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Abstract. Taking into account of three dimensional (3D) trajectory, 3D
antenna array, and 3D directional beam, a new unmanned aerial vehicle
(UAV) to vehicle (U2V) millimeter wave (mmWave) channel model is
proposed. Based on the propagation theory and ray tracing (RT) simu-
lation results, the proposed U2V channel model is composed of a line-
of-sight (LoS) path and three strongest non-line-of-sight (NLoS) paths
or single-bounce (SB) paths. Meanwhile, considering the time-variant
velocity and beam direction, the computation method of time-variant
channel parameters, i.e., angles, delays, and powers, are also given and
analyzed. The simulation results show that the statistical properties of
proposed channel model, i.e., power delay profile (PDP) and power angle
profile (PAP), are time-variant due to the non-stationarity of U2V prop-
agation environment. Moreover, the simulated autocorrelation function
(ACF) fits well with the theoretical one as well as the measured one,
which validates the correctness of proposed model.

Keywords: U2V mmWave channel · Non-stationary channel ·
Channel model · 3D trajectory · 3D beam

1 Introduction

The fifth-generation (5G) or beyond 5G (B5G) mobile communication system is
expected to provide high transmission rate and connect everything, where the
UAV has been considered a promising component as the flying base station or
flexible relay [1,2]. However, different with traditional mobile communication
scenarios, the UAV flies in the 3D space with 3D trajectory and 3D-shaped
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antenna array. Moreover, to compensate the high path loss caused by mmWave
band, the 3D beam-forming technologies are usually adopted in UAV mmWave
communications [3,4]. These new features would affect channel characteristics
significantly and make the traditional mobile channel models unsuitable [5,6].
Therefore, it is vital to deeply understand the UAV mmWave beam channel for
the system design, algorithm optimization, and performance evaluation of U2V
communication systems.

Several UAV channel models for sub-mmWave can be addressed in [7–13].
These models have considered part of new features, e.g., 3D scattering envi-
ronment or 3D trajectory by upgrading the traditional deterministic channel
models (DCMs) or geometry-based stochastic models (GBSMs), but they were
not applicable for the mmWave band. For the existing mmWave channel models,
most of them focused on the land mobile communication scenarios [14–22], and
only a few involved the UAV mmWave scenario [23–26].

The authors in [23,24] used the RT method to simulate huge amount data of
UAV mmWave channel and analyzed the characteristics of channel parameters,
i.e., received power, path delay and propagation angle. However, the basic chan-
nel model was 2D in [23] and the ground station was fixed in [24]. The authors
in [25] analyzed the 2D UAV mmWave channel characteristics by field test in an
anechoic chamber. In [26], the authors proposed a 3D UAV-to-ground mmWave
channel based on the GBSM method, but the velocity of UAV was constant and
the ground station is also fixed. Recently, a 3D mmWave UAV channel model
allowing time-variant arbitrary trajectory was proposed in [27], but the authors
ignored the factor of 3D-shaped antenna rotation and beam-forming. This paper
aims to fill this gap. The major contributions and novelties are summarized as
follows:

1) A 3D U2V mmWave beam channel model considering the 3D arbitrary tra-
jectory, 3D antenna array, and 3D directional beam is proposed. Based on
the RT data and directional beam characteristics, the new model consists of
a LoS path and three strongest NLoS paths to achieve the tradeoff between
complexity and precision.

2) A deterministic and stochastic mixed computation method of channel param-
eters for the proposed model is developed. The deterministic channel param-
eters, e.g., powers, angles, and delays, are calculated by the time-variant geo-
metric relationship, and the stochastic channel parameters, e.g., the angles
and delays of rays are generated randomly based on the distribution obtained
by the RT method.

3) Considering a typical U2V mmWave communication scenario, the channel
parameters, i.e., angles, delays, and powers, are simulated and analyzed.
Moreover, the statistical properties of ACF and Doppler power spectral den-
sity (DPSD) are also simulated and validated by theoretical and measured
ones.

The rest paper is organized as follows. In Sect. 2, a 3D U2V mmWave beam
channel model is proposed. Section 3 gives the hybrid computation method of
channel parameters. The simulation and analytical results of channel parameters



A Novel Non-stationary CM for U2V mmWave Beam Communications 473

and statistical properties are conducted in Sect. 4. Finally, conclusions are drawn
in Sect. 5.

2 U2V mmWave Beam Channel Model

Let us consider the down link of U2V communication system, where the UAV
adopts the 3D beam-forming to compensate the high path loss and the vehicle is
equipped with omnidirectional antennas as shown in Fig. 1. In the figure, there
are two local coordinate systems denoted as the UAV coordinate system and
vehicle coordinate system with their origins at the central position of UAV and
vehicle, respectively. Under the realistic condition, the UAV and vehicle travel
with 3D arbitrary velocities as

vrx/tx(t) =
∥
∥vrx/tx(t)

∥
∥

⎡

⎢
⎣

cos βv
rx/tx(t) cos αv

rx/tx(t)
cos βv

rx/tx(t) sin αv
rx/tx(t)

sin βv
rx/tx(t)

⎤

⎥
⎦ (1)

where
∥
∥vtx/rx(t)

∥
∥ is the amplitude of vtx/rx(t), αv

tx/rx(t) and βv
tx/rx(t) are

the travel direction of UAV and vehicle on the azimuth and elevation plane,
respectively. Moreover, the location vectors of UAV transmitting antenna and
vehicle receiving antenna in their own coordinate systems can be denoted as
dtx/rx(t) = [dx

tx/rx(t), d
y
tx/rx(t), d

z
tx/rx(t)]. During the movement of UAV and vehi-

cle, the location of each antenna may change and this paper introduces a rotation
matrix Rtx/rx(t) to take this factor into account

Rtx/rx(t) =

⎡
⎣
cosβv

tx/rx(t) cosαv
tx/rx(t) − sinαv

tx/rx(t) − sinβv
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tx/rx(t) − sinβv

tx/rx(t) sinαv
tx/rx(t)

sinβv
tx/rx(t) 0 cosβv

tx/rx(t)

⎤
⎦ .

(2)

Considering the U2V communication, the propagation channel can be mod-
eled as the combination of LoS part HLoS(τ, t) and NLoS part HNLoS(τ, t). The
LoS part contains one direct path while the NLoS part contains several non-
direct paths with different delays, e.g., SB, double bounce, etc. Thus, the total
channel impulse response (CIR) between the pth UAV antenna and qth vehicle
antenna scaled by the K-factor KR can be expressed as

Hp,q(τ, t) =

√

KR(t)
KR(t) + 1

HLoS(t) +

√

1
KR(t) + 1

HNLoS(τ, t). (3)

In order to achieve the tradeoff between complexity and precision, we have
performed huge number of simulations by RT method on the U2V mmWave
channel under different scenarios. The simulated results show that the LoS path
and ground specular (GS) path usually exist, and the powers of GS path and
1st SB path are 20–30 dB below the one of LoS path. Moreover, the power of 2st

SB path has much lower power, e.g., below 60 dB, comparing with the one of 1st
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Fig. 1. Typical U2V communication scenario.

SB path. Based on these results, this paper only takes the GS and two strongest
SB paths into the NLoS part as

HNLoS(τ, t) = HGS(τ, t)
︸ ︷︷ ︸

ground specular

+HSB1(τ, t)+HSB2(τ, t)
︸ ︷︷ ︸

Single bounce

(4)

=
3∑

j=1

M∑

m=1

hj
m(t)δ(t − τ j

m(t)), j = {GS, SB1, SB2}

where M is the valid ray number of each path, hj
m(t) and τ j

m(t) are the channel
coefficient and delay of mth ray within the GS and SB paths, respectively. Fur-
thermore, the channel coefficient is modeled by the summation of several rays
(or sub-paths) as

hj
m(t) = exp(jΦm) exp

(

j2π
rj
rx,m(t) · Rrx(t) · drx(t)

λ

)

(5)

· exp

(

j2π
rj
tx,m(t) · Rtx(t) · dtx(t)

λ

)

exp
(

j2π
λ

∫ t

0

f j
m(t′)dt′

)
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where Φm represents the random initial phase distributed uniformly over [0, 2π),
λ is the wavelength, and rj

tx/rx,m(t) and f j
m denote the spherical unit vectors

and Doppler frequency of mth ray, respectively, and can be further expressed as

rj
tx/rx,m(t) =

⎡

⎢
⎣

cos βj
tx/rx,m(t) cos αj

tx/rx,m(t)
cos βj

tx/rx,m(t) sin αj
tx/rx,m(t)

sinβj
tx/rx,m(t)

⎤

⎥
⎦ (6)

f j
m(t) =

vtx(t) · rj
tx,m(t) + vrx(t) · rj

rx,m(t)
λ

(7)

where αj
tx/rx,m is the azimuth angle of departure (AAoD) or arrival (AAoA),

and βj
tx/rx,m is the elevation angle of departure (EAoD) or arrival (EAoA).

The LoS path between UAV antenna and vehicle antenna can be viewed as
a special case of NLoS path and can be expressed as

HLoS(t) = exp

(
−j2π

DLoS(t)

λ

)
exp

(
j2π

rLoS
rx (t) · Rrx(t) · drx(t)

λ

)
(8)

· exp
(
j2π

rLoS
tx (t) · Rtx(t) · dtx(t)

λ

)
exp

(
j2π

λ

∫ t

0

fLoS(t′)dt′
)

δ(t − τLoS(t))

where DLoS(t) is the distance between the UAV and vehicle, rLoStx/rx(t) and fLoS

denote the spherical unit vectors and Doppler frequency of LoS path, respec-
tively. In (8), rLoStx/rx(t) is determined by αLoS

tx/rx and βLoS
tx/rx according to (6), and

fLoS can be obtained by rLoStx/rx(t) according to (7).

3 Computation of Channel Parameters

3.1 Time-Variant Geometric Parameters

Since the UAV and vehicle move with 3D arbitrary trajectories, the time-variant
location vector of UAV (or vehicle) can be expressed as

Ltx/rx(t) = Ltx/rx(t0) +
∫ t

t0

vtx/rx(t)dt (9)

where Ltx/rx(t0) denotes the initial location vector of UAV (or vehicle) at t = t0.
Thus, the distance vector between the UAV and vehicle denoted as DLoS(t) or
between UAV/vehicle and jth scatters denoted as Dtx/rx,j(t) can be expressed
as

Dtx/rx,LoS(t) = Ltx/rx(t) − Lrx/tx(t) = Dtx/rx,LoS(t0)r
LoS
tx/rx(t) +

∫ t

t0

vtx,rx(t)dt

(10)
Dtx/rx,j(t) = Ltx/rx(t) − Lj(t) = Dtx/rx,j(t0)r

j
tx/rx(t) +

∫ t

t0
vtx/rx(t)dt (11)
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where vtx,rx(t) denotes the relative velocity between the UAV and vehicle, and
rj
tx/rx(t) is the spherical unit vectors of each NLoS path, which can be obtained

by the mean angle parameters ᾱj
tx/rx and β̄j

tx/rx according to (6). Thus, the
distance between UAV and vehicle in LoS scenario and the one between the
UAV (or vehicle) and jth scatterer can be calculated by

DLoS(t) =

√
√
√
√
√
√
√
√
√
√
√
√
√
√
√

(

Dtx/rx,LoS(t0) cos(αLoS
tx/rx(t0)) cos(βLoS

tx/rx(t0))
+

∫ t
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tx,rx(t)) cos(βv
tx,rx(t))dt

)2

+

(
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tx/rx(t0))
+

∫ t
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tx,rx(t))dt

)2

+

(
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+
∫ t

t0
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)2

(12)
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√
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√
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√
√
√
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+

(
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where αv
tx,rx(t) and βv

tx,rx(t) denote the relative travel direction between the UAV
and vehicle on the azimuth and elevation plane, respectively.

3.2 Time-Variant Angle Parameters

Based on the geometric relationships, the time-variant angles such as the EAoD,
AAoD, EAoA, and AAoA of LoS path under dynamic scattering scenarios can
be expressed, respectively, as

αLoS
tx/rx(t) =

⎧

⎨

⎩

arccos(‖Dx
tx/rx,LoS(t)‖
DLOS(t)

),Dx
tx/rx,LoS(t) ≥ 0

π − arccos(‖Dx
tx/rx,LoS(t)‖
DLoS(t)

),Dx
tx/rx,LoS(t) < 0

(14)

βLoS
tx/rx(t) = arcsin(

∥
∥
∥Dz

tx/rx,LoS(t)
∥
∥
∥

DLoS(t)
) (15)

where Dx
tx/rx,LoS(t) denotes the x component of Dtx/rx,LoS(t). Similarly, the

mean angles of time-variant EAoD, AAoD or EAoA, AAoA for the NLoS paths
can be calculated respectively by

ᾱj
tx/rx(t) =

⎧

⎪⎨

⎪⎩

arccos(‖Dx
tx/rx,j(t)‖

Dtx/rx,j(t)
),Dx

tx/rx,j(t) ≥ 0

π − arccos(‖Dx
tx,rx,j(t)‖

Dtx/rx,j(t)
),Dx

tx/rx,j(t) < 0
(16)
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β̄j
tx/rx(t) = arcsin(

∥
∥
∥Dz

tx/rx,j(t)
∥
∥
∥

Dtx/rx,j(t)
). (17)

It should be mentioned that the angle of each ray within the NLoS path is
random and cannot be calculated in a deterministic way. In this paper, we take
the random factor into account and model them as the summation of a random
offset angle and the mean angle of each path,

αj
tx/rx,m(t) = ᾱj

tx/rx(t) + Δαm (18)

βj
tx/rx,m(t) = β̄j

tx/rx(t) + Δβm. (19)

Based on the RT simulation results and measurement results in the 3GPP chan-
nel model, the offset angles Δαm,Δβm in this paper are obtained by generating a
normal random variable with zero mean value and a Laplace distributed random
variable, respectively.

3.3 Time-Variant Delays and Powers

The time-variant delays of LoS and NLoS paths are determined by the trans-
mission distance and they can be calculated respectively by

τLoS(t) =
DLoS(t)

c
(20)

τ̄ j(t) =
Dtx,j(t) + Drx,j(t)

c
(21)

where c is the speed of light. Furthermore, the delay of each ray within the NLoS
path can be obtained by adding a random delay offset Δτm on the mean value
of path delay as

τ j
m(t) = τ̄ j(t) + Δτm. (22)

The random delay offset Δτm is assumed to follow the exponential distribution
and the corresponding power of each ray can be calculated by

P j
m(t) = exp

(

−τ j
m(t)

1 − rτ

rτστ

)

10−Zm
10 (23)

where rτ and στ are the delay scalar and delay spread, respectively, and Zm

follows a Gaussian distribution N (0, 3). When the LoS power is normalized to
be 0 dB, the ray powers can be normalized as

P̃ j
m(t) =

P j
m(t)

KR(t) ·
M∑

m=1
P j

m(t)
(24)

Thus, the total power of NLoS paths should be 1/(KR(t) + 1) as shown in (3).
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4 Simulation Results and Analysis

In this section, we simulate the proposed U2V channel model and compare the
simulated results with the analytical and measured ones. In the simulation, the
3D time-variant velocities and directions of both terminals and 3D beam forming
are considered. The detailed simulation parameters are given in Table 1. It should
be mentioned that the effect of beam tracking error is not included. The beam
width of UAV antenna array is assumed to be 30◦ while the one of vehicle
antenna array is 180◦.

Table 1. Simulation parameters.

Definition Value Definition Value

‖vtx(t)‖ 10 + 0.5t m/s ‖vrx(t)‖ 2 + tm/s

αv
tx(t) 120 − 2t◦ βv

tx(t) 6 + 5t◦

αv
rx(t) −120 + 2t◦ βv

rx(t) 0◦

f0 28GHz K 7 dB

‖Ltx(t0)‖ 400m ‖Lrx(t0)‖ 100m

Fig. 2. The time-variant PAPs of LoS path and NLoS paths.
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For the U2V mmWave beam channel, the angle parameters are more com-
plicated and related with both the scattering scenario and beam width. Figure 2
gives the time-variant PAPs of LoS path and rays within three NLoS paths at
two different time instants t1 = 0 s and t2 = 10 s. As we can see, the AAoD
and EAoD are limited within the beam and the beam changes to the desired
direction at different time instants. In addition, the vehicle antenna is usually
close to the ground and thus the EAoA ranges from [0◦ 90◦].

Based on the parameter computation method of (20)–(24), the delays and
powers are calculated. The time-variant PDPs of proposed channel model are
simulated and given in Fig. 3. In the figure, the delay and power of LoS path are
both normalized and the number of intra-path rays is set as 32. As we can see
that the power of each NLoS path and each intra-path rays show the trend of
exponential decay with the increasement of relative delay.

Fig. 3. The time-variant PDPs of proposed U2V channel.

In order to verify the correctness of proposed mmWave channel model, this
paper focuses on analyzing and verifying two typical second order statistical
properties, i.e., ACF and DPSD. The time-variant theoretical ACF of proposed
model can be derived by substituting (3) into the ACF definition,

ρ (Δt; t) = E [H∗(t)H(t + Δt)] = ρLoS (Δt; t) + ρNLoS (Δt; t) . (25)



480 K. Mao et al.

Considering the similar characteristic of each NLoS path, we only take the first
one into account. The theoretical and simulated results of ACFs including the
LoS path and first NLoS path are shown in Fig. 4. It shows that the ACFs
change over time due to the time-variant channel parameters. Furthermore, we
can get the time-variant DPSD by using the Fourier transform on the ACF. The
simulated results are shown in Fig. 5, which also demonstrate that the Doppler
frequency changes in a complicated way under the U2V communication scenario.

Finally, to further verify the consistency of proposed channel model with
the realistic channel, the simulated ACFs are compared with the field-measured
ones in [28]. To the best of our knowledge, there are very few literatures involv-
ing UAV mmWave channel measurement [25,29,30] and none of them so far
analyzed the measured ACFs. Since the proposed model is compatible for the
sub-mmWave channel by adjust some channel parameters. The measured ACF
of sub-mmWave channel in [28] is chose. The beam width is ignored and some
simulation parameters are configured as f0 = 2 GHz, ‖Ltx(t0)‖ = 300 m, and
‖vrx(t)‖ = 1.2 m/s. The comparison result is given in Fig. 6 which shows a good
agreement between the simulated result and the measured one.

0 1 2 3 4 5 6 7 8
0

0.2

0.4

0.6

0.8

1
Theoretical results(t=0s)
Simulated results(t=0s)
Theoretical results(t=5s)
Simulated results(t=5s)
Theoretical results(t=10s)
Simulated results(t=10s)

Fig. 4. The simulated and theoretical time-variant ACFs at three time instants.
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Fig. 5. The simulated time-variant DPSDs.

0 2 4 6 8 10
0.1

0.2
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0.4

0.5
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0.7

0.8

0.9

1

Fig. 6. The simulated and measured ACFs.
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5 Conclusions

This paper has proposed a U2V mmWave channel model by considering the 3D
trajectory of UAV and vehicle, 3D antenna array, and 3D directional beam. In
order to achieve the tradeoff between complexity and precision, only the LoS
path and three strongest NLoS paths have been included in the new model.
Moreover, the computation method of channel parameters have also been given.
It is divided into a deterministic part and a stochastic part to guarantee both
the correctness and efficiency. Finally, the statistical characteristic of PDP, ACF,
and DPSD have been simulated, analyzed and compared with the theoretical and
measured ones. In the future, we will perform more channel measurements as well
as apply the proposed model to the optimization of beam-forming and tracking
algorithms for UAV mmWave communications.
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