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Abstract—To achieve space-air-ground-sea integrated communica-
tion networks for future sixth generation (6G) communications, un-
manned aerial vehicle (UAV) communications applying to maritime
scenarios serving as mobile base stations have recently attracted
more attentions. The UAV-to-ship channel modeling is the funda-
mental for the system design, testing, and performance evaluation
of UAV communication systems in maritime scenarios. In this
paper, a novel non-stationary multi-mobility UAV-to-ship channel
model is proposed, consisting of three kinds of components, i.e., the
line-of-sight (LoS) component, the single-bounce (SB) components
resulting from the fluctuation of sea water, and multi-bounce (MB)
components introduced by the waveguide effect over the sea surface.
In the proposed model, the UAV as the transmitter (Tx), the ship
as the receiver (Rx), and the clusters between the Tx and Rx,
can be seen as moving with arbitrary velocities and arbitrary
directions. Then, some typical statistical properties of the proposed
UAV-to-ship channel model, including the temporal autocorrelation
function (ACF), spatial cross-correlation function (CCF), Doppler
power spectrum density (PSD), delay PSD, angular PSD, stationary
interval, and root mean square (RMS) delay spread, are derived and
investigated. Finally, by comparing with the available measurement
data, the accuracy of proposed channel model is validated.

Index Terms—6G, UAV channels, maritime communications, non-
stationarity, multi-mobility, channel statistical properties.
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W ITH the rapid developments of unmanned aerial vehicle
(UAV) communications in maritime scenarios, the vast

high-reliable and low-delay transmission of UAV related sensing
and computing data are required [1], [2]. Therefore, future
UAV communication systems are hoped to be integrated into
sixth generation (6G) cellular networks to realize high-speed
data transmission [3]–[5]. Due to the enormous potential of
UAV communication applications in maritime environments, the
underlying wireless channels, i.e., UAV-to-ship channels, should
be fully investigated and the corresponding channel model should
be developed. An accurate and general UAV-to-ship channel
model is indispensable for communication algorithm and sys-
tem design. For instance, the reproduction of dynamic UAV
communication scenario can verify the performance of UAV
trajectory optimization algorithm. The effective system testing
can be conducted for the emerging UAV-to-ship technologies
and network architecture [3]. Different from the communication
environments of terrestrial scenarios, the UAV communication
in maritime scenario has some unique channel characteristics,
such as irregular fluctuation of sea surface caused by sea water
fluctuation, the signal attenuation caused by sea climate change,
and the waveguide effect caused by the humidity, pressure, and
temperature of troposphere over the sea [6]. Compared with UAV-
to-ground channels, the scatterers in UAV-to-ship channels are in
irregular motion because of sea waves. Moreover, the waveguide
propagation is an important propagation mechanism in UAV-to-
ship channels, which will lead to different channel properties. To
better develop the future UAV communication system in maritime
scenarios, the related channel modeling is essential [7], [8].

In the open literature, existing channel modeling for maritime
communications can be classified as channel measurements and
theoretical modeling [9]. A series of UAV-based channel mea-
surement campaigns at L-band and C-band have been conducted
and the related channel models have been proposed [10]–[13].
In [10] and [11], some initial results on air-ground channel
measurements and modeling for over-sea setting were introduced.
The measurement equipment was placed in a coastal setting as
transmitter (Tx), and the flight was over the Pacific Ocean as
receiver (Rx). Based on the measurements, the channel impulse
responses (CIRs) were obtained, and some channel statistics for
different flight paths and frequency bands were analyzed, such as
power delay profile (PDP), path loss, and delay spreads. In order
to explore the channel characteristics of air-to-air scenarios, the
channel measurements in Hawaii were carried out using 2.3 GHz

Authorized licensed use limited to: Southeast University. Downloaded on August 19,2021 at 09:39:36 UTC from IEEE Xplore.  Restrictions apply. 



0733-8716 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JSAC.2021.3088664, IEEE Journal
on Selected Areas in Communications

frequency with a 20 MHz bandwidth. By analyzing the measured
CIRs, it showed that channel model over the sea can be described
as a 2-ray model, which was composed of direct path and specular
path reflecting from the sea [14]. By conducting a dual-band
measurement campaign for over-water scenario, the path loss
models and wideband channel models were further developed
in [12]. The analysis results showed that a third ray which
appeared intermittently, should be added in the 2-ray model to
better describe the over-water environments. In [13], dual-band
air-ground channel measurements for over harbor environment
were reported. The measured results showed that the path loss in
these two bands is larger than free space case, and the amplitude
fading is faster than Rayleigh model. The number of multipath
and their delays in the blacklobe and main beam cases were
also compared and analyzed. Beyond these, the probability of the
occurrence of multipath for air-ground channel over sea surface
was introduced in [15]. Based on the UAV channel measurements
conducting at C-band, the multipath statistics at different low air-
borne altitudes were further investigated, and the influences of the
evaporation and elevated ducts on the over-water communication
link were analyzed. The existence of the evaporation and elevated
ducts was found to decrease the propagation loss over the sea
surface. A further study of ducting effects on air-ground over
sea propagations was presented in [16]. The observation results
showed the evaporation and elevated ducts can greatly improve
over sea air-ground propagations. The aforementioned channel
measurements are focused on the sub-6 GHz frequency bands.
For better integrating into beyond fifth generation (B5G) com-
munications, the channel modeling for UAV communication in
mmWave bands was given by using the ray tracing method [17].
Based on the simulation results, the received signal strength
and delay spreads of multipath for different flight heights in
different scenarios were primarily analyzed. In [18], an improved
spatial partitioning ray tracing method was proposed to model the
channel between UAV and boat, and the channel characteristics
including the channel scattering function and the PDP were
analyzed. But in the simulations, the movements of UAV and boat
were not considered, and the ray tracing modeling methods have
a high computational complexity. In [19], the finite-difference
time domain (FDTD) modeling method was used to model
the channel between the UAV and vessels during sea surface
communications. For each modeling simulation, a random sea
surface was produced. The Tx was set as 40 m high than the sea
surface, and the Rx was set close to the surface. The simulation
results showed that resulting from the reflections of rough sea
surface, the propagations between the UAV and vessels should be
complex multipath components rather than 2-ray or 3-ray model.
However, the influence of duct effect on the channel model was
ignored due to the difficult combination of duct effect and FDTD
model. Most of the aforementioned channel measurements and
models are mainly focused on the study of large-scale fading, and
simplified analysis of small-scale fading characteristics. In [20],
air-ground UAV channel measurements at 1 GHz and 4 GHz were
provided. Based on the measurement data, the comprehensive

large-scale and small-scale channel characteristics were further
investigated. In [21], UAV channel measurements considering 5
horizontal and 5 vertical UAV flight routes were carried out, and
more channel characteristics such as path loss and fast fading
were thoroughly studied. By taking the non-stationary channel
characteristics into account, a three dimensional (3D) geometry-
based stochastic model for UAV communications was proposed
in [22], and a novel 6G UAV channel model was provided
in [23] and [24]. During the channel modeling, the movements
of Tx and Rx were both considered, and the non-stationarities
in different domains of channels were also involved [25]. These
channel models can better mimic the UAV-to-ground channel
characteristics [26]–[28], but cannot describe the propagation
characteristics in maritime scenarios [29], [30]. The existing
standardized channel models, such as 3GPP-like geometry-based
model have not covered the UAV-to-ship scenarios. In fact, the
communication environments of maritime scenarios are very
different from those of terrestrial scenarios, as well as the chan-
nel propagation characteristics. In the modeling of UAV-to-ship
scenarios, the depiction of propagation environment, such as sea
wave fluctuation and ducting mechanisms should be introduced.

To the best of the authors’ knowledge, accurate UAV channel
models for the maritime scenarios, which consider the irregular
fluctuation of sea surface caused by sea water fluctuation, the
signal attenuation caused by sea climate change, and the waveg-
uide effect caused by sea atmosphere, are still missing from the
literature. Current UAV channel modeling works for maritime
communications are in the early stage, and limited on studies of
related channel properties. This paper aims to propose a novel 6G
UAV-to-ship channel model, which can mimic the unique channel
characteristics. The novelties are listed as follows.
(1) Our research works firstly propose a novel UAV-to-ship chan-

nel model for maritime communications considering multi-
mobility, and focus on studying the typical small-scale fading
channel properties.

(2) Due to the irregular fluctuation of sea surface and the weather
variation over time, the proposed model introduces the wave
equation of sea surface. The single-cluster model is used
to describe the scatterers distribution from sea surface, and
the birth-death process and wave equation are combined to
describe clusters evolutions.

(3) For the UAV-to-ship transmission in maritime scenarios, the
evaporation duct and elevated duct over the sea surface are
considered. The twin-cluster model is used to describe the
waveguide effect, which can be modeled by several-order
reflections to mimic the signal propagations between the two
clusters.

(4) The channel model considering the multi-mobility of UAV
and ship with arbitrary speeds and moving directions is given.
The related channel properties in different moving speeds and
directions are further investigated.

The remainder of this paper is structured as follows. In
Section II, the 3D non-stationary UAV-to-ship channel model for
maritime communications is introduced. Section III analyzes the
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Fig. 1. Description of UAV-to-ship network architecture for maritime scenarios.

channel statistical properties. Results and discussion are given in
Section IV. Finally, conclusions are drawn in Section V.

II. UAV-TO-SHIP CHANNEL MODEL FOR MARITIME
COMMUNICATIONS

A brief description of UAV-to-ship communication network
architecture for maritime scenarios is shown in Fig. 1. The UAV
side is set as the Tx, and the ship side is set as the Rx. Multiple
antennas can be deployed on two sides respectively. The UAV-
to-ship communication frequencies mainly adopt sub-6 GHz, and
can also be extended to mmWave bands to be better integrated
into the future 6G networks [31], [32]. Due to the fluctuation
of sea water, the rough sea surface will bring more reflections
and cause multipath fading [15]. Moreover, the evaporation and
elevated ducts over the sea surface will influence the wireless
propagations between the UAV and ship [6], [16]. At this point,
the waveguide effect over sea should be considered. Therefore,
the whole communication link can contain three parts: the line-
of-sight (LoS) component denotes that UAV communicating with
ship directly. The single-cluster model means that the received
signals can arrive at the ship by one reflection from the rough
sea surface, which can be described by single-bounce (SB) com-
ponent. The twin-cluster model denotes that the received signals
experience the ducting effects and/or adverse weather effects
during the propagations, which can be abstracted as multi-bounce
(MB) components. In the entire communication process, the UAV
and ship can both be set as moving along arbitrary directions with
arbitrary moving speeds, and the antennas deployed on the both
sides can also rotate discretionarily [33], [34].

Based on the UAV-to-ship communication architecture, a novel
3D non-stationary channel model which can mimic the UAV
channel propagation characteristics is presented in Fig. 2. The Tx
(UAV) and Rx (ship) sides are equipped with P and Q antenna
elements, respectively. The proposed channel model consists of
LoS, SB, and MB cases [35], [36]. For simplicity, only the kth
cluster in SB case is illustrated, where the K is the number of
single-cluster. Moreover, the nth cluster pair in MB is given in
detail, where N is the number of twin-cluster. Each cluster or
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Fig. 2. A 3D non-stationary dual-mobility UAV channel model for maritime
communications.

cluster pair can be moving with certain probability. In the SB
case, the clusters are randomly produced and moving with the
fluctuation of sea surface. In the MB case, the nth twin-cluster can
be represented as Cn,A and Cn,Z . On one hand, the propagation
space between the first bounce Cn,A and the last bounce Cn,Z
can be described by the waveguide effect. On the other hand,
the propagation space can also be abstracted as virtual link to
depict the influence of severe weather. All parameters in the
channel model are established as time-variant. The corresponding
parameters involved in the UAV-to-ship channel modeling are
defined in Table I. The proposed channel model is applicable for
sub-6 GHz UAV-to-ship communication scenario. Regarding the
maritime environment properties, the proposed model supports
channel simulation considering the motions of UAV, ship, and
scatterers between the UAV and ship, according to the environ-
ment parameters such as wind speed.

A. Descriptions of Theoretical and Simulation Models
In this part, the 3D non-stationary theoretical channel model

considering the mobilities of Tx, Rx, and clusters is presented.
The complex CIR of total components can be expressed as

htotpq (t, τ) = η1

√
Kpq(t)
Kpq(t)+1h

LoS
pq (t) δ

(
τ − τLoS (t)

)
+η2

√
1

Kpq(t)+1

K(t)∑
k=1

Lk∑
lk=1

hSB
pq,klk

(t) δ
(
τ − τSB

lk
(t)
)

+η3

√
1

Kpq(t)+1

N(t)∑
n=1

Mn∑
mn=1

hMB
pq,nmn (t) δ

(
τ − τMB

mn (t)
) (1)

where η1, η2, and η3 denote the proportions of LoS, SB, and MB
components. K(t) is the number of SB clusters, and Lk is the
number of rays inside the kth cluster. N(t) is the number of MB
clusters, and Mn is the number of rays inside the nth cluster.
Kpq(t) is the K factor. The delay of LoS path between the pth
Tx and qth Rx can be expressed as

τLoS (t) =

∥∥∥DLoS
pq (t)

∥∥∥
c

(2)
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TABLE I
DEFINITION OF PARAMETERS.

Parameters Definition
αSB
pT,klk

, βSB
pT,klk

The AAoD and EAoD of the lkth ray of kth cluster in SB case
αSB
qR,klk

, βSB
qR,klk

The AAoA and EAoA of the lkth ray of kth cluster in SB case
αMB
pT,nmn

, βMB
pT,nmn

The AAoD and EAoD of the mnth ray of nth cluster in MB case
αMB
qR,nmn

, βMB
qR,nmn

The AAoA and EAoA of the mnth ray of nth cluster in MB case
DLoS

pq The distance from pth Tx to qth Rx
DSB

pT,klk
, DSB

qR,klk
The distance from pth Tx/qth Rx to cluster Ck via the lkth ray of kth cluster in SB case

DMB
pT,nmn

, DMB
qR,nmn

The distance from pth Tx/qth Rx to cluster Cn,A/Cn,Z via the mnth ray of nth cluster in MB case
fSBpT,klk

,fSBqR,klk
The Doppler frequency of pth Tx/qth Rx via lkth ray of kth cluster in SB case

fMB
pT,nmn

,fMB
qR,nmn

The Doppler frequency of pth Tx/qth Rx via mnth ray of nth cluster in MB case
MT

V ,M
R
V The antenna rotation matrix vectors of Tx/Rx unit

φTA,V , φTE,V The antenna rotation azimuth and elevation angles of Tx antenna
φRA,V , φRE,V The antenna rotation azimuth and elevation angles of Rx antenna
vUAV, vShip The moving speeds of UAV and ship
aUAV, aShip The accelerated speeds of UAV and ship
vSB, aSB The moving speed and accelerated speed of cluster Ck in SB case
vMB
CA , vMB

CZ The moving speed of cluster Cn,A/Cn,Z in MB case
aMB
CA , aMB

CZ The accelerated speed of cluster Cn,A/Cn,Z in MB case
φA,UAV, φE,UAV The azimuth and elevation angles of UAV along the moving direction
φA,Ship, φE,Ship The azimuth and elevation angles of ship along the moving direction
ωA,UAV, ωE,UAV The azimuth and elevation angular speed of UAV along the moving direction
ωA,Ship, ωE,Ship The azimuth and elevation angular speed of ship along the moving direction
λG, λR The generation rate and recombination rate of cluster

where c is the speed of light.
The SB delay between the pth Tx and qth Rx via the lkth ray

of kth single-cluster can be expressed as

τSB
lk

(t) =

∥∥∥DSB
pT,klk

(t)
∥∥∥+

∥∥∥DSB
qR,klk

(t)
∥∥∥

c
. (3)

The MB delay between the pth Tx and qth Rx via the mnth
ray of nth twin-cluster can be expressed as

τMB
mn (t) =

∥∥∥DMB
pT,nmn (t)

∥∥∥+
∥∥∥DMB

qR,nmn (t)
∥∥∥

c
+ τwg (t) . (4)

–In the LoS case
The channel gain hLoS

pq (t) can be expressed as

hLoS
pq (t) =

[
FTp,V

(
αLoS
T (t) , βLoS

T (t)
)

FTp,H
(
αLoS
T (t) , βLoS

T (t)
) ]T

[
ejΘ

LoS
T 0

0 −ejΘLoS
T

][
FRq,V

(
αLoS
R (t) , βLoS

R (t)
)

FRq,H
(
αLoS
R (t) , βLoS

R (t)
) ]

×e
j2π

t∫
0

fLoS
pq (t)dt

· ej
2π
λ (dTp (t)·MT

V (t)·ΦTLoS(t)+dRq (t)·MR
V (t)·ΦRLoS(t)).

(5)

For the LoS case, αLoS
T (t), βLoS

T (t), αLoS
R (t), and βLoS

R (t)
denote the the azimuth angle of departure (AAoD), the eleva-
tion angle of departure (EAoD), the azimuth angle of arrival
(AAoA), and the elevation angle of arrival (EAoA) of LoS
component, respectively. ΘLoS

T is the initial phase. The angle
vectors ΦT

LoS (t) and ΦR
LoS (t) are composed of the AoDs and

AoAs in LoS case. Functions FTp,V (·), FTp,H(·), FRq,V (·), FRq,H(·)
denote the antenna patterns of Tx and Rx. The time-variant
Doppler frequency is denoted by fLoS

pq (t). The rotation matrixes
for the Tx array MT

V (t) and the Rx array MR
V (t) can be

expressed as (6). The angles φT (R)
A,V (t) and φT (R)

E,V (t) denote the
azimuth and elevation rotation angles of the Tx/Rx antennas array.
Moreover, the location vectors dTp (t) =

[
xTp (t) , yTp (t) , zTp (t)

]
and dRq (t) =

[
xRq (t) , yRq (t) , zRq (t)

]
are the 3D locations of the

pth Tx and qth Rx antennas.
–In the SB case
The channel coefficient hSB

pq,klk
(t) can be given by

hSB
pq,klk

(t) =

 FTp,V

(
αSB
pT,klk

(t) , βSB
pT,klk

(t)
)

FTp,H

(
αSB
pT,klk

(t) , βSB
pT,klk

(t)
) T

 √κ−1
k,lk

ejΘ
V V
k,lk ejΘ

HV
k,lk

ejΘ
HV
k,lk

√
κ−1
k,lk

ejΘ
V V
k,lk


 FRq,V

(
αSB
qR,klk

(t) , βSB
qR,klk

(t)
)

FRq,H

(
αSB
qR,klk

(t) , βSB
qR,klk

(t)
)  ejϕSB

klk

×e
j2π

t∫
0

(fSB
pT,klk

(t)+fSB
qR,klk

(t))dt

×ej
2π
λ (dTp (t)·MT

V (t)·ΦSB
pT,klk

(t)+dRq (t)·MR
V (t)·ΦSB

qR,klk
(t)).

(7)

For the SB component, fSB
pT,klk

(t) and fSB
qR,klk

(t) are the time-
variant Doppler frequencies caused by the movements of pth Tx
and qth Rx antennas elements, and ΦSB

pT (qR),klk
(t) denotes the

time-variant AoDs/AoAs vector between the lkth scatterer in the
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M
T (R)
V (t) =


cos
(
φ
T (R)
E,V (t)

)
cos
(
φ
T (R)
A,V (t)

)
− sin

(
φ
T (R)
A,V (t)

)
− sin

(
φ
T (R)
E,V (t)

)
cos
(
φ
T (R)
A,V (t)

)
cos
(
φ
T (R)
E,V (t)

)
sin
(
φ
T (R)
A,V (t)

)
cos
(
φ
T (R)
A,V (t)

)
− sin

(
φ
T (R)
E,V (t)

)
sin
(
φ
T (R)
A,V (t)

)
sin
(
φ
T (R)
E,V (t)

)
0 cos

(
φ
T (R)
E,V (t)

)


T

. (6)

kth single-cluster and Tx/Rx. κ−1
k,lk

is the cross polarization power
ratio. The corresponding expressions can be calculated as

ΦSB
pT (qR),klk

(t) =
cos
(
βSB
pT (qR),klk

(t)
)

cos
(
αSB
pT (qR),klk

(t)
)

cos
(
βSB
pT (qR),klk

(t)
)

sin
(
αSB
pT (qR),klk

(t)
)

sin
(
βSB
pT (qR),klk

(t)
)


T

(8)

fSB
pT,klk

(t) =

〈
DSB
pT,klk

(t) ,vUAV (t)− vSB (t)
〉

λ
∥∥∥DSB

pT,klk
(t)
∥∥∥ (9)

fSB
qR,klk

(t) =

〈
DSB
qR,klk

(t) ,vShip (t)− vSB (t)
〉

λ
∥∥∥DSB

qR,klk
(t)
∥∥∥ (10)

where

DSB
pT,klk

(t) = DSB
pT,klk

(t0) + DSB
C (t)−DUAV (t) (11)

DSB
qR,klk

(t) = DSB
qR,klk

(t0) + DSB
C (t)−DShip (t) (12)

DSB
C (t) =

t∫
0

vSB (t)dt=

t∫
0

(
vSB (t0) + aSB · t

)
dt (13)

DUAV/Ship (t) =
t∫

0

vUAV/Ship (t) dt

=
t∫

0

(
vUAV/Ship (t0) + aUAV/Ship · t

)
dt.

(14)

Here, DSB
pT,klk

(t) stands for the time-variant distance from the
pth Tx antenna unit to the kth single-cluster via the lkth ray,
and DSB

qR,klk
(t) stands for the time-variant distance from the

kth single-cluster to the qth Rx antenna unit via the lkth ray.
The distance vector DSB

pT,klk
(t) can be obtained by the initial

distance vector at Tx DSB
pT,klk

(t0), the moving distance vector
of single-cluster DSB

C (t), and the moving distance vector of
UAV DUAV (t). Moreover, the distance vector DSB

qR,klk
(t) can

be acquired by the initial distance vector at Rx DSB
qR,klk

(t0), the
moving distance vector of single-cluster DSB

C (t), and the moving

distance vector of ship vUAV/Ship. The moving speed vectors of
UAV, single-cluster, and ship can be expressed as

vUAV/SB/Ship (t) =
∣∣vUAV/SB/Ship (t)

∣∣
×


cos
(
φE,UAV/SB/Ship (t)

)
cos
(
φA,UAV/SB/Ship (t)

)
cos
(
φE,UAV/SB/Ship (t)

)
sin
(
φA,UAV/SB/Ship (t)

)
sin
(
φE,UAV/SB/Ship (t)

)


T

(15)

where φA,UAV/SB/Ship (t) and φE,UAV/SB/Ship (t) denote for
the azimuth and elevation angles of UAV, single-cluster, and
ship along the moving direction, respectively. The above angles
are time-variant with the azimuth and elevation angular speed
ωA,UAV/SB/Ship and ωE,UAV/SB/Ship.

–In the MB case
For the MB components, the channel coefficient hMB

pq,klk
(t) can

be expressed as

hMB
pq,nmn (t) =

[
FTp,V

(
αMB
pT,nmn

(t) , βMB
pT,nmn

(t)
)

FTp,H
(
αMB
pT,nmn

(t) , βMB
pT,nmn

(t)
) ]T


√
κ−1
n,mne

jΘV Vn,mn ejΘ
HV
n,mn

ejΘ
HV
n,mn

√
κ−1
n,mne

jΘV Vn,mn


[
FRq,V

(
αMB
qR,nmn

(t) , βMB
qR,nmn

(t)
)

FRq,H
(
αMB
qR,nmn

(t) , βMB
qR,nmn

(t)
) ] ejϕMB

nmn

×e
j2π

t∫
0

(fMB
pT,nmn

(t)+fMB
qR,nmn

(t))dt

×ej
2π
λ (dTp (t)·MT

V (t)·ΦMB
pT,nmn

(t)+dRq (t)·MR
V (t)·ΦMB

qR,nmn
(t))

(16)

where ΦMB
pT (qR),nmn (t) denotes the time-variant AoDs/AoAs

vector between the mnth scatterer in the nth twin-cluster pair and
Tx/Rx, fMB

pT,nmn
(t) denotes the time-variant Doppler frequency

caused by the movements of UAV and first bounce Cn,A of
twin-cluster, and fMB

qR,nmn
(t) denotes the time-variant Doppler

frequencies causing by the movements of ship and last bounce
Cn,Z of twin-cluster. κ−1

n,mn is the cross polarization power ratio.
The expressions of ΦMB

pT (qR),nmn (t), fMB
pT,nmn

(t), and fMB
qR,klk

(t)
are given as

ΦMB
pT (qR),nmn (t) =
cos
(
βMB
pT (qR),nmn

(t)
)

cos
(
αMB
pT (qR),nmn

(t)
)

cos
(
βMB
pT (qR),nmn

(t)
)

sin
(
αMB
pT (qR),nmn

(t)
)

sin
(
βMB
pT (qR),nmn

(t)
)


T

(17)
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fMB
pT,nmn(t) =

〈
DMB
pT,nmn (t) ,vUAV (t)− vMB

CA (t)
〉

λ
∥∥∥DMB

pT,nmn (t)
∥∥∥ (18)

fMB
qR,nmn(t) =

〈
DMB
qR,nmn (t) ,vShip (t)− vMB

CZ (t)
〉

λ
∥∥∥DMB

qR,nmn (t)
∥∥∥ (19)

where

vMB
CA/CZ (t) =

∣∣∣vMB
CA/CZ (t)

∣∣∣
cos
(
φMB
E,CA/CZ (t)

)
cos
(
φMB
A,CA/CZ (t)

)
cos
(
φMB
E,CA/CZ (t)

)
sin
(
φMB
A,CA/CZ (t)

)
sin
(
φMB
E,CA/CZ (t)

)


T

(20)

DMB
pT,nmn (t) = DMB

pT,nmn (t0) + DMB
CA (t)−DUAV (t) (21)

DMB
qR,nmn (t) = DMB

qR,nmn (t0) + DMB
CZ (t)−DShip (t) (22)

DMB
CA/CZ (t) =

t∫
0

vMB
CA/CZ (t) dt=

t∫
0

(
vMB

CA/CZ (t0) +aMB
CA/CZ · t

)
dt.

(23)

Here, vMB
CA/CZ (t) denotes the speed vector of twin-cluster

Cn,A/Cn,Z . The angles φMB
A,CA/CZ (t) and φMB

E,CA/CZ (t) stand for
the azimuth and elevation angles of twin-cluster Cn,A/Cn,Z along
the moving directions. Moreover, DMB

pT,nmn (t) denotes the time-
variant distance vector from the pth Tx antenna element to the
nth first bounce cluster via mnth ray, and DMB

qR,nmn (t) denotes
the time-variant distance vector from the nth last bounce cluster
via mnth ray to the qth Rx antenna element.

Based on the proposed theoretical model, the simulation model
can be established by discretizing the angles. In the simulation
model, all the angle parameters including the AoAs and EoAs, are
obtained by adopting the method of equal area (MEA), and the
remaining parameters are same with those of theoretical model.

B. The Cluster Description of Sea Surface Fluctuation

For the maritime communication channel modeling, the single-
cluster model is considered to describe scatterers distribution of
sea surface. Due to the fluctuation of sea water, the sea surface
presents different states at different time t. The scatterers distribu-
tion is closely related to the states of sea surface. Thus, the cluster
description of sea surface fluctuation is crucial. Here, we use the
summation model of multi-directional irregular sea to describe
the sea surface fluctuation [37]. During the channel modeling, it
is assumed that several clusters are randomly produced at initial
moment. The x − y plane can be seen as the plane of sea at
rest state, and the z-axis is pointing up. The initial coordinate of
selected cluster is set as (x (t0) , y (t0) , z (t0)), and the moving
speed of sea wave (i.e. the speed of cluster in SB case) is assumed

as vSB (t). After time t, the position coordinate of the cluster is
denoted by (x(t), y(t), z(t)). The values of x(t) and y(t) can be
computed respectively as

x (t) = x (t0) + vSB
x (t) · t (24)

y (t) = y (t0) + vSB
y (t) · t. (25)

Moreover, the sea wave equation is superposition of different
amplitudes, incident angles, and angular frequencies, which can
be expressed as

z (t) =
S∑
s=1

as cos (ωs0t− ks0 [x (t) cos θs + y (t) sin θs] + εs)

(26)

where ks0 denotes the wave number, εs is the random phase
angles following the uniform distribution, as denotes the plane
wavefronts of amplitude, and θs denotes the angle of incidence
from a range of directions.

C. The Waveguide Effect in Maritime Scenarios

Due to the effect of atmospheric refraction over sea, the
propagation of electromagnetic wave in the atmosphere will result
in the waveguide effect. The atmospheric ducts in maritime
environments can be classified into three main types: surface-
based duct, elevated duct, and evaporation duct. Evaporation duct
generally occurs in the sea surface atmosphere below the height of
40 m and has high probability of occurrence. In contrast, elevated
duct height is usually between 600 m and 3000 m. These two
kinds of ducts have great influences on signal transmissions in
the UAV-to-ship communication links and can improve the over-
sea UAV communications. Thus, how to describe the waveguide
effect accurately is crucial [38]. Here, several ducting effects are
assumed to abstract as unified waveguide effect, which is com-
monly caused by the decrease of water vapor concentration or the
increase of temperature over the sea surface. The received signals
will experience multiple reflections during the propagation. In the
twin-cluster case, the signal propagation channel between clusters
A and Z is abstracted as a rectangle cross section waveguide [39]
as shown in Fig. 3. The origin coordinate system is set at the
center of cross section. The coordinate of cluster A is denoted
by (xCA (t) , yCA (t) , zCA (t)), and the coordinate of cluster Z is
denoted by (xCZ (t) , yCZ (t) , zCZ (t)). Irh,rv means that the ray
experiences rv times reflection from vertical plane and rh times
reflection from horizontal plane. The distance between Irh,rv and
the cluster Z can be expressed as

drh,rv (t) =

√(
dxrh,rv (t)

)2
+ (dyrh,rv (t))

2
+
(
dzrh,rv (t)

)2
(27)

dxrh,rv (t) =

{
2arh + xCA (t)− xCZ (t) , rh is even

2arh − xCA (t)− xCZ (t) , rh is odd
(28)
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Fig. 3. The set of reflections in the excitation plane of sea waveguide.

dyrh,rv (t) =

{
2brv + yCA (t)− yCZ (t) , rv is even

2brv − yCA (t)− yCZ (t) , rv is odd
(29)

dzrh,rv (t) = zCA (t)− zCZ (t) (30)

where 2a and 2b denote the width and height of an equivalent
rectangle, respectively. The delay τwg (t) between Cn,A and Cn,Z
can be obtained by the computed distance drh,rv (t).

D. Cluster Evolutions in SB and MB Cases

For the proposed UAV-to-ship channel model, all the parame-
ters are time-variant, which bring the non-stationarities of channel
model. In the non-stationary scenario, clusters can exist only a
certain time period. Within this period, the clusters can be seen
as static, and after this period, some clusters may appear or
disappear [40]. To better describe this process, cluster evolutions
in different domains are introduced [41].

In the SB case, the reflections happen due to the fluctuation
of rough sea surface. The sea surface will change with time t.
Here, we consider to use the birth-death process to describe the
cluster evolution. At first, several clusters are generated at initial
time t0. Once the positions of initial clusters are determined,
all the parameters can be obtained. Different parameters are
randomly generated by following certain distributions. Then, the
channel sampling intervals should be chosen in different domains,
including ∆te in time domain, ∆xe in space domain, and ∆fe
in frequency domain. The clusters need to be updated during the
different domains, and the birth-death process of clusters happens.

Some clusters survive with the probability Psur(∆te,∆xe,∆fe),
which can be calculated refer to the method in [42]. By using
the survival probability, the number of newly generated clusters
can be calculated as

E [Nnew (t+ ∆te, x+ ∆xe, f + ∆fe)] =

λG
λR

(1− Psur(∆te,∆xe,∆fe)) .
(31)

Here, λG and λR denote the birth and death rate respectively. Fi-
nally, the parameters information of survival and newly generated
clusters needs to be accordingly updated.

In the MB case, a series of cluster pairs can be generated
initially. Between the first bounce and last bounce clusters,
the waveguide effect needs to be considered to describe the
propagation path. After certain time/space/frequency period, some
cluster pairs appear or disappear, which can be depicted by the
birth-death process [42]. The process of cluster evolution in the
MB case is similar with those in the SB case. The related channel
parameters are randomly generated and updated by following
specific distributions. The distances of first and last bounces are
produced by the exponential distribution, the delays of rays within
cluster pairs are assumed to follow exponential distribution, and
the angular parameters are acquired using Wrapper Gaussian
distribution.

III. THE STATISTICAL PROPERTIES OF PROPOSED CHANNEL
MODEL

Based on the proposed channel model, some typical channel
statistical properties can be derived.

A. Local ST CF

The location space-time (ST) correlation function (CF) of two
arbitrary CIRs htotpq (t, τ) and htotp′q′ (t−∆t, τ) is defined as

Rh (t, τ,∆t,∆xT ,∆xR) = E
[
htotpq (t, τ)htot∗p′q′ (t−∆t, τ)

]
= RLoS

h (t,∆t,∆xT ,∆xR) δ
(
τ − τLoS (t)

)
+RSB

h (t,∆t,∆xT ,∆xR) δ
(
τ − τSB

k (t)
)

+RMB
h (t,∆t,∆xT ,∆xR) δ

(
τ − τMB

n (t)
)
.

(32)

Here, the local ST CFs can be calculated by the summation of
LoS, SB, and MB components, which are assumed to be inde-
pendent with each other. The detailed ST CFs can be rewritten
as

RLoS
h (t,∆t,∆xT ,∆xR) =hLoS

pq (t)hLoS∗
p′q′ (t−∆t)

=ej2π(ΓLoS
pq (t)−ΓLoS

p′q′ (t−∆t))
(33)

RSB
h (t,∆t,∆xT ,∆xR) = hSB

pq,klk
(t)hSB∗

p′q′,klk
(t−∆t)

=
K(t)∑
k=1

Lk∑
lk=1

ej2π(ΓSB
pq,k(t)−ΓSB

p′q′,k(t−∆t)) (34)
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RMB
h (t,∆t,∆xT ,∆xR) = hMB

pq,nmn (t)hMB∗
p′q′,nmn

(t−∆t)

=
N(t)∑
n=1

Mn∑
mn=1

ej2π(ΓMB
pq,n(t)−ΓMB

p′q′,n(t−∆t))

(35)

where

ΓLoS
pq (t) =

t∫
0

fLoS
pq (t) dt

+ 1
λ

(
dTp (t)MT

V (t)ΦT
LoS (t) + dRq (t)MR

V (t)ΦR
LoS (t)

)
(36)

ΓSB
pq,k (t) =

t∫
0

(
fSB
pT,klk

(t) + fSB
qR,klk

(t)
)
dt

+ 1
λ

(
dTp (t)MT

V (t)ΦSB
pT,klk

(t) + dRq (t)MR
V (t)ΦSB

qR,klk
(t)
)

(37)

ΓMB
pq,n (t) =

t∫
0

(
fMB
pT,nmn

(t) + fMB
qR,nmn

(t)
)
dt

+ 1
λ

(
dTp (t)MT

V (t)ΦMB
pT,nmn (t) + dRq (t)MR

V (t)ΦMB
qR,nmn (t)

)
.

(38)

1) The spatial CCF: By imposing ∆t = 0, the time-variant
spatial cross correlation function (CCF) between two arbitrary
CIRs can be derived. The spatial CCF can be used to measure the
spatial correlation of the UAV channel in the maritime scenarios.
The LoS, SB, and MB components of spatial CCF are expressed
as

rh (t,∆xT ,∆xR) = E
[
htotpq (t)htot∗p′q′ (t)

]
= rLoS

h (t,∆xT ,∆xR) +rSB
h (t,∆xT ,∆xR)

+rMB
h (t,∆xT ,∆xR)

(39)

where

rLoS
h (t,∆xT ,∆xR) =ej2π(ΓLoS

pq (t)−ΓLoS
p′q′ (t)) (40)

rSB
h (t,∆xT ,∆xR) =

K(t)∑
k=1

Lk∑
lk=1

ej2π(ΓSB
pq,k(t)−ΓSB

p′q′,k(t)) (41)

rMB
h (t,∆xT ,∆xR) =

N(t)∑
n=1

Mn∑
mn=1

ej2π(ΓMB
pq,n(t)−ΓMB

p′q′,n(t)). (42)

2) The temporal ACF: By imposing ∆xT = 0 and ∆xR = 0,
the time-variant autocorrelation function (ACF) can be obtained.
The temporal ACF can be used to measure the time correlation
of the UAV channel in the maritime scenarios. The detailed
expressions are as follows.

ρh (t,∆t) = E
[
htotpq (t)htot∗pq (t−∆t)

]
= ρLoS

h (t,∆t) +ρSB
h (t,∆t) +ρMB

h (t,∆t)
(43)

where

ρLoS
h (t,∆t) =ej2π(ΓLoS

pq (t)−ΓLoS
pq (t−∆t)) (44)

ρSB
h (t,∆t) =

K(t)∑
k=1

Lk∑
lk=1

ej2π(ΓSB
pq,k(t)−ΓSB

pq,k(t−∆t)) (45)

ρMB
h (t,∆t) =

N(t)∑
n=1

Mn∑
mn=1

ej2π(ΓMB
pq,n(t)−ΓMB

pq,n(t−∆t)). (46)

B. The Doppler PSD
The Doppler power spectrum density (PSD) can be used

to describe the averaged power distribution along the Doppler
frequency. By the Fourier transform of time-variant ACF in regard
to ∆t, the time-variant Doppler PSD can be derived as

Sh (t, fDP ) =

∞∫
−∞

ρh (t,∆t) e−j2πfDP∆td∆t (47)

where fDP denotes the Doppler frequency. It is noted that the
Doppler frequency is caused by the movements of UAV, ship, and
clusters in the maritime scenarios.

C. The Delay PSD
To describe the distribution of powers along the delays of rays,

the time-variant delay PSD Υpq (t, τ) can be derived. The powers
are acquired by the CIRs between the pth Tx antenna element
and the qth Rx antenna element. The detailed expression of time-
variant delay PSD can be expressed as

Υpq (t, τ) =
K(t)∑
k=1

Lk∑
lk=1

∣∣∣hSB
pq,klk

(t)
∣∣∣2δ (τ − τSB

lk
(t)
)

+
N(t)∑
n=1

Mn∑
mn=1

∣∣hMB
pq,nmn (t)

∣∣2δ (τ − τMB
mn (t)

)
.

(48)

D. The Stationary Interval
The stationary interval means the maximum duration in which

the channel statistics between different time instants can be
seen as wide-sense stationary (WSS). It can be used to measure
the time-variant channel characteristics of non-stationary UAV
channel in maritime scenarios. Here, we use the method of local
region of stationary (LRS) to calculate the stationary interval and
depict the non-stationarity of channel. The stationary interval can
be expressed as

Ts (td) = min {∆t |c (td,∆t) < cthresh } (49)

where c (td,∆t) denotes the calculated correlation coefficient,
and cthresh is a pre-determined threshold of correlation coef-
ficient which is generally set as 80%. Here, the correlation
coefficient of two averaged delay PSDs can be calculated as

c (td,∆t) =

∫
Ῡpq (td, τ) Ῡpq (td + ∆t, τ) dτ

max
{∫

Ῡpq(td, τ)
2
dτ,
∫

Ῡpq(td + ∆t, τ)
2
dτ
} .
(50)
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The averaged delay PSDs can be expressed as

Ῡpq (td, τ) =
1

NP

d+NP−1∑
d

∣∣htotpq (td, τ)
∣∣2 (51)

where td is the time of dth drop, NP is the averaged delay PSDs
number, and htotpq (td, τ) is the CIR.

IV. NUMERICAL RESULTS AND ANALYSIS

In this section, some key channel statistical properties of UAV-
to-ship channel models have been studied. The variation of ST CF
at different time instants represents the non-stationary property
of the model in time domain. In Fig. 4, the temporal ACFs of
the channel model are shown. During the simulations, all the
parameters can be seen as time-variant, including the moving
directions and speeds of Tx, Rx, and clusters between Tx and
Rx. From this figure, the values of temporal ACFs are changed
with time t, and the non-stationarity of UAV-to-ship channel can
be described directly.

For the channel model, the NLoS components are consisted of
the SB case and MB case. The SB components are introduced
by the fluctuations of sea water. The moving speed of SB cluster
is influenced by the wind speed across the sea surface. Thus, by
changing the speed of SB cluster, the influence of severe weather
on the UAV-to-ship channel propagations can be better described.
Here, we mainly focus the studies of SB components of proposed
channel model in normal weather, which assume the speed of
SB cluster as 0.5 m/s. The description of sea water fluctuation
can be obtained using the sea wave equation, which is given
in Fig. 5(a). During the simulation, the initial positions of SB
clusters are selected, and the clusters after time t can be derived
according to the initial positions and wind speed. By instituting
the coordinate values of UAV, ship, and SB cluster, the angle and
distance parameters can be calculated. Then, the related local

Fig. 4. Absolute value of the local 3D temporal ACFs of the non-stationary
UAV-to-ship channel model (fc = 5.5 GHz, vUAV = 3 m/s, aUAV = 2 m/s2,
vShip = 5 m/s, aShip = 0.5 m/s2, vMB

CA = vMB
CZ = 0.5 m/s).

temporal ACFs are further acquired. Here, we take one cluster as
an example to analyze the influence of SB case channel model,
and the related simulations using the analytical and simulation
results can be observed in Fig. 5(b). The analytical results are
acquired by the derivation of ACF, and the simulation results
are obtained by the correlation of CIRs. From this figure, the
analytical results of ACFs can provide a good match with the
corresponding simulation results, which ensure the correctness
of our derivations. Moreover, the moving speeds and the angular
speeds of the Tx and Rx will have certain impacts on the values
of ACFs. Different Tx/Rx speeds will result in different variation
trends of ACFs. With the increasing of Tx/Rx speed, the decline
of temporal ACFs becomes faster.

Fig. 6 provides the comparisons of the temporal ACFs in SB
and MB cases at time t = 1 s and t = 3 s, respectively. From
this figure, we can see that the analytical result can provide a
good fit with the simulation results in a small time separation.
Moreover, the values of temporal ACFs vary with time t in
SB/MB case. Meanwhile, the ACFs also have different variation
trends in SB and MB cases at same time t. With the passage
of time t, the moving velocity of Tx/Rx with certain accelerated
velocity increase correspondingly, and the temporal correlation
decline faster.

Fig. 7 shows the local 3D spatial CCFs of the proposed UAV-
to-ship channel model at Rx side. On the Rx side, the Rx is set as
moving with an accelerated speed aShip = 0.5 m/s2 and angular
speed ωShip = π/5. The antenna spacing at Rx side is normalized
in terms of the wavelength, and the antenna spacing at Tx side
is set as 0. From this figure, we can observe the variations of
spatial CCFs with time t and Rx antenna spacing due to the non-
stationarity of UAV-to-ship channel.

Fig. 8 gives the spatial CCFs with different antenna rotation
angular speeds γT and γR at different time t. From this figure, we
can observe that the analytical results of CCFs can fit well with
the corresponding simulation results, which indicates the accuracy
of the related derivations and simulations. Moreover, the differ-
ent antenna rotation angular speeds will introduce time-variant
antenna angles of the UAV and ship. The variations of UAV/ship
antenna rotation angles will influence the spatial correlation of
UAV-to ship channel. At same time instant, different antenna
rotation angular speeds will bring different variation trends of
CCFs, and at same antenna rotation angular speeds case, the
antenna angles at different time instants will also influence the
variation trends of CCFs.

Fig. 9 illustrates the Doppler PSD of the channel model with
different velocities and moving directions of UAV at time t = 3 s.
The Doppler PSDs can be computed by the Fourier transform
of ACFs. From this figure, the comparisons of averaged power
distribution along the Doppler frequency can be observed at dif-
ferent cases. For the same moving direction and different moving
speeds of UAV, the trends of the PSDs are different. Moreover,
for the different moving directions and same moving speed of
UAV, the PSDs are also varied with the Doppler frequency. That
is because the moving direction and speed of UAV can influence
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Fig. 5. (a) Descriptions of sea surface fluctuations at time t; (b) Absolute values
of the local temporal ACFs in SB case caused by sea surface fluctuation with
different moving speeds and angular speeds of the Tx and Rx at time t (fc =
5.5 GHz, vUAV = 3 m/s, vShip = 5 m/s, vSB = 0.5 m/s, t = 3 s).

the values of AoDs, and the angular parameters will further affect
the distribution of the PSDs.

In Fig. 10, the delay PSDs of the proposed UAV-to-ship
channel model are exhibited. By instituting the ray delays and
the corresponding powers within clusters, the twin-cluster delay
PSDs can be obtained. Fig. 10 shows the power distributions
along the delays at different waveguide sizes and reflection orders.
The distance between the Tx and Rx is set as DTR = 600 m. The
delay PSDs have different variation trends with waveguide sizes
a = 20 m and a = 40 m. Moreover, the reflection orders will also
have influences on the delay PSDs.

According to the waveguide effect mechanism, for longer
distance between Tx and Rx, the smaller value of angular spread
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Fig. 6. Absolute values of the local temporal ACFs at different time instances
in SB and MB cases (fc = 5.5 GHz, vUAV = 3 m/s, aUAV = 2 m/s2, vShip =
5 m/s, aShip = 0.5 m/s2, vMB

CA = vMB
CZ = 0.5 m/s, vSB = 0.5 m/s).

Fig. 7. Absolute value of the local 3D spatial CCFs of the non-stationary UAV-
to-ship channel model (fc = 5.5 GHz, vUAV = 3 m/s, aUAV = 2 m/s2, ωUAV

= π/10, vShip = 5 m/s, aShip = 0.5 m/s2, ωShip = π/5).

is recommended in channel simulation, while the larger value of
angular spread is recommended for the shorter distance between
Tx and Rx. In Fig. 11, the angular PSD of the UAV-to-ship chan-
nel model is provided. It considers that 1 antenna is adopted at Tx
and 128 antennas are employed at Rx. Here, the multiple signal
classification algorithm is used to estimate the angular PSD. From
this figure, we can observe the appearance and disappearance
properties of clusters along the Rx array axis, which presents the
birth and death process of clusters from the space domain. The
variation of angular power spectrum represents the non-stationary
property of the model in space domain.
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To study the non-stationarity of UAV-to-ship channels, the
stationary intervals are illustrated. In Fig. 12, the empirical
complementary CDFs of stationary intervals of our proposed
channel model at different UAV speeds are given. By setting
the UAV speeds as vUAV = 1 m/s, 5 m/s, and 10 m/s, the
complementary CDFs are compared. We can notice that with the
increasing of UAV speeds, the stationary intervals of UAV-to-ship
channel will be reduced. Moreover, the UAV moves towards the
ship side, and with the decrease of distance between the UAV and
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different reflection orders and waveguide sizes (fc = 5.0 GHz, DTR = 600 m,
λG = 20, λR = 1, vUAV = 3 m/s, vShip = 3 m/s).
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ship, the angular parameters change faster, which may influence
the stationary interval.

Fig. 13 shows the root-mean-square (RMS) delay spreads
for UAV-to ship channel model by considering the over-sea
waveguide effect. The waveguide effect is an interesting prop-
agation effect in the maritime scenario, and can act as “leaky
waveguide” to reduce signal propagation attenuations [10]. To
describe the over-sea waveguide effect, rectangular waveguide
has been abstracted by introducing the reflection order γh from
horizontal plane and γv from vertical plane. By adjusting the
values of reflection orders, the comparison of RMS delay spreads
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for UAV-to-ship channel model has been illustrated. From this
figure, we can observe that with the increasing of reflections
orders, the RMS delay spread can be increased, that is in keeping
with multiple reflections bring the higher RMS delay spreads. It
is noted that the specific reflection orders need to be obtained by
the related measurements.

To verify the proposed UAV-to-ship channel model, the RMS
delay spread measurement data from [10] is used. The measure-
ment campaigns were conducted with plane flying over the Pacific
Ocean and measurement data at shorter link distances for higher
elevation angles is selected. The measurement frequency is at C-
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Fig. 14. The CDFs of RMS delay spreads for the proposed UAV-to-ship channel
model, measurement data in [10], and UAV-to-ground channel model (fc = 5.0
GHz, λG = 20, λR = 1, φA,Ship = π/5, φE,Ship = π/10).

band (5030–5091 MHz). The field measurements were conducted
by the help of the NASA Glenn’s S-3B aircraft carrying direct
sequence spread spectrum (DS-SS) based channel sounder. The
relative height between Tx and Rx ranges from 760 m to 785 m
and the link distance is in the range of 0 m to 20000 m. More
detailed measurement setup and aircraft trajectory can be found
in [10]. Moreover, the UAV-to-ground channel model in [23] is
used for comparisons. The CDFs of RMS delay spreads for the
UAV-to-ship theoretical channel model, measurement data, and
UAV-to-ground channel model are illustrated in Fig. 14. From
this figure, we can observe that the UAV-to-ship theoretical model
can fit well with the available over-sea setting measurement data,
which validates the accuracy of our proposed model. Besides,
compared with UAV-to-ground channels, it can be noticed that
UAV-to-ship channels have smaller delay spread due to the sparse
distribution of scatterers in the UAV-to-ship communication en-
vironments.

V. CONCLUSIONS

In this paper, we have proposed a novel 3D non-stationary
UAV-to-ship channel model, which considered the SB compo-
nents caused by the rough sea surface and MB components
introduced by over-sea waveguide effect in addition to the LoS
component. The proposed model supports multi-mobility, includ-
ing the arbitrary moving speeds and moving directions of UAV,
ship, and clusters between the UAV and ship. All the parameters
were set as time-variant to describe the non-stationarity of the
UAV-to-ship channel. Based on the proposed model, some typical
channel statistical properties have been derived and simulated,
such as the temporal ACF, spatial CCF, Doppler PSD, delay
PSD, angular PSD, stationary interval, and RMS delay spread.
Results have shown that the analytical results can be verified
by the simulation results in terms of ACFs and CCFs. A series
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of time-variant statistical properties of the proposed model have
been investigated to describe the non-stationarity of the UAV-
to-ship channel. With the increase of the moving speed and the
accelerated speed of UAV/ship, the temporal ACF declines faster.
The change of UAV/ship antenna rotation angles led to different
variation trends of spatial CCFs. Moreover, when the moving
speed of UAV increases, the stationary interval will reduce by
the fast changing of angular parameters. The RMS delay spreads
have been analyzed using different reflection orders, which can
reflect the influence of the waveguide effect. Finally, the RMS
delay spread of the proposed UAV-to-ship channel model has
been verified by the measurements.
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