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Abstract— In this article, we propose a three-dimensional
(3D) multi-input multi-output (MIMO) channel model for air-
to-ground (A2G) communications in unmanned aerial vehi-
cles (UAV) environments, where the UAV transmitter and ground
receiver are in motion in the air and on the ground, respectively.
A novel angular estimation algorithm is proposed to estimate the
real-time azimuth angle of departure (AAoD), elevation angle
of departure (EAoD), azimuth angle of arrival (AAoA), and
elevation angle of arrival (EAoA) based on the non-stationary
nature of the channel model. In the model, we investigate
the time-varying spatial cross-correlation functions (CCFs) and
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temporal auto-correlation functions (ACFs) with respect to the
different moving directions and velocities of the UAV transmitter
and ground receiver. Furthermore, we derive and study the
Doppler power spectral densities (PSDs) and power delay pro-
files (PDPs) of the proposed channel model. Numerical results
show that characteristics of the proposed channel model are
very close to those of practical measurements, which provide
a new and practical approach to evaluate the performance of
next generation UAV-MIMO communication systems.

Index Terms— UAV channel model, A2G communication
environments, angular estimation algorithm, non-stationarity,
channel characteristics.

I. INTRODUCTION

A. Motivation

UNMANNED aerial vehicles (UAVs), also known as
“drones”, are expected to be deployed in air-to-ground

(A2G) communications for traffic monitoring, disaster recov-
ery, and military reconnaissance [1], [2]. The recent existing
literature has introduced a variety of fifth generation (5G)
and beyond 5G (B5G) technologies into A2G communication
systems [3], [4]. Reliable knowledge of realistic propagation
channel models, which provide an effective way to approx-
imately express the propagation characteristics between the
transmitters and receivers, serves as the foundation for design-
ing and evaluating the performance of UAV communication
systems [5]. This motivates us to study the channel character-
istics of A2G communications in UAV environments.

B. Related Work

Generally, channel models are broadly categorized into
stochastic and deterministic models, e.g., models using the
ray-tracing method that requires a detailed description of a
specific communication scenario. It is worth mentioning that
stochastic models, which rely on large numbers of measure-
ments that contain the underlying statistical properties of
wireless channels, are able to describe a variety of commu-
nication scenarios by properly setting model parameters. The
existing works suggested various geometry-based stochastic
channel models (GBSMs) to simulate the distribution of
interfering objects in wireless communication environments
[6], [7]. As the mobility of UAV transmitters are high and the
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moving directions are arbitrary in real UAV communication
environments, it is reasonable to adopt a three-dimensional
(3D) channel model to describe the distribution of interfering
objects in A2G communication scenarios [10]. The authors
in [11] and [12] applied the 3D geometry-based multi-input
multi-output (MIMO) channel models to characterize the A2G
communications in UAV environments, with an assumption
that the propagation components from the UAV transmitter
to the mobile receiver (MR) experience single interaction.
In the models, the authors used cylinders to describe the
UAV propagation environments for A2G communications.
Furthermore, authors in [13] and [14] developed GBSMs
with 3D angular parameters to describe the scattering envi-
ronments for A2G communications. In addition, the authors
in [15] provided a 3D elliptic-cylinder model to describe
the propagation environments around the UAV and MR in
A2G communication scenarios, which can be further used for
the performance evaluation of UAV wireless communication
systems. The authors in [16] proposed a 3D single-cylindrical
ring stochastic model for MIMO wideband non-stationary
channels between the UAV and ground user. Based on the
reference model, some important channel characteristics were
derived and investigated. In [17], the authors proposed a 3D
non-stationary two-cylinder stochastic model, as well as the
corresponding deterministic and simulation models for non-
isotropic UAV-MIMO Ricean fading channels. Furthermore,
in [18], Cheng et al. proposed a non-geometrical stochas-
tic model (NGSM) for non-stationary wideband vehicular
communication channels. However, we should notice that
the interfering objects, which mainly represent the moving
airships, birds, etc., are randomly scattered between UAV
transmitters and ground receivers in real and dynamic A2G
communication scenarios. In overall, the above solution of
geometry-based channel modeling is insufficient to reflect the
A2G communications in UAV environments.

To fill the above gaps, several studies [19]–[21] developed
cluster-based stochastic channel models to investigate the
propagation properties in complex wireless communication
environments, where the interfering objects are randomly
distributed over the network. More specifically, Li et al. [19]
provided a cluster-based channel model for vehicle-to-vehicle
(V2V) communications, which introduced the von Mises
distribution to describe the 3D angular parameters of the
propagation links both in the horizontal and vertical planes,
as well as an exponential distribution to reflect the propagation
distances from the transmitter and receiver to the cluster.
In [20], the authors proposed a 3D non-stationary wideband
twin-cluster channel model as well as the corresponding
simulation model for MIMO communication systems. In the
model, the authors assumed that the angular parameters and
propagation distances follow wrapped Gaussian and exponen-
tial distributions, respectively. Ghazal et al. [21] developed
a non-stationary MIMO channel model to investigate the
time variation of the wireless communication environments
by introducing time-varying angular parameters, i.e., the angle
of departure (AoD) and angle of arrival (AoA). Nevertheless,
it is worth mentioning that the model parameters in non-
stationary channels continuously vary over time as the motion

of the transmitter and receiver is ongoing. Based on the model
parameters of the motion of the transmitter and receiver,
we can derive the closed-form expressions of the time-varying
AoD and AoA statistics in wireless non-stationary channels.
It is worth mentioning that the interfering objects in UAV
communication scenarios are randomly distributed in the 3D
space and the propagation environments are dynamic; there-
fore, the classic distributions (i.e., Gaussian or exponential dis-
tributions) fails to characterize the transmit/receive distances
and angular parameters in wireless channels. This motivates
us to propose an efficient estimation algorithm to determine
the angular parameters and propagation path lengths in UAV
channels. Nonetheless, we argue that the above method can
be further adopted to effectively evaluation the performance
of UAV wireless communication systems [22].

To evaluate the performance of wireless communication
systems efficiently, a variety of angular estimation algorithms
have been proposed in the literature. Specifically, the authors
in [23] proposed Rayleigh fading channel models in space-,
time-, and frequency-domain. Simulation results demonstrate
that these models are able to effectively characterize the
performance of discrete-time MIMO communication systems.
Later, Xiao et al. [24] introduced an estimation algorithm into
a Clarke’s model, the results demonstrated that the algorithm
could be used to reduce the variation of temporal correlations
of a fading realization. To reduce the dimensionality of the
measurement matrix for angular estimation, a pre-estimation
algorithm is introduced in [25]. Furthermore, in massive
MIMO communication systems, Huang et al. [26] developed
a deep learning-based scheme for achieving super-resolution
angular estimation in wireless channels. Moreover, the authors
in [27] and [28] proposed channel estimation models for
MIMO communication systems based on the known model
parameters. However, it is worth mentioning that when we
characterize the propagation properties in real wireless com-
munication environments, it is important to introduce an
angular estimation algorithm with low complexity and high
accuracy into wireless channel models.

C. Main Contributions

In this work, a novel 3D MIMO channel model is proposed
to describe the A2G communications in UAV environments,
as shown in Fig. 1, where the UAV transmitter and ground
receiver are in motion in the air and on the ground, respec-
tively. The main contributions of this article are summarized
as follows:

• We propose a computationally efficient solution to esti-
mate the real-time azimuth angle of departure (AAoD),
elevation angle of departure (EAoD), azimuth angle of
arrival (AAoA), and elevation angle of arrival (EAoA)
in the proposed channel model. To be specific, we first
estimate the angular parameters in the preliminary stage
before the UAV transmitter and ground receiver move.
Then, the real-time AAoD/EAoD and AAoA/EAoA
are efficiently estimated based on the estimated initial
angular parameters and the motion parameters of the
UAV and MR. It is worth mentioning that the proposed
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Fig. 1. Proposed 3D MIMO channel model for A2G communications in UAV environments. (a) In the preliminary stage; (b) In the real-time stage.

algorithm can be extended to the applications of other
communication scenarios, which provides a new and
practical approach to evaluate the performance of next-
generation wireless communication systems.

• In the proposed channel model, we investigate the prop-
agation properties for different moving directions and
velocities of the UAV transmitter in the air and the
receiver on the ground level. The time-varying spatial
cross-correlation functions (CCFs) and temporal auto-
correlation functions ACFs) with respect to the different
moving time are investigated. Furthermore, the Doppler
power spectral densities (PSDs) and power delay pro-
files (PDPs) of the proposed model are derived and
thoroughly studied.

• The time-varying AAoD/EAoD and AAoA/EAoA esti-
mations are derived to capture the non-stationarity of
the proposed channel model. Furthermore, the impacts
of the moving directions and velocities on the time-
varying channel characteristics are compared with those
of practical channel measurements. The results show that
the proposed channel characteristics fit the measurements
in realistic A2G communication scenarios very well.

The remainder of this article is organized as follows.
Section II presents the general system channel model.
In Section III, the complex channel impulse responses (CIRs)
of the UAV-MIMO channel model are estimated. Section IV
provides the underlying characteristics of the proposed
UAV-MIMO channel model, and then numerical results and
discussions are given in Section V. Finally, our conclusions
are given in Section VI.

II. CHANNEL MODEL

In this section, we propose a novel 3D MIMO channel
model for A2G communications in UAV environments, where

the UAV transmitter and the ground receiver are equipped with
MT and MR uniform linear array (ULA) antenna arrays [29],
as shown in Fig. 1. In the preliminary stage, which corresponds
to the condition when the UAV transmitter and ground receiver
are static, we define the line connecting the center of the
ground receiver and the projection point of the center of the
UAV in the horizontal plane as the x-axis, which remains
unchanged even when the UAV and MR are in motion. Let us
define α�,T and β�,T as the AAoD and EAoD of the waves
that impinge on the �-th cluster, respectively; while α�,R and
β�,R as the AAoA and EAoA of the waves traveling from the
�-th cluster, respectively. It is worth mentioning that the waves
emerge from the UAV to the MR are easily blocked by tree
crowns or buildings in complicated A2G communication envi-
ronments, and therefore the line-of-sight (LoS) propagation
components are extremely weak when compared with the non-
LoS (NLoS) components in the signal received at the ground
receiver [13]. In view of this, we assume that the obstacles in
the proposed A2G channel model are static near to the MR,
while the UAV moves in the air is high enough to be free of
scattering environments.

As shown in Fig. 1, we define δT and δR as the spac-
ing between two adjacent UAV transmit and ground receive
antenna elements, respectively. The orientations of the transmit
antenna array relative to the x-axis and to the azimuth plane
are denoted as ψT and θT , respectively. Similarly, at the
MR, the orientations of the antenna array relative to the
x-axis and to the azimuth plane are denoted as ψR and
θR, respectively. Here, parameters ψT , θT , ψR, and θR are
all set to be constant. The physical properties of the pro-
posed MIMO channel can be described by a matrix H(t) =[
hpq(t, τ)

]
MR×MT

of size MR ×MT , where hpq(t, τ) repre-
sents the complex CIR between the p-th (p = 1, 2, . . . ,MT )
transmit antenna and q-th (q = 1, 2, . . . ,MR) receive
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antenna, i.e., [30]

hpq(t, τ) =
L(t)∑
�=1

h�,pq(t) δ
(
τ − τ�(t)

)
, (1)

where h�,pq(t) represents a narrowband process where all
the propagation components have the same delay τ�(t), L(t)
denotes the number of the propagation paths. Here, it is worth
mentioning that the delay τ�(t) of the waves emerging from
the UAV to the MR is time-variant because of the motion of
the UAV and MR. Therefore, the complex fading envelope
h�,pq(t) can be expressed as

h�,pq(t) = ω�e
j
(

ϕ0−2πfcτ�,pq(t)
)

× ej 2π
λ vT t cos

(
α�,T −ϕT

)
cos

(
β�,T −γT

)
× ej 2π

λ vRt cos
(

α�,R−ϕR

)
cos β�,R , (2)

where τ�,pq(t) represents the propagation delay of the waves
emerging from the p-th transmit antenna to the q-th receive
antenna via the scatterers within the �-th cluster, fc denotes
the carrier frequency, ω� is the attenuation factors, and λ
is the carrier wavelength. Parameters vT , vR, ϕT , γT , and
ϕR are set to be constant. Specifically, vT and vR are the
moving velocities of the UAV and MR, respectively, ϕT and
γT are the UAV’s moving directions in the horizontal and
vertical planes, respectively, ϕR is the MR’s moving direction
in the horizontal plane. Moreover, the transmit and receive
antenna spacing elements are not obvious when compared to
the propagation path lengths; therefore, it is unnecessary to
define the AAoD/EAoD and AAoA/EAoA for the different
antenna elements [31]. To proceed further with a stochastic
description of the statistical channel model in (2), it is of
vital importance to introduce a random variable for the model
parameters. Here, we should mention that the proposed 3D
channel model is stochastic, which is mainly suitable for A2G
communications in different UAV environments by adjusting
the certain parameters. This is mainly due to the fact that
the random phase ϕ0 of the complex fading envelope h�,pq(t)
is assumed to have a uniform distribution in the interval
from −π to π, i.e., ϕ0 ∼ [−π, π). Therefore, the matrix
H(t) =

[
hpq(t, τ)

]
MR×MT

, which characterizes the physical
properties of our UAV-MIMO channel model, is stochastic.

III. ESTIMATION OF THE COMPLEX CIRS

A. Algorithm Description

As shown in Figs. 1(a) and 1(b), when the UAV transmitter
moves from position P1 to P2, and the MR moves from
position P3 to P4, the channel model varies over time; and
therefore the complex CIRs for different moving time t should
be updated to characterize the time-varying properties of
the channel model [32]. However, it seems impossible to
estimate the complex CIRs in a real-time manner due to
the high computational complexity of the estimation process.
To address the above issue, let us assume that the MR is able
to receive the signal transmitted from the UAV for a while
in the preliminary stage of the system, which corresponds to
the time period before the UAV and MR move, i.e., t = 0.

Then, we propose a three-step approach to estimate the real-
time channel information of the proposed model, which can
be shown as follows:

• First, we propose an approach to estimate the initial
AAoD/EAoD and AAoA/EAoA, which means the pro-
posed channel model during the initialization before the
UAV and MR move can be estimated;

• Next, for every time instant when the UAV and MR
are in motion, we estimate the real-time AAoD/EAoD
and AAoA/EAoA based on the estimated initial angular
parameters and the motion parameters of the UAV and
MR;

• Finally, by substituting the estimates of the time-varying
AAoD/EAoD and AAoA/EAoA into the complex CIRs
in (1), the complex CIRs of the proposed UAV-MIMO
channel model in a real-time manner can be obtained.

In this article, we adopt the maximum likelihood esti-
mation (MLE) to obtain the coarse AAoD/EAoD and
AAoA/EAoA estimations. The purpose of the angle estimation
is for channel modeling. The MLE is an asymptotically opti-
mal estimator which generally performs very well even though
the number of observation is not large. It is worth mentioning
that the waves emitted from the UAV experience the multi-
paths impinging on the scatterers within the cluster before
reaching the MR. In this case, we assume that every scatterer
within the cluster approximately has the same propagation
distance from the center of the corresponding antenna array,
and moves with the same velocity. A similar assumption was
made in [33]. Therefore, we consider the same AAoD/EAoD
and AAoA/EAoA to characterize the multi-paths propagation
from the transmit/receive antennas to the scatterers within the
cluster.

B. AAoD/EAoD and AAoA/EAoA Estimations
in the Real-Time Stage

Based on the estimated angular parameters in the prelimi-
nary stage discussed in the Appendix, as well as the motion
parameters of the UAV transmitter and ground receiver, we can
estimate the real-time AAoD/EAoD and AAoA/EAoA in the
proposed UAV-MIMO channel model. Note that when the
UAV and receiver are in motion, i.e., t �= 0, the closed-
form expressions of the path lengths and angular parameters
are time-variant. In this stage, the complex fading envelope
h�,pq(t) can be expressed as

h�,pq(t) = ω�e
j
(

ϕ0−2πfcτ�,pq(t)
)
× ej2πtf�,pq(t) , (3)

In the proposed channel model, the distance vectors from
the centers of the transmit and receive antenna arrays to the
�-th cluster during the initialization can be expressed as

D�,T (0) = D�,T (0)

⎡
⎣cosβ�,T (0) cosα�,T (0)

cosβ�,T (0) sinα�,T (0)
sinβ�,T (0)

⎤
⎦ (4)

D�,R(0) = D�,R(0)

⎡
⎣cosβ�,R(0) cosα�,R(0)

cosβ�,R(0) sinα�,R(0)
sinβ�,R(0)

⎤
⎦, (5)
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where α�,T (0), β�,T (0), α�,R(0), and β�,R(0) are, respectively,
the AAoD, EAoD, AAoA, and EAoA of the waves via the
scatterers within the �-th cluster in the preliminary stage,
i.e., t = 0. It is worth mentioning that these angular parameters
can be estimated by the solution in the Appendix. Note again
that the MR is in motion with the speed vR and direction ϕR

in the azimuth plane, while the UAV transmitter is in motion
in the 3D space with speed vT and directions ϕT and γT

for the horizontal and vertical planes, respectively. Therefore,
the transmit and receive velocity vectors, denoted by vT and
vR, respectively, can be expressed as

vT = vT

⎡
⎣cos γT cosϕT

cos γT sinϕT

sin γT

⎤
⎦, (6)

vR = vR

⎡
⎣cosϕR

sinϕR

0

⎤
⎦, (7)

Consequently, the distance vectors from the transmit and
receive antennas to the �-th cluster in real-time stage can be
expressed as

D�,T (t) = D�,T (0) − vT t, (8)

D�,R(t) = D�,R(0) − vRt. (9)

Accordingly, the real-time distance vectors from the
p-th transmit antenna and the q-th receive antenna to the �-th
cluster, denoted by D�,T,p(t) and D�,R,q(t), respectively, can
be computed as

D�,T,p(t) = D�,T (t) − AT,p, (10)

D�,R,q(t) = D�,R(t) − AR,q, (11)

where AT,p and AR,q denote the distance vector from the
center points of the MT and MR arrays to the p-th transmit
antenna and the q-th receive antenna, respectively, which can
be expressed as

AT,p =
MT − 2p+ 1

2
δT

⎡
⎣cos θT cosψT

cos θT sinψT

sin θT

⎤
⎦ (12)

AR,q =
MR − 2q + 1

2
δR

⎡
⎣cos θR cosψR

cos θR sinψR

sin θR

⎤
⎦. (13)

Furthermore, in (3), τ�,pq(t) = (D�,T,p(t) +D�,R,q(t) )/c,
where D�,T,p(t) and D�,R,q(t) denote the propagation path
lengths from the p-th transmit antenna and the q-th receive
antenna to the �-th cluster, which can be derived by taking the
magnitude of D�,T,p(t) and D�,R,q(t), respectively. The c is the
speed of light. Based on the above derivations, the Doppler
frequency component of the �-th propagation link between
the p-th transmit antenna and q-th receive antenna can be
expressed as

f�,pq(t) =
1
λ

(〈D�,T,p(t), vT

〉∣∣∣∣D�,T,p(t)
∣∣∣∣ +

〈
D�,R,q(t), vR

〉∣∣∣∣D�,R,q(t)
∣∣∣∣ )

, (14)

where 〈·〉 represents the inner product. To characterize the
non-stationarity of the proposed UAV-MIMO channel model,

the time-varying closed-form expressions of the AAoD and
EAoD are respectively shown in as

α�,T (t)

= arctan
D�,T (0) cosβ�,T (0) sinα�,T (0)−vT t cosγT sinϕT

D�,T (0) cosβ�,T (0) cosα�,T (0)−vT t cosγT cosϕT

(15)

β�,T (t)

= arccot

{
1

D�,T (0) sinβ�,T (0) − vT t sin γT

×
[(
D�,T (0) cosβ�,T (0) sinα�,T (0)−vT t cos γT sinϕT

)2
+
(
D�,T (0) cosβ�,T (0) cosα�,T (0)

− vT t cos γT cosϕT

)2]1/2
}
. (16)

Observe that the time-varying AAoA α�,T (t) and EAoA
β�,T (t) are closely related to the UAV and MR motion
(i.e., direction, velocity, and time), the preliminary angular
parameters (α�,T (0) and β�,T (0)), the LoS path length D0 and
the UAV’s height H0, as shown in Fig. 1. Similar as before,
the time-varying expressions of the AAoA and EAoA can be
respectively calculated as

α�,R(t)

= arctan
D�,R(0) cosβ�,R(0) sinα�,R(0) − vRt sinϕR

D�,R(0) cosβ�,R(0) cosα�,R(0) − vRt cosϕR

(17)

β�,R(t)

= arccot

{
1

D�,R(0) sinβ�,R(0)

×
[(
D�,R(0) cosβ�,R(0) sinα�,R(0) − vRt sinϕR

)2
+
(
D�,R(0) cosβ�,R(0) cosα�,R(0) − vRt cosϕR

)2]1/2
}
.

(18)

Overall, the procedure for generating the proposed
UAV-MIMO channel model is shown in Algorithm I at the
left top of the next page.

It is worth mentioning that the proposed channel modeling
solution is significantly different from the existing 3GPP like
geometric based modeling methods. Specifically, the existing
3GPP channel models mainly assume that the channel infor-
mation are known in advance [15]–[18], and then investigate
the channel characteristics. However, in our channel model,
we propose an approach to estimate the channel information
during the initialization stage before the UAV and MR move.
Then, we predict the real-time channel characteristics based
on the UAV/MR motion (i.e., direction, velocity, and time)
and the estimated initial parameters.

IV. CHANNEL CHARACTERISTICS OF

THE PROPOSED MODEL

To demonstrate the rationality and generality of the pro-
posed 3D UAV-MIMO channel model, it is necessary to derive
and investigate the channel characteristics based on the above
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Algorithm 1 Procedure for the Proposed Channel Generation
1: Generate the initial parameters, including the distance D0

between the horizontal distance between the centers of the
UAV and MR, as well as the UAV’s height H0;

2: Perform the proposed algorithm to estimate the angular
parameters during the initialization before the UAV and
MR move.

3: Compute the time-varying closed-form expressions of the
AAoD α�,T (t), EAoD β�,T (t), AAoA α�,R(t), and EAoA
β�,R(t) based on (15)-(18);
Then, the time-varying statistical properties of the
UAV-MIMO channel model can be described;

4: Incorporate the time-varying geometric angular parameters
and propagation paths into the complex fading envelope in
(3), the expression of the h�,pq(t) can be derived.

5: By substituting the complex fading envelope h�,pq(t) into
(1), the complex CIR between the p-th transmit antenna
and q-th receive antenna can be obtained. Then, the pro-
posed 3D UAV-MIMO channel model, which physical
properties is characterized by the channel matrix H(t) =[
hpq(t, τ)

]
MR×MT

, can be generated.

derived complex CIRs [4]. In the following part, we investigate
the characteristics of the proposed channel model, including
those of the spatial CCFs, temporal ACFs, Doppler PSDs, and
PDPs.

A. Spatial CCFs

For the proposed UAV-MIMO communication system,
the complex CIRs have the ability to characterize the channel
effect [6]. Once calculated, the complex CIRs can be used
to investigate the statistical properties of the communication
system. In the proposed UAV-MIMO channel model, the spa-
tial CCF between the propagation link from the p-th transmit
antenna to q-th receive antenna and the link from the p′-th
(p′ = 1, 2, ,MT ) transmit antenna to q′-th (q′ = 1, 2, ,MR)
receive antenna can be defined as the correlation between the
fading envelopes h�,pq(t) and h�,p′q′(t), i.e., [34]

ρh�,pq;h�,p′q′ (t, τ
′) = E

[
h�,pq(t) h∗�,p′q′(t− τ ′)

]
, (19)

where the expectation operation E[·] applies only to the
random phase ϕ0, and (·)∗ denotes the complex conjugate
operation. By averaging over the random phases ϕ0, the spatial
CCFs of the proposed UAV-MIMO channel model can be
expressed by substituting (2) into (19) as follows:

ρh�,pq ;h�,p′q′ (t, τ
′) = ej 2π

λ

(
tf�,pq(t)−(t−τ ′)f�,p′q′ (t−τ ′)

)
× e−j2πfc

[
D�,T,p(t)+D�,R,q(t)

]
/c

× ej2πfc

[
D�,T,p′ (t−τ ′)+D�,R,q′ (t−τ ′)

]
/c.

(20)

By substituting the closed-form expressions of the time-
varying transmit and receive propagation path lengths

into (20), we can obtain the spatial CCF of two different
propagation components in the model.

B. Temporal ACFs

It is worth mentioning that the complex fading envelope of
the proposed UAV-MIMO channel model in (2) have different
physical properties at different moving time t; therefore, it is
important to investigate the temporal ACF of the propagation
link from the p-th transmit antenna to the q-th receive antenna
at different time difference Δt, which can be expressed as

r�,pq(t,Δt) = E

[
h�,pq(t)h∗�,pq(t+ Δt)

]
. (21)

After applying similar techniques as introduced at the
beginning of this section, we can show that the temporal ACF
of the proposed model as

r�,pq(t,Δt) = ej 2π
λ

(
tf�,pq(t)−(t+Δt)f�,pq(t+Δt)

)
× e−j2πfc

[
D�,T,p(t)+D�,R,q(t)

]
/c

× ej2πfc

[
D�,T,p(t+Δt)+D�,R,q(t+Δt)

]
/c. (22)

Obviously, we note that all the above investigated channel
properties are time-variant on account of the non-stationary
properties of the proposed model.

C. Doppler PSDs

In the proposed A2G channel, the received signal frequency
constantly varies on account of the motion between the UAV
transmitter and ground receiver. Here, when we take the
Fourier transform of the temporal ACF r�,pq(t,Δt) in terms
of the time difference Δt, we can obtain the Doppler PSD of
the proposed model as

S�,pq(t, f) =
∫ ∞

−∞
r�,pq(t,Δt)e−j2πfΔtdΔt

=
∫ ∞

−∞
ej 2π

λ

(
tf�,pq(t)−(t+Δt)f�,pq(t+Δt)

)
e−j2πfΔt

× e−j2πfc

[
D�,T,p(t)+D�,R,q(t)

]
/c

× ej2πfc

[
D�,T,p(t+Δt)+D�,R,q(t+Δt)

]
/cdΔt.

(23)

It is worth mentioning that the Doppler PSDs of the pro-
posed model are determined by the moving directions (i.e., ϕT ,
γT , and ϕR), velocities (i.e., vT and vR), and time t of the
UAV and MR.

D. PDPs

Based on the measurements of the spatial average of the
proposed CIRs, we can obtain the closed-form expression
of the proposed PDP, which can be used to characterize
the intensity of a signal received through the proposed A2G
channel [32]. In wideband V2V channels, the propagation
delays are discrete, which are in correspondence with the
propagation delays in different taps [31]. However, the delay
τ�(t) in the proposed UAV channel model is time-variant
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because of the motion of the UAV and MR, and hence the
propagation delay τ is continuous. Accordingly, the PDP of
the proposed model can be calculated as

Ph�,pq
(t, τ) =

∣∣h�,pq(t, τ)
∣∣2

=
∣∣∣∣ω�e

j
(
ϕ0−2πfcτ�,pq(t)

)
ej 2π

λ tf�,pq(t)δ
(
τ−τ�(t)

)∣∣∣∣2.
(24)

Observe that the propagation delay τ�(t), and the complex
fading envelope h�,pq(t) are all dependent on the moving
time t. Therefore, the proposed PDP is completely determined
by the moving time t.

Note that the prior works on investigating the underlying
channel characteristics, i.e., the spatial CCFs, temporal ACFs,
Doppler PSDs, and PDPs, require accurate knowledge of
model parameters. In practice, they are however difficult to
obtain in real wireless communication scenarios. To address
this issue, we propose a solution to estimate the AAoD/EAoD
and AAoA/EAoA, which can be further used to estimate the
channel parameters, i.e., propagation paths and angular para-
meters. Hence, the complex CIRs can be estimated to charac-
terize the physical properties of wireless channels and improve
the accuracy of the channel models for different wireless
communication scenarios. The proposed algorithms provide
an efficient solution to accurately acquire the UAV-MIMO
channel characteristics, and can be further used for the B5G
communication system design and simulations.

V. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we evaluate the proposed estimation algo-
rithm to estimate the AAoD/EAoD and AAoA/EAoA in the
preliminary stage. Then, we study the statistical propagation
properties of the proposed UAV-MIMO channel model.

A. Angular Parameters Estimations

Let us assume that the UAV transmitter and MR in the pre-
liminary stage are static for a while. During this time period,
the MR is able to receive the complete information from the
transmitter. Here, the p-th transmitted signal is defined as
a cosine signal, i.e., xp

(
kT − τ�(0)

)
= cos

(
kT − τ�(0)

)
.

For the sake of generality, basic parameters in the following
simulations are obtained using fc = 5.9 GHz, ω� = 10,
σ2 = 5, ψT = ψR = π/12, θT = θR = π/12, λ = 0.2, and
MT = MR = 4. The exact values of the angular parameters
are set as α�,T (0) = π/4, β�,T (0) = −π/6, α�,R(0) = 2π/3,
and β�,R(0) = π/3. The number of Monte Carlo iterations is
set as 10000.

Based on the Newton-Raphson method, the performance of
the MLE of the AAoD/EAoD and AAoA/EAoA estimations
in preliminary stage is provided in Fig. 2. The MLE of
angle estimation is defined as E =

[|νtrue − νest|2
]
, with νtrue

representing the exact angle in the proposed communication
system, and νest is its estimated counterpart. It is seen from
Fig. 2 and Fig. 3 that the estimation errors for estimating
the AAoD/EAoD and AAoA/EAoA gradually decrease as the
number of samples K increases, which demonstrates that

Fig. 2. Mean squared error performance in the preliminary stage before the
UAV and MR move. (a) AAoD and AAoA estimation; (b) EAoD and EAoA
estimation when H0 = 100 m.

the estimation performance can be very good for channel
modeling, especially when K is large [35]. Furthermore,
we notice that when the horizontal distance D0 between the
centers of the UAV and MR increases from 20 m to 100 m,
the MLEs of the angular estimations increase correspondingly.

To estimate the MLE performance of the real-time
AAoD/AAoA and EAoD/EAoA in the proposed UAV-MIMO
channel model, the moving parameters of the UAV and MR
in Fig. 3 are set ϕT = π/3, γT = π/3, ϕR = π/4,
vT = 5 m/s, and vR = 20 m/s. In the figure, we notice
that the MLE at different time instants gradually decrease as
the K increase, which is in correspondence with the results
in Fig. 2. Furthermore, when the moving time t increases from
2 s to 30 s, the horizontal distance D0 between the centers
of the UAV and MR increases correspondingly; therefore,
the MLE performance increases slowly.

B. Spatial CCFs and Temporal ACFs

It is worth mentioning that (20) plotting Fig. 4 is a Bessel
function, which indeed fluctuates when increasing the antenna
spacing but the general trend is to decrease with the increase of
the antenna spacing. In our simulations, the initial parameter
settings are somehow in agreement with the environments of
channel measurements. The simulation results fit the mea-
surements in [36] very well, which also demonstrates that
the spatial CCFs of the wireless channel models gradually
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Fig. 3. Mean squared error performance in the real-time stage for different moving time of the UAV and MR when H0 = 100 m and D0 = 50 m.
(a) t = 2 s; (b) t = 10 s; (c) t = 30 s; (d) t = 2 s; (e) t = 10 s; (f) t = 30 s.

Fig. 4. Spatial CCFs of the proposed 3D channel model for different UAV’s
moving velocities and directions when H0 = 100 m, D0 = 20 m, γT = 0,
and vR = 0.

decrease as the adjacent spacing of the MR antenna array
increases. It has been demonstrated in [15] that the UAV’s
moving direction has a substantial impact on the A2G channel
characteristics. In light of this, we investigate the spatial
CCFs of the proposed channel model for some specific UAV
motion directions and velocities in Fig. 4. The figure shows
that when the UAV moves towards the horizontal plane,
i.e., ϕT = 0 and γT = −π/2, the spatial correlations gradually
increase as the velocity of the UAV increases from 5 m/s
to 20 m/s. However, when the UAV moves away from the
horizontal plane, i.e., ϕT = 0 and γT = π/2, the correlations
decrease as the UAV’s velocity rises from 5 m/s to 20 m/s.
Simulation results in Fig. 4 fit the conclusions in [16] very
well, thereby demonstrating the accuracy of the above analysis
and derivations. It is worth noting that the spatial correlation
varies more heavily as the moving time t increases from 2 s

Fig. 5. Spatial CCFs of the proposed channel model for different horizontal
distances between the centers of the UAV and MR when H0 = 100 m and
vT = vR = 0.

to 5 s. In addition, in Fig. 5, the spatial CCFs of the proposed
model are relatively large as the distance D0 between the
centers of the UAV and MR is smaller than 5 m. However,
when the distance is larger than 100 m, the spatial CCFs of
the proposed model decrease extremely fast. Therefore, we can
conclude that the spatial CCFs of the proposed UAV channel
model have different behaviors as the distance between the
centers of the UAV and MR varies, which is in agreement
with the results in [17].

It is stated in [1] that the flight altitude of the UAV
ranges from a few meters to a few hundred meters; therefore,
we investigate the spatial CCFs of the proposed channel model
for different heights of the UAV in Fig. 6, to demonstrate
the impact of the UAV’s height on the channel charac-
teristics. It can be observed that when the height of the
UAV increases from 10 m to 200 m, the spatial correlation
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Fig. 6. Spatial CCFs of the proposed channel model for different heights of
the UAV when D0 = 50 m and vT = vR = 0.

Fig. 7. Temporal ACFs of the proposed channel model for different UAV’s
moving directions and time when H0 = 100 m, D0 = 20 m, vR = 0, and
vT = 10 m/s.

decreases gradually, which is in consistent with the simulation
results in [15].

By using (21), Fig. 7 illustrates the temporal ACFs of
the proposed channel model at three different moving time,
i.e., t = 1 s, t = 2 s, and t = 5 s. It is obvious that when
the moving time difference Δt increases, the temporal cor-
relation decrease gradually [37]. Furthermore, we investigate
the temporal ACFs of the proposed channel model for some
specific moving directions of the UAV. Note that when the
UAV moves away from the azimuth plane, i.e., ϕT = 0 and
γT = π/2, the height of the UAV increases slowly. In this
case, the temporal correlations gradually decrease as the time
t varies from 1 s to 5 s. When the UAV moves towards the
azimuth plane, i.e., ϕT = 0 and γT = −π/2, the correlations
increase slowly as the time t increases. These results fit
the measurements in [38] very well, which also demonstrate
that the temporal autocorrelations gradually decrease as the
propagation distance between the transmitter and receiver
increases. In addition, we notice that when the moving time t
is 1 s, the differences between the above two cases are
insignificant. The aforementioned simulation results agree with
the conclusions in [16], thereby validating the accuracy of the
above analysis and derivations.

Fig. 8. Doppler PSDs of the proposed channel model for different distances
D0 and different MR’s moving time t.

Fig. 9. PDPs of the proposed channel model for different MR’s moving
directions and velocities when H0 = 100 m, D0 = 20 m, and vT = 0.

C. Doppler PSDs
Measurements in [39] have demonstrated that the motion of

the transmitter and receiver lead to perturbations of Doppler
spectrum in wireless channels. In light of this, we investigate
the Doppler PSDs of the proposed channel model for the
case that D0 = 20 m and the case that D0 = 100 m
in Fig. 8, which respectively correspond to the relatively small
and large distances between the horizontal distance between
the center points of the UAV and MR antenna arrays. It can be
observed that when the horizontal distance D0 increases from
20 m to 100 m, the propagation delay (i.e., tap number) rises
correspondingly, and hence the Doppler PSDs of the proposed
model decrease gradually, which agree with the measurements
in [18] very well. Here, we also note that the Doppler spectrum
has different behaviors at different MR’s moving time t, which
agrees with the results in [40]. Furthermore, the Doppler
spectrum has a dominant narrow peak at the zero frequency,
which is in agreement with the theoretical simulations in [41]
and the measurements in [18], verifying the correctness of the
simulations and derivations in (23).

D. PDPs
Similar to the discussions in Fig. 4, we investigate the PDPs

of the proposed channel model for some specific MR moving
directions in Fig. 9. They are the case that the MR moves

Authorized licensed use limited to: Southeast University. Downloaded on December 23,2020 at 12:12:15 UTC from IEEE Xplore.  Restrictions apply. 



JIANG et al.: NOVEL 3D UAV CHANNEL MODEL FOR A2G COMMUNICATION ENVIRONMENTS 7241

towards the origin of the coordinate, as well as the case that the
MR moves away from the origin of the coordinate. It can be
observed that when the MR moves away the projection point of
the UAV in the horizontal plane, i.e., ϕR = 0, the propagation
path length increases slowly as the motion is ongoing. In this
case, the proposed PDPs decrease gradually as the propagation
delay τ increases [32]. However, when the ground receiver
moves towards the projection point of the UAV in the azimuth
plane, i.e., ϕR = π, the path length approaches to be a lower
value. In this case, the proposed PDPs gradually increase as
the delay τ increases. Furthermore, we study the proposed
PDPs for the case that vR = 5 m/s and vR = 20 m/s, which
correspond to the relatively small and large velocities of the
MR, respectively. More specifically, it is obvious that when
the velocity of the MR is 20 m/s, the proposed PDP varies
more significantly as the MR’s velocity is 5 m/s. It is worth
noting that when the time t increases from 0 to 2 s, the PDPs
increase and decrease more rapidly for the cases of ϕR = π
and ϕR = 0, respectively. The model can be easily fitted
by the measured PDP at different moving time t. Therefore,
we are able to effectively analysis and design the proposed
UAV-MIMO wireless communication systems.

VI. CONCLUSION

In this article, we have provided a 3D MIMO channel
model for A2G communications in UAV scenarios. When the
horizontal distance between the centers of the UAV and MR
antenna elements is known, the 3D angular parameters are
estimated during which the UAV and MR are stationary. Then,
we estimate the real-time AAoD/EAoD and AAoA/EAoA to
capture the non-stationarity of the channel model. Numerical
simulation results have shown that the MLE performance
of the AAoD/EAoD and AAoA/EAoA estimations performs
satisfactory as the number of sequence of samples K increases
gradually. Furthermore, the proposed channel characteristics,
such as the spatial CCFs, temporal ACFs, Doppler PSDs,
and PDPs, are closely related to the moving velocities and
directions of the UAV and MR on the ground, the hor-
izontal distances between the transceivers, UAV’s height,
and so on.

It is also worth mentioning the proposed estimation algo-
rithm for characterizing the real-time channel characteristics

can be used to develop new algorithms for evaluating the
performance of A2G and air-to-air (A2A) communication
systems in different UAV environments, such as mountain,
sea, city, etc. For example, when we conduct the channel
measurements in wireless networks, machine-learning-based
data processing techniques can be introduced to predict the
real-time properties of communication systems.

APPENDIX

AAOD/EAOD AND AAOA/EAOA ESTIMATIONS

IN THE PRELIMINARY STAGE

In the preliminary stage the UAV and MR are assumed
to be stationary, the AAoD and EAoD of the propagation
path that impinge on the �-th cluster, and the AAoA and
EAoA of the propagation path traveling from the �-th clus-
ter are denoted as α�,T (0), β�,T (0), α�,R(0), and β�,R(0),
respectively; the distances from the centers of the UAV and
MR to the �-th cluster are denoted as D�,T (0) and D�,R(0),
respectively; the distances from the p-th transmit antenna and
q-th receive antenna to the �-th cluster are D�,T,p(0) and
D�,R,q(0), respectively. In this stage, the complex CIR can be
expressed as

hpq(0, τ) = ω�e
j
(
ϕ0−2πfcτ�,pq(0)

)
δ
(
τ − τ�(0)

)
, (25)

where τ�(0) = (D�,T (0)+D�,R(0))/c denotes the propagation
delay of the waves emerging from the center of the UAV to
that of the MR during the initialization. Furthermore, the delay
τ�,pq(0) is the propagation time of the wave from the p-th
transmit antenna to the q-th receive antenna via the �-th cluster,
which can be derived as (26), shown at the bottom of the
page. Note that in (26), kp = (MT − 2p+ 1)/2, kq = (MR −
2q + 1)/2, and the distances D�,T (0) and D�,R(0) can be
respectively expressed as (27) and (28), shown at the bottom
of the page, where H0 denotes the height of the UAV, D0 is the
horizontal distance between the center points of the UAV and
MR antenna arrays during the initialization. This is mainly due
to the fact that the propagation delay τ�,pq(0) can be defined
as the ratio of the p-th transmit and q-th receive path lengths
to the speed of light, while the closed-form expressions of the
p-th transmit and q-th receive path lengths are derived based
on the known distance D0 and the height H0.

τ�,pq(0) =
(
D�,T,p(0) +D�,R,q(0)

)
/c

=
1
c

(√
D2

�,T (0)+(kpδT )2−2D�,T (0)kpδT cosβ�,T (0) cos θT cos
(
α�,T (0)−ψT

)− 2D�,T (0)kpδT sinβ�,T (0) sin θT

+
√
D2

�,R(0)+(kqδR)2−2D�,R(0)kqδR cosβ�,R(0) cos θR cos
(
α�,R(0)−ψR

)−2D�,R(0)kqδR sinβ�,R(0) sin θR

)
(26)

D�,R(0) =
H0 cotβ�,T (0) cosα�,T (0) −D0

sinβ�,R(0) cotβ�,T (0) cotα�,T (0) + cosβ�,R(0) cosα�,R(0)
(27)

D�,T (0) =
H0 cotβ�,R(0) cosα�,R(0) +D0

sinβ�,T (0) cotβ�,R(0) cotα�,R(0) + cosβ�,T (0) cosα�,T (0)
(28)
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Fig. 10. Illustration of the proposed UAV MIMO communication system.

In this stage, the received signal of the q-th receive antenna
element can be calculated as

yq(τ) =
MT∑
p=1

xp(τ) ∗ hpq(0, τ)

=
MT∑
p=1

∫ ∞

−∞
h�,pq(0)δ

(
λ− τ�(0)

)
xp(τ − λ)dλ

=
MT∑
p=1

h�,pq(0)xp

(
τ − τ�(0)

)
+ nq(τ), (29)

where xp(τ) denotes the p-th input signal, ∗ is the con-
volution operation, and nq(τ) is the complex noise of the
q-th receive antenna. As demonstrated in [42], the output of
wireless communication system can be simply expressed as
product of complex fading envelope and the transmitted signal.
By substituting (25) into (29), we can obtain the expression of
the received signal of the q-th antenna element in the proposed
model as

yq(τ)=ω�e
j
(
ϕ0−2πfcτ�,pq(0)

)
xp

(
τ−τ�(0)

)
+nq(τ). (30)

Based on the sampling theorem, we can convert a contin-
uous received signal yq(τ) to a discrete sequence of samples
{yq(1T ), yq(2T ), . . . , yq(KT )}, where K denotes the number
of sequence of samples, as illustrated in Fig. 10, with no loss
of information [23]. Therefore, we can rewrite the received
signal of the k-th (k = 1, 2, . . . ,K) sequence of the q-th
receive antenna element as

yq(kT )=
MT∑
p=1

ω�e
j
(

ϕ0−2πfcτ�,pq(0)
)
xp

(
kT−τ�(0)

)
+nq(kT )

(31)

where nq(kT ) denotes the complex white Gaussian noise of
the k-th sequence of the q-th receive antenna, i.e., nq(kT ) ∼
CN (0, σ2). Accordingly, the received signal vector of the q-th
antenna of the receive array, denoted by yq ∈ CK , can be

expressed as

yq =
[
yq(1T ), yq(2T ), . . . , yq(kT ), . . . , yq(KT )

]T

=
MT∑
p=1

ω�e
j
(
ϕ0−2πfcτ�,pq(0)

)
⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

xp

(
1 T − τ�(0)

)
xp

(
2 T − τ�(0)

)
...

xp

(
kT − τ�(0)

)
...

xp

(
KT − τ�(0)

)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

︸ ︷︷ ︸
mq

+

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

nq(1T )
nq(2T )

...
nq(kT )

...
nq(KT )

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

︸ ︷︷ ︸
nq

, (32)

where [·]T denotes the transpose operation. Subsequently,
the received signal vector of the proposed communication
system, denoted as y ∈ CMRK , can be expressed as

y =
[
y1, y2, . . . , yq, . . . , yMR

]T
= m + n, (33)

where m =
[
m1,m2, . . . ,mq, . . . ,mMR

]T
and n =[

n1, n2, . . . ,nq, . . . ,nMR

]T
. Here, let us define n = nr + jni

as the MRK dimensional complex white Gaussian noise
vector, where nr = Re[n] denotes the real part and ni = Im[n]
is the imaginary part. Let us assume that the elements in n
are independent and identically distributed (i.i.d), i.e., n ∼
CN (0, σ2IMRK), where IMRK denote an identity matrix.
To reduce the computational complexity of the AAoD/EAoD
and AAoA/EAoA estimation algorithm, it is an effective
method of converting the complex arithmetic based on the
Euler’s theorem [24]; hence, we define the vector x as the
combination of the real parts of the m and n, while z as

Authorized licensed use limited to: Southeast University. Downloaded on December 23,2020 at 12:12:15 UTC from IEEE Xplore.  Restrictions apply. 



JIANG et al.: NOVEL 3D UAV CHANNEL MODEL FOR A2G COMMUNICATION ENVIRONMENTS 7243

the combination of the imaginary parts of the m and n. Then,
the equation (33) can be rewritten as

y = x + jz =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

x1

x2

...
xq

...
xMR

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

+ j

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

z1

z2

...
zq

...
zMR

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦
, (34)

where xq and zq can be expressed as (35) and (36), as shown
at the bottom of the page.

Let us assume that y ∼ CN (µ, σ2IMRK), with µ = µx +
jµz representing the MRK mean element. Here, let us define
μx,q,k and μz,q,k as the mean values of the k-th sequence of
the vectors xq and zq , respectively, i.e.,

μx,q,k =
MT∑
p=1

ω�xp

(
kT−τ�(0)

)
cos

(
ϕ0−2πfcτ�,pq(0)

)
, (37)

μz,q,k =
MT∑
p=1

ω�xp

(
kT−τ�(0)

)
sin

(
ϕ0−2πfcτ�,pq(0)

)
. (38)

Assume that the elements in y are i.i.d; hence, we can obtain
the probability density function (PDF) for the complex normal
distribution as [42]

f
(
y
)

=
1

πMR×K

√
det

(
Γ
)
det

(
Γ
) exp

{
− 1

2

×
[(

y − µ
)T (y − µ)T

] [Γ 0
0 Γ

]−1 [
y − µ
y − µ

]}
.

(39)

It is worth mentioning that the statistics of the proposed
complex Gaussian random vector y are completely determined

by the covariance matrix Γ and Γ, i.e., Γ = Γ = σ2IMR×K .
Then, the PDF in (39) can be derived as

f
(
y
)

=
1(

πσ2
)MR×K

× exp
{
− 1
σ2

×
MR∑
q=1

K∑
k=1

([
yq(kT ) − (

μx,q,k − jμz,q,k

)]

×
[
yq(kT ) − (

μx,q,k + jμz,q,k

)])}
. (40)

By substituting (37) and (38) into (40), we can obtain

f
(
y
)

=
1(

πσ2
)MRK

× exp
{
− 1
σ2

×
MR∑
q=1

K∑
k=1

(
yq(kT )yq(kT ) − (

yq(kT ) + yq(kT )
)

×
MT∑
p=1

ω�xp

(
kT − τ�(0)

)
cos

(
ϕ0 − 2πfcτ�,pq(0)

)
+ j

(
yq(kT ) − yq(kT )

)
×

MT∑
p=1

ω�xp

(
kT − τ�(0)

)
sin

(
ϕ0 − 2πfcτ�,pq(0)

)

+
[ MT∑

p=1

ω�xp

(
kT − τ�(0)

)
cos

(
ϕ0 − 2πfcτ�,pq(0)

)]2

+
[ MT∑

p=1

ω�xp

(
kT − τ�(0)

)
sin

(
ϕ0 − 2πfcτ�,pq(0)

)]2)}
.

(41)

It is also worth mentioning that the yq(kT ) − yq(kT ) is
a complex variable; hence, the term j

(
yq(kT ) − yq(kT )

)

xq =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

∑MT

p=1
ω�xp

(
1 T − τ�(0)

)
cos

(
ϕ0 − 2πfcτ�,pq(0)

)
+ nr,q(1T )∑MT

p=1
ω�xp

(
2 T − τ�(0)

)
cos

(
ϕ0 − 2πfcτ�,pq(0)

)
+ nr,q(2T )

...∑MT

p=1
ω�xp

(
kT − τ�(0)

)
cos

(
ϕ0 − 2πfcτ�,pq(0)

)
+ nr,q(kT )

...∑MT

p=1
ω�xp

(
KT − τ�(0)

)
cos

(
ϕ0 − 2πfcτ�,pq(0)

)
+ nr,q(KT )

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(35)

zq =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

∑MT

p=1
ω�xp

(
1 T − τ�(0)

)
sin

(
ϕ0 − 2πfcτ�,pq(0)

)
+ ni,q(1T )∑MT

p=1
ω�xp

(
2 T − τ�(0)

)
sin

(
ϕ0 − 2πfcτ�,pq(0)

)
+ ni,q(2T )

...∑MT

p=1
ω�xp

(
kT − τ�(0)

)
sin

(
ϕ0 − 2πfcτ�,pq(0)

)
+ ni,q(kT )

...∑MT

p=1
ω�xp

(
KT − τ�(0)

)
sin

(
ϕ0 − 2πfcτ�,pq(0)

)
+ ni,q(KT )

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(36)
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is not complex. In light of this, the expression of f(y) is
non-complex. Next, if we consider the natural Logarithm of
the PDF, the function in (41) can be rewritten as

ln f
(
y
)

= −(MRK) ln(πσ2) − 1
σ2

×
MR∑
q=1

K∑
k=1

(
yq(kT )yq(kT )− (

yq(kT ) + yq(kT )
)

×
MT∑
p=1

ω�xp

(
kT − τ�(0)

)
cos

(
ϕ0 − 2πfcτ�,pq(0)

)
− j

(
yq(kT ) − yq(kT )

)
×

MT∑
p=1

ω�xp

(
kT − τ�(0)

)
sin

(
ϕ0 − 2πfcτ�,pq(0)

)

+
[ MT∑

p=1

ω�xp

(
kT − τ�(0)

)
cos

(
ϕ0 − 2πfcτ�,pq(0)

)]2

+
[ MT∑

p=1

ω�xp

(
kT − τ�(0)

)
sin

(
ϕ0 − 2πfcτ�,pq(0)

)]2)
.

(42)

Let us define Θ = [α�,T (0), β�,T (0), α�,R(0), β�,R(0)]T .
After optimization with respect to Θ, the Maximum
Likelihood Estimate (MLE) can be expressed as [42]

Θ̂ = arg max
Θ

ln f
(
y
)
. (43)

In order to accurately estimate the angular parameters
α̂�,T (0), β̂�,T (0), α̂�,R(0), and β̂�,R(0) in the preliminary
stage, we can adopt many classic solutions, such as the
Newton-Raphson method and grid search method [43]. Then,
the propagation path lengths from the centers of the UAV and
MR to the cluster, i.e., D̂�,T (0) and D̂�,R(0), can be estimated
by substituting the above estimated initial angular parameters
into (27) and (28), respectively.
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