi
r(Ti)

− 2π

⌊
φT (Ti)

2π
− vT,xy · τi

r(Ti)2π

⌋
. (27)

By substituting (26) and (27) into (25), we obtain (23). The y
coordinate of the turning center, i.e., cy(Ti+1) in (24) can be
derived following the similar method. �

For the Rx side, α(n,l)
R (t) has to be derived in two cases and

calculated separately, i.e., Case I (R(l) sinα
(n,l)
R � vRt sinφR)

and Case II (R(l) sinα
(n,l)
R > vRt sinφR). For ease of analysis,

the 2D top-down view of the UAV-to-ground model for the two
cases is shown in Fig. 3. The AoAs α(n,l)

R (t) and β(n,l)
R (t) of the

wave traveling associated with S(n,l) are calculated as

α
(n,l)
R (t) =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

− arccos

(
R(l) cosα

(n,l)
R −vRt cosφR

εnl,R(t)

)
,

R(l) sinα
(n,l)
R � vRt sinφR

arccos

(
R(l) cosα

(n,l)
R −vRt cosφR

εnl,R(t)

)
,

R(l) sinα
(n,l)
R > vRt sinφR

(28)

Fig. 3. Top-down view of the UAV-to-ground channel model for (a)

Case I (R(l) sinα
(n,l)
R � vRt sinφR) and (b) Case II (R(l) sinα

(n,l)
R >

vRt sinφR).

β
(n,l)
R (t) = arctan

(
R(l) tanβ

(n,l)
R

εnl,R(t)

)
(29)

where εnl,R(t) = [(R(l))2 + (vRt)
2 − 2R(l)vRt cos(α

(n,l)
R −

φR)]
1/2. Finally, the propagation delay of the wave associated

S(n,l) is rewritten as

τ (n,l)(t) =
εT,nl(t)

c · cosβ(n,l)
T (t)

+
εnl,R(t)

c · cosβ(n,l)
R (t)

. (30)

For LoS component, time-varying angles αLoS
R (t) and βLoS

R (t)
are given by

αLoS
R (t) = arctan

(
vRt sinφR − ly(t)

D + vRt cosφR − lx(t)

)
(31)

βLoS
R (t) = arctan

(
lz(t)√

[D − lx(t)]2 + [ly(t)]2

)
. (32)

Besides, the delay of the LoS ray, i.e., τLoS(t), should be recal-
culated according to the motions of transceiver, i.e.,

τLoS(t) =

√
D + vRt cosφR − lx(t)]

2

+[vRt sinφR − ly(t)]
2

c · cosβLoS
R (t)

. (33)

In addition to the model parameters, the channel impulse
responses in (8) and (9) have to be rewritten to ensure the
accuracy of the path phases [33]. The new channel impulse
responses considering time-varying parameters are written as

hLoS
pq (t, τ) =

√
KΩpq
K + 1

e−j
2π
λ
εpqej2π

∫ t
0 f

LoS
T (t′)dt′
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× ej2π
∫ t

0 f
LoS
R (t′)dt′δ(τ − τLoS(t)) (34)

hNLoS
pq (t, τ) =

√
Ωpq
K + 1

lim
N→∞

1√
N

L∑
l=1

N(l)∑
n=1

× e−j
2π
λ
(εp,nl+εnl,q)ej2π

∫ t
0 f

(n,l)
T (t′)dt′

× ej2π
∫ t

0 f
(n,l)
R (t′)dt′ejψ

(n,l)

δ(τ − τ (n,l)(t)) (35)

whereN =
∑L
l=1 N

(l), the time-varying Doppler shifts for LoS
and NLoS components are given by

fLoS
T (t) =

vT
λ
[cos ζT cosβLoS

T (t) cos(αLoS
T (t)− φT (t))

+ sin ζT sinβLoS
T (t)] (36)

fLoS
R (t) =

vR
λ

cos(αLoS
R (t)− φR) cosβ

LoS
R (t) (37)

f
(n,l)
T (t) =

vT
λ
[cos ζT cosβ

(n,l)
T (t) cos(α

(n,l)
T (t)− φT (t))

+ sin ζ sinβ
(n,l)
T (t)] (38)

f
(n,l)
R (t) =

vR
λ

cos(α
(n,l)
R (t)− φR) cosβ

(n,l)
R (t). (39)

III. STATISTICAL PROPERTIES OF THE UAV-TO-GROUND

REFERENCE MODEL

Statistical properties are critical for analyzing the correspond-
ing channel behaviors. The statistical properties presented in this
section includes STF-CF, Doppler PSD, and delay PSD. Besides,
a novel stationary interval metric based on the time-variation of
Doppler PSDs is proposed, which is shown to be useful to char-
acterize channel non-stationarities due to dynamic movements
of the UAV.

A. Time-Varying STF-CF

To facilitate analysis, the channel impulse response
is converted to channel transfer function as Hpq(t, f) =
Fτ{hpq(t, τ)}, where Fτ{·} indicates the Fourier transform
with respect to τ . Therefore, the time-varying STF-CF between
Hpq(t, f) and Hp′q′(t, f) can be written as [34]

ρpq,p′q′(t,Δt,Δf) =
E[H∗

pq(t, f)Hp′q′(t+Δt, f +Δf)]√
ΩpqΩp′q′

= ρLoS
pq,p′q′(t,Δt,Δf) + ρNLoS

pq,p′q′(t,Δt,Δf) (40)

where (·)∗ is the complex conjugate operation, E{·} denotes
the statistical expectation operator, Δt and Δf are time and
frequency separations, respectively. Note that the antenna sep-
arations, i.e., ΔdT = (p′ − p)δT and ΔdR = (q′ − q)δR are
represented implicitly by the subscript pq, p′q′. Based on (34),
we can derive the LoS component of ρpq,p′q′(t,Δt,Δf) as

ρLoS
pq,p′q′(t,Δt,Δf) =

K

K + 1
ej

2π
λ
(εpq−εp′q′ )

× ej2π
∫ t+Δt
t fLoS

T (t′)dt′ej2π
∫ t+Δt
t fLoS

R (t′)dt′

× ej2πf [τLoS(t)−τLoS(t+Δt)]e−j2πΔfτLoS(t+Δt).
(41)

By using the following approximations cosβLoS
R (t) ≈

D√
H2

T+D2
, αLoS

R (t) ≈ π, αLoS
T (t) ≈ 0, and τLoS(t) ≈

√
H2

T+D2

c ,

(41) becomes

ρLoS
pq,p′q′(t,Δt,Δf) ≈

K

K + 1
e−j2πΔf

c

√
H2

T+D2

× ej
2π
√

H2
T

+D2

λ·D [(q′−q)δR cosϕR cosγR+(p−p′)δT cosγT ]

× e
j 2πD

λ

√
H2

T
+D2

[vT cos ζT
∫ t+Δt
t cosφT (t′)dt′−vR cosφRΔt]

× e
−j 2πHT vT sinζT Δt

λ

√
H2

T
+D2

. (42)

In the reference model, as the quantity of cylinders L and the
quantity of scatterers on each cylinder N (l) tend to infinity, the
parameters α(n,l)

T , β(n,l)
T , α(n,l)

R , β(n,l)
R , and R(l) become con-

tinuous. Thus, we derive the NLoS component of time-varying
STF-CF as

ρNLoS
qp,p′q′(t,Δt,Δf)

=
1

K + 1

∫ Rmax

Rmin

∫ β2

β1

∫ π

−π

e
j 2π

λ

[
(p−p′)δT cos(αT −γT )

cosβT
+

(q−q′)δR cosφR cos(γR−αR)

cosβR

]

× ej2π
∫ t+Δt
t fT (t′)dt′ej2π

∫ t+Δt
t fR(t′)dt′

× e−j2πΔfτ(t+Δt)ej2πf [τ(t)−τ(t+Δt)]

× p(R)p(βR)p(αR)dRdβRdαR. (43)

Note that fT (t) and fR(t) are Doppler shifts in (38) and
(39) with continuous angular parameters, respectively. In the
reference model, azimuth angles αR are described by the von
Mises distribution [35], i.e., p(αR) = eκ cos(αR−αμ)/[2πI0(κ)],
since it can be simplified to many other widely used scatterer
distributions. Here, αR ∈ [−π, π), I0(·) denotes the zeroth-
order modified Bessel function of the first kind, αμ desig-
nates the mean angle, κ indicates the angular spread around
αμ. The elevation angles βR are modeled by the probability
density function (PDF) as p(βR) = π cos[πβR/(2βm)]/(4βm),
|βR| ≤ |βm| ≤ π

2 , where βm is the maximum value of βR
[36]. Furthermore, the radii of the cylinders R are described
as p(R) = 2R/(R2

max −R2
min), Rmin � R � Rmax [37].

B. Time-Varying Doppler PSD

The time-varying Doppler PSD is obtained by apply-
ing Fourier transform to the ST-CF, i.e., Spq,p′q′(t, ν) =
FΔt{ρpq,p′q′(t,Δt,Δf = 0)} [38]. According to (40), the time-
varying Doppler PSD is given as

Spq,p′q′(t, ν) = SLoS
pq,p′q′(t, ν) + SNLoS

pq,p′q′(t, ν) (44)
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where SLoS
pq,p′q′(t, ν) and SNLoS

pq,p′q′(t, ν) are calculated as

SLoS
pq,p′q′(t, ν) =

∫
ρLoS
pq,p′q′(t,Δt)e

−j2πνΔtdΔt

≈ K

K + 1
ej

2π
√

H2
T

+D2

λ·D [(q′−q)δR cosϕR cosγR+(p−p′)δT cosγT ]

× δ

(
D [vT cos ζT cosφT (t)− vR cosφR]−HT vT sin ζT

λ
√
H2
T +D2

)

(45)

SNLoS
pq,p′q′(t, ν) =

∫
ρNLoS
pq,p′q′(t,Δt)e

−j2πνΔtdΔt. (46)

C. Time-Varying Delay PSD

The time-varying delay PSD is the inverse Fourier transform
of frequency correlation function (FCF) with respect to Δf ,
i.e., Ppq,p′q′(t, τ) = F−1

Δf{ρqp,p′q′(t,Δt = 0,Δf)}. From (40),
the time-varying delay PSD is expressed as

Ppq,p′q′(t, τ) = P LoS
pq,p′q′(t, τ) + PNLoS

pq,p′q′(t, τ) (47)

where P LoS
pq,p′q′(t, τ) and PNLoS

pq,p′q′(t, τ) are given as

P LoS
pq,p′q′(t, τ) =

∫
ρLoS
pq,p′q′(t,Δf)e

j2πτΔfdΔf

≈ K

K + 1
ej

2π
√

H2
T

+D2

λ·D [(q′−q)δR cosϕR cosγR+(p−p′)δT cosγT ]

× δ

(
τ −

√
H2
T +D2

c

)
(48)

PNLoS
pq,p′q′(t, τ) =

∫
ρNLoS
pq,p′q′(t,Δf)e

j2πτΔfdΔf. (49)

D. Stationary Interval

Most UAV channel models were developed base on the WSS
assumption, which simplifies the model construction and statis-
tical analysis. The WSS assumption is valid when observation
time is smaller than the stationary interval. However, this is
hard to achieve for UAV communication scenarios due to fast-
changing properties of UAV channels. Stationary interval can be
calculated by estimating the distance or similarity of statistics
at two time instants. For example, collinearity was calculated
based on two channel correlation matrices [39] or power delay
profiles [40] separated by certain time intervals. However, those
metrics were designed for terrestrial communication scenarios
without considering the effects of dynamic trajectories. Inspired
by fact that UAV trajectories can significantly influence Doppler
PSDs of UAV channels, the distance between Doppler PSDs
at two time instants can be treated as a measure of tempo-
ral non-stationarity of UAV channels. The distance between
Spq,p′q′(ti, ν) and Spq,p′q′(ti +Δt, ν) can be defined as

dDPSD(ti,Δt) =

1 − | ∫ S∗
pq,p′q′(ti, ν)Spq,p′q′(ti +Δt, ν)dν|

max{∫ |Spq,p′q′(ti, ν)|2dν,
∫ |Spq,p′q′(ti +Δt, ν)|2dν}

(50)

where dDPSD(ti,Δt) ∈ [0, 1]. It is obvious that dDPSD(ti,Δt)
tends to 0 if two Doppler PSDs are quite similar and becomes
1 when the Doppler PSDs differ to a maximum extent. The
stationary interval at time instant ti is the maximum interval
in which dDPSD(ti,Δt) below threshold cthresh, i.e.,

Tc(ti) = max{Δt | dDPSD(ti,Δt) � cthresh}. (51)

The above equation provides a metric of how rapidly the channel
parameters and statistics evolve due to the model geometry
changes when the UAV and GS move along certain trajectories.
A fast-changing model geometry results in a short stationary
interval, beyond which the temporal non-stationarity cannot be
neglected.

IV. 3D WIDEBAND TEMPORALLY NON-STATIONARY

UAV-TO-GROUND SIMULATION MODEL

A. Channel Impulse Response of the UAV-to-Ground
Simulation Model

The reference channel model considers infinite number of
rays, which leads to a large computation complexity and makes
the model hard to implement. In contrast, the simulation model
is established assuming a certain quantity of rays and illustrates
similar statistical performances compared with the reference
one. The impulse response of the simulation model between
A

(p)
T and A(q)

R is given by

h̃pq(t, τ) = h̃LoS
pq (t, τ) + h̃NLoS

pq (t, τ) (52)

where h̃LoS
pq (t, τ) and h̃NLoS

pq (t, τ) are given by

h̃LoS
pq (t, τ) =

√
KΩpq
K + 1

e−j
2π
λ
εpq

× ej
2π
λ
vT t[cos ζT cosβLoS

T cos(αLoS
T −φT )+sin ζT sinβLoS

T ]

× ej
2π
λ
vRt cos(α

LoS
R −φR) cosβLoS

R δ(τ − τLoS) (53)

h̃NLoS
pq (t, τ) =

√
Ωpq
K + 1

1√
N

L∑
l=1

N(l)∑
n=1

ejψ
(n,l)

× ej
2π
λ
vT t[cos(α̃

(n,l)
T −φT ) cos ζT cos β̃

(n,l)
T +sin ζT sin β̃

(n,l)
T ]

× ej
2π
λ
vRt cos(α̃

(n,l)
R −φR) cos β̃

(n,l)
R

× e−j
2π
λ
(εp,nl+εnl,q)δ(τ − τ (n,l)). (54)

It is apparent that the proposed simulation model relies on
the discrete parameters, i.e., α̃(n,l)

T , β̃(n,l)
T , α̃(n,l)

R , β̃(n,l)
R , and

R̃(l). Other parameters are the same as those in reference model.
According to the modified method of equal areas (MMEA) [41],
the discrete parameters α̃(n,l)

R are determined by solving the
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equation

n− 1/4
N (l)

=

∫ α̃
(n,l)
R

−π
p(αR)dαR (55)

and can be further calculated as

α̃
(n,l)
R = F−1

(
n− 1/4
N (l)

)
(56)

where F−1(·) is the inverse cumulative distribution function of
AAoA αR. Following a similar method, the discrete parameters
β̃
(n,l)
R are obtained as

β̃
(n,l)
R =

2βm
π

arcsin

(
2n− 1
N (l)

− 1

)
(57)

where n = 1, 2, . . ., N (l). The discrete parameters α̃(n,l)
T and

β̃
(n,l)
T can be determined according the interrelationship between

AoAs and AoDs. In addition, the discrete radii R̃(l) are obtained
as

R̃(l) =
√

(l − 0.5)(R2
max −R2

min)/L+R2
min (58)

where l = 1, 2, . . ., L.

B. Statistical Properties of the UAV-to-Ground Simulation
Model

The simulation model considers a limited number of rays
or scatterers, thereby reducing the model complexity compared
with the reference model. In this subsection, statistical properties
of the proposed simulation model are presented by replacing
continuous model parameters in (40)–(51) with discrete ones,
i.e., α̃(n,l)

T , β̃(n,l)
T , α̃(n,l)

R , β̃(n,l)
R , and R̃(l). Note that when

L,N (l) → ∞, those statistical properties have the same expres-
sions as those of the reference model.

1) Time-Varying STF-CF: The time-varying STF-CF of the
simulation model is written as

ρ̃pq,p′q′(t,Δt,Δf) =

ρ̃LoS
pq,p′q′(t,Δt,Δf) + ρ̃NLoS

pq,p′q′(t,Δt,Δf) (59)

where the ρ̃LoS
pq,p′q′(t,Δt,Δf) and ρ̃NLoS

pq,p′q′(t,Δt,Δf) are given
as

ρ̃LoS
pq,p′q′(t,Δt,Δf) =

K

K + 1
ej

2π
λ
(εpq−εp′q′ )

× ej2π
∫ t+Δt
t fLoS

T (t′)dt′ej2π
∫ t+Δt
t fLoS

R (t′)dt′

× ej2πf [τLoS(t)−τLoS(t+Δt)]e−j2πΔfτLoS(t+Δt) (60)

ρ̃NLoS
qp,p′q′(t,Δt,Δf)

=
1

(K + 1)N

L∑
l=1

N(l)∑
n=1

ej
2π
λ
(εp,nl−εp,′nl+εnl,q−εnl,q′ )

× ej2π
∫ t+Δt
t f

(n,l)
T (t′)dt′ej2π

∫ t+Δt
t f

(n,l)
R (t′)dt′

× e−j2πΔfτ (n,l)(t+Δt)ej2πf [τ (n,l)(t)−τ (n,l)(t+Δt)] (61)

where N =
∑L
l=1 N

(l).

TABLE III
PARAMETERS OF THE ST-RMM TAKEN BY THE AIRCRAFT

2) Time-Varying Doppler PSD: Similar to the case in refer-
ence model, the time-varying Doppler PSD of the simulation
model is obtained by applying Fourier transformation to the
simulated ST-CF, i.e.,

S̃pq,p′qp(t, ν) = FΔt{ρ̃qp,p′q′(t,Δt,Δf = 0)}. (62)

3) Time-Varying Delay PSD: The time-varying delay PSD of
the simulation model is obtained as the inverse Fourier transform
of the simulated FCF, and is written as

P̃pq,p′q′(t, τ) = F−1
Δf{ρ̃qp,p′q′(t,Δt = 0,Δf)}. (63)

4) Stationary Interval: Analogous to the reference mode,
the stationary interval of the simulation model can be esti-
mated based on (50) and (51) by substituting Spq,p′q′(ti, ν) and
Spq,p′q′(ti +Δt, ν) with S̃pq,p′q′(ti, ν) and S̃pq,p′q′(ti +Δt, ν),
respectively.

V. RESULTS AND ANALYSIS

In this section, numerical results are illustrated according to
the derived expressions in Sections III and IV. Statistics of
reference and simulation models as well as simulation results
are presented and investigated for different degrees of trajectory
randomness. Unless otherwise specified, the parameters used
for the simulations are: fc = 2 GHz,D = 180 m,HT = 120 m,
Rmin = 3 m, Rmax = 30 m, δT (R) = λ/2, γT (R) = π/2, ϕR =
π/6, vT,xy = 15 m/s, vT,z = 0 m/s, vR = 1 m/s, φT (t0) = 0,
φR = π/3, κ = 3, αμ = 2π/3 βm = π/6, and K = 0. In addi-
tion, four UAV trajectories with the same time interval [0, 10 s]
but different degrees of randomness are used for testing. The
parameters of Trajectory I are set as σs → 0 m−1, λs = 0.5 s−1.
This implies infinite turning radii and leads to a nearly straight
line trajectory. In the case of the second trajectory, the parameters
are set as σs = 0.01 m−1, λs → 0 s−1, which results in an
anticlockwise circular movement of the aircraft. Compared with
the first two trajectories, Trajectory III has a higher degree
of randomness by setting the parameters as σs = 0.01 m−1,
λs = 0.5 s−1. This means the trajectories are randomly de-
termined by a series of turning radii r(Ti) and travel time
intervals τi. Trajectory IV is set with the highest randomness by
chosen the following parameters as σs = 0.05 m−1, λs = 1 s−1.
Besides, in Trajectory I–III, the aircraft is assumed to move
in the horizontal plane. For Trajectory IV, the aircraft has a
vertical speed by setting vz = 2 m/s. For clarity, Trajectory
I–IV are shown in Fig. 4(a)–(d), respectively. Parameters used
for generating those trajectories are collected in Table III. By
setting appropriate RMM parameters, the generated trajectories
can capture the movement patterns associated with different
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Fig. 4. Different UAV trajectories according to the parameters in Table III. (a)
Trajectory I. (b) Trajectory II. (c) Trajectory III. (d) Trajectory IV.

Fig. 5. Time-evolutions of the temporal ACFs of the simulation channel model
for different trajectories of the UAV. (a) Trajectory I. (b) Trajectory II. (c)
Trajectory III. (d) Trajectory IV.

UAV application, e.g., transportation, search and rescue, and
patrolling and reconnaissance.

Fig. 5 presents the temporal autocorrelation functions (ACFs)
of the proposed simulation model when the aircraft is moving
along the different trajectories. The temporal ACFs are obtained
by setting p = p′, q = q′, and Δf = 0 in (40). From the results,
we find that even for the linear trajectory case, i.e., Fig. 5(a),

Fig. 6. Temporal ACFs for Trajectory III (a) at different time instants and (b)
with different speeds of the GS.

the temporal ACF still varies substantially over time. This is
in contrast to those of stationary channel models, in which
the statistics are constant over time [13], [14], [17], [18]. The
time-variation of the temporal ACFs is caused by time-varying
departure and arrival angles of MPCs due to the movements of
the UAV and GS. For Trajectory II, we find that the temporal
correlation decreases faster and then slower along time. This
is apparently affected by the linear variation of the heading
direction when the aircraft move along the circular trajectory. In
Fig. 5(c) and (d), the temporal ACFs vary more frequently as the
randomness of trajectory increases. The significant variations of
the temporal ACFs in Fig. 5(d) stem from small turning radii
and fast changes of turning centers due to large values of σs and
λs.

Fig. 6(a) shows the temporal ACFs of the reference model,
simulation model, and simulation results for Trajectory III, at 0 s,
2 s, and 4 s. The simulation results are generated from samples
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Fig. 7. Spatial CCFs for Trajectory III (a) with different tilt angles of the UAV
antenna array and (b) with different altitudes of the UAV.

of impulse response generated by the simulation model. The
temporal correlation decreases over time due to the dynamic
movements of the aircraft and GS. A good agreement among
reference model, simulation model, and simulation result shows
the correctness our derivations. Furthermore, the impacts of GS
speed on the temporal correlation of the model are presented
in Fig. 6(b). In the simulation, GS velocity is set as 1 m/s and
10 m/s, which correspond to the speeds of hand-held and vehicle
terminals, respectively. Since a large number of local scatterers,
e.g., buildings, lampposts, trees, etc., are located around the GS
and relatively far from the aircraft, higher speeds of the GS
result in larger variations of the AoAs and make the temporal
correlation of the channel decorrelate faster.

Fig. 7(a) shows the spatial cross-correlation functions (CCFs)
for different orientations of the UAV antenna array. Here, the
spatial CCFs are obtained by setting Δt = 0 and Δf = 0 in
(40). The antenna spacings have been normalized against the

Fig. 8. FCFs for different altitudes of the UAV.

wavelength. The results suggest that the channel has a lower
spatial correlation as the tile angle of the UAV antenna array
increase, which results in a larger diversity gain. Furthermore,
Fig. 7(b) presented the spatial CCF when the UAV stays at
different altitudes. It indicates that apart from adjusting the array
orientation, a larger diversity gains can be achieved when the
aircraft is flying at a higher altitude. This is because that a higher
altitude of the UAV can lead to larger elevation angular spreads,
which result in lower spatial correlations of the channel.

The FCFs for different altitudes of the UAV are presented in
Fig. 8. Here, the result is obtained by setting Δt = 0, p = p′ and
q = q′ in (40). It is indicated that higher UAV altitudes results
in lower frequency correlation of the channel. The coherence
bandwidth can be defined as the largest frequency separation
during which the FCF over a threshold, i.e., 0.5 [42]. Following
this definition, the coherence bandwidth of the proposed model is
about 18.18 MHz when the UAV is flying at 10 m. Furthermore,
a higher altitude of the UAV causes a smaller coherence band-
width, which translates into a larger root-mean-square (RMS)
delay spread. Those results are consistent with the channel
measurement results [43].

Fig. 9 presents the time-varying normalized Doppler PSDs
of the simulation model for Trajectories I–IV. For the case
of the first trajectory, where the UAV moves with a constant
heading direction, the Doppler PSD is still time-varying, in-
dicating non-stationarity of the model in time domain, which
is different from those of the stationary channel models. In
Fig. 9(b), the Doppler PSD shifts to larger values over time due
to the linear variation of the UAV heading direction. Besides,
compared with the case of Trajectory I, slight variation of the
Doppler PSD over time is illustrated in Fig. 9(c). This is resulted
from larger value of σs. Furthermore, the time variation of the
Doppler PSD is substantially intensified in Fig. 9(d) when both
σs and λs are increased as σs = 0.05 m−1, λs = 1 s−1. The
large variation of the Doppler PSD over time is caused by the
high degree of trajectory randomness, which further increases
temporal non-stationarity of the model.
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Fig. 9. Time-evolutions of normalized Doppler PSDs of the simulation model
assuming various trajectories of the UAV. (a) Trajectory I. (b) Trajectory II. (c)
Trajectory III. (d) Trajectory IV.

Fig. 10. CDFs of RMS Doppler spreads of the simulation model with different
altitudes of the UAV and the measurement data in [44].

Fig. 10 shows the cumulative distribution functions (CDFs)
of RMS Doppler spreads of the simulation model and the corre-
sponding measurement data [44]. The measurement campaign
was conducted in a residential environment. The following
model parameters are selected to fit the measurement data:
fc = 5.8 GHz, Rmin = 3 m, Rmax = 70 m, αμ = 2π/3, κ = 3,
βm = π/6, φT = 0, and K = 0.1. Before analysis, the prin-
ciple of parameter selection needs to be clarified. Parameters
including carrier frequency, Tx-Rx separation, UAV altitude,
and GS and UAV speeds are set according to the measurement
campaigns. Other parameters are set according to communica-
tion environments or based on the relationship between model
parameters and channel characteristics. For example, decreasing

Fig. 11. Time-evolutions of normalized delay PSDs of the simulation model
assuming various trajectories of the UAV. (a) Trajectory I. (b) Trajectory II. (c)
Trajectory III. (d) Trajectory IV.

κ resulting in a more isotropic scattering environment and a
large Doppler spread can be obtained. Note that those parameters
should be adjusted or optimized to fit to measurement data. In
this figure, the consistency between the proposed model and the
measurement data is presented, showing the practicability of the
model. Furthermore, we find that the Doppler spread becomes
larger when the UAV flies at a lower altitude. The reason is that
largely different AoDs can be generated due to the short travel
distances between the UAV and GS surroundings, which result
in very different Doppler shifts. On the contrary, when the UAV
stays at a higher altitude, the travel distances from the UAV
to GS surroundings become larger. The waves transmitted from
UAV experiences similar Doppler shifts due to similar departure
angles, leading to a smaller Doppler spread.

Fig. 11 illustrates the time-evolution of the normalized de-
lay PSDs of the simulation model for different trajectories of
the aircraft. Specifically, Fig. 11(a) and (c) illustrate the delay
PSDs for linear and low randomness trajectories cases. As the
UAV approaches the GS/scatterers, the the delays of MPCs
decrease monotonically during the observation period. However,
in Fig. 11(d), the delays of MPCs randomly varies due to high
level of UAV trajectory randomness. For the circular trajectory
scenario, which is given by Fig. 11(b), delays of MPCs first de-
crease over time when the UAV approaches the GS/scatterers and
then increase as the distances between UAV and GS/scatterers
become larger. The results indicate that the proposed model is
able to capture the impacts of trajectory variations on delay PSDs
of the UAV channel.

Fig. 12 presents the stationary intervals of the simulation
model with various UAV trajectories. Each result is the average
of stationary intervals associated with 10 trajectories randomly
generated according to certain values of RMM parameters, i.e.,
λs and σs. For the case when λs = 0.5 s−1 and σs = 0.01 m−1,
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Fig. 12. Stationary intervals of the simulation model with different degrees of
UAV trajectory randomness.

Fig. 13. CDF of stationary distance of the simulation model and measurement
data in [45].

the UAV flies along nearly straight trajectories, leading to the
largest stationary interval among the four cases, i.e., 0.49 s
with cThreshold = 0.2. This is equivalent to a 7.35 m stationary
distance, which is close to the measurement results in [11]. When
λs increases to 1 s−1, under the same threshold, the stationary
interval of the model reduces to 0.37 s. This means a larger value
of λs can increase the non-stationarity of the channel due to fast
changes of turning center. When both λs and σs increase, i.e.,
λs = 1 s−1 and σs = 0.05 m−1, the stationary interval further
reduces to 0.14 s for cThreshold = 0.2, which are much shorter
compared with those in former cases. The underlying reason is
that a highly dynamic trajectory leads to fast-changing model
parameters and statistical properties, e.g., heading direction of
UAV, AoAs and AoDs of MPCs, and Doppler PSD. In (51), the
similarity of the channel at different time, i.e., dDPSD(ti,Δt),
can exceed cthresh within a shorter Δt. The results indicate that
the proposed stationary interval metric is useful for captur-
ing the channel non-stationarity resulted from dynamic UAV
movements.

Fig. 13 compares the CDF of stationary distances of the
proposed simulation model with measured channel [45]. The
measurements were carried out at 5.06 GHz in the over-sea envi-
ronment near Oxnard, CA. The aircraft flies at a speed of 90 m/s
along a straight track and the altitude is about 800 m. According
to the measurement campaigns, the following parameters are
chosen for the simulation model: fc = 5.06 GHz,Rmin = 30 m,
Rmax = 300 m, D = 12 km, HT = 800 m, vT,xy = 90 m/s,
vT,z = 0 m/s, K = 31 dB, σs = 10−5 m−1, and λs = 0.5 s−1.
The stationary distance is estimated by temporal PDP correlation
coefficient (TPCC) method [40] and can be translated into
stationary interval by Tc = Sc/vT,xy . A good match between
the proposed model and measurement is shown, validating the
ability of the model in capturing temporal non-stationarity of
UAV channels.

VI. CONCLUSION

In this paper, we relax the widely used straight-line trajec-
tory condition in UAV channel modeling and present a tempo-
rally non-stationary wideband MIMO UAV-to-ground channel
model. This was achieved by incorporating the aeronautic ST-
RMM into a geometrical concentric-cylinders model, making
the model more general and adaptable to various UAV communi-
cation scenarios. Based on the motions of the UAV and GS, time-
varying model parameters have been derived. Statistics includ-
ing STF-CF, Doppler PSD, and delay PSD have been obtained
and analyzed in terms of different UAV trajectories. A novel sta-
tionary interval metric has been proposed, which has been shown
to be useful to estimate the temporal non-stationarity of the UAV
channel resulting from dynamic trajectories (due to variations
of moving direction). Results have indicated that the dynamic
UAV trajectories can exert substantially influences on channel
characteristics and increase the temporal non-stationarity of the
channel. The reference model and simulation model have been
compared with the corresponding simulation results, indicating
the fidelity of the derivations. The practicability of the model has
been verified by measurement data with respect to RMS Doppler
spread and stationary interval. The proposed model can be
extended to mmWave or THz bands by properly adjusting model
parameters and adding necessary channel properties, e.g., block-
age effect, oxygen absorption, and frequency dependence [46],
[47]. Besides, directional antennas are often adopted in mmWave
communication to compensate for severe pathloss [48]. In the
proposed model, the effects of directional antennas on UAV
channels can be simulated by eliminating the scatterers outside
the main lobe of antenna patterns.
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