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ABSTRACT Recently, broadband maritime communication has attracted much attention due to the rapid
development of blue economy. In addition to the conventional MF/HF/VHF bands, there has been increasing
interests in the utilization of higher frequency bands to provide broadband data service to the sea area.
To design efficient maritime communication systems, the first and a fundamental requirement is to develop
a framework to understand the wireless channels. In an integrated air-ground-sea communications network,
there are two major type of channels to be investigated, namely the air-to-sea channel (e.g., for communi-
cation links from the aircraft-based base stations or relays) and the near-sea-surface channel (for land-to-
ship/ship-to-land or ship-to-ship communications). Due to the unique features of the maritime propagation
environment such as sparse scattering, sea wave movement, and the ducting effect over the sea surface,
the modeling of these maritime channel links differs from conventional terrestrial wireless channels in
many aspects and, consequently, will result in significant impact on the transceiver design. In this survey,
we highlight themost notable differences from themodeling perspective as well as the channel characteristics
for the air-to-sea and near-sea-surface channel links, with more focus on the latter. After a thorough review
of existing modeling approaches and measurement campaigns, we conclude that the sparse and the location-
dependent properties constitute the most important and distinctive characteristics of the maritime wireless
channels. As such, we further remark on the challenges and research topics for future development of
maritime communications.

INDEX TERMS Maritime communications, channel model, evaporation duct, finite scattering, beyond
line-of-sight.

I. INTRODUCTION
In the past decades, the world has witnessed the ever-growing
of maritime economy. Conventional industries such as fish-
ery and transportation have been continuously developed,
while newmaritime activities including oil exploitation, envi-
ronment monitoring and tourism have emerged. All these
require higher data rate and more reliable wireless commu-
nications. Existing maritime communication systems mainly

rely on satellite and/or customized communication systems
operating in MF/HF/VHF bands, such as the naviga-
tional telex (NAVTEX) system, the automatic identifica-
tion system (AIS), and the developing VHF data exchange
system (VDES) [1], [2]. Therefore, the conventional mar-
itime networks are usually viewed as integrated satellite-
ground-sea networks with mesh topology among the
users [3]–[6]. The satellite-based solution, albeit undergoing
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fast development which greatly enhances its ability of pro-
viding high-speed data coverage for a wide area, suffers
from inevitable large propagation delay and high imple-
mentation cost. On the other hand, the MF/HF/VHF-based
systems, usually being adopted for vessel identification,
tracking/monitoring and security alerting, also have inherent
problems such as the requirement of special devices and
insufficient bandwidth.

To improve user experience, it is desirable for a near coast
maritime user to be able to access seamlessly high-speed
terrestrial mobile networks (like 4G or 5G networks) in
the near future.1 As a result, near coast maritime com-
munications have drawn considerable attention, where the
main objective is to provide wide-area broadband cover-
age for offshore users with the aid of terrestrial base sta-
tions (BSs) and/or relays, and with the technologies adopted
for WiFi [7], [8], WiMAX [9]–[13] and LTE [14]–[16]. For
example, the TRI-media Telematic Oceanographic Net-
work (TRITON) [17], the Nautical Ad-Hoc Network
(NANET) [18], and the MarCom project [19] have been
designed to provide high-speed data coverage to offshore
areas and reliable inter-ship communication links. To extend
the coverage, the BLUECOM+ project has been conducted
to cover a vast sea area with the aid of balloon-based
relays [20], [21]. Similarly, some other works have consid-
ered to use unmanned aerial vehicle (UAV) in maritime
communications [22]. Furthermore, 5G techniques such as
massive multiple-input multiple-output (MIMO), millimeter
wave (mmWave), and user-centric network, can potentially
provide a higher data rate coverage to widely distributed
maritime users [23]–[25]. The application of these physical
layer techniques and network architectures is foreseen to
be a promising direction in future maritime communication
systems.

To design an efficient maritime communication system,
it is fundamental to understand the corresponding wireless
channels well and develop appropriate channel models.
Whereas the maritime satellite channel has been investigated
extensively [26], the wireless channels in the integrated air-
ground-sea network are less well understood for the near
coast scenario. In both the academia and industry, researchers
have recently launched several measurement campaigns
and have proposed a number of modeling approaches to
characterize the maritime wireless channels. The interested
bands mainly focus on the unlicensed spectrum around
2.4 GHz [27], [28] and 5.2/5.8 GHz [29]–[34]. The 5G can-
didate mmWave frequency bands [35] have also attracted
increasing interests given its potential to be integrated into
the terrestrial networks.

In a near coast integrated air-ground-sea communication
network, there are two major type of channel links to be
considered, namely, the air-to-sea channel link which is used

1In this paper, we use ‘‘near coast’’ for the region that is several tens
(at most hundreds) kilometers away from the coast. In this region, wireless
communication between land and a maritime user could be done without the
aid of satellite.

for the transmission from aircraft (balloons or UAVs)-based
BSs or relays, and the near-sea-surface channel link which
is used to support land-to-ship/ship-to-land and ship-to-ship
communications. On the one hand, some air-to-ground wire-
less channel models have recently been modified to apply
for the air-to-sea propagation environment [36]–[38]. On the
other hand, the near-sea-surface channels have also beenmea-
sured and discussed from different perspectives: The path loss
models have been investigated in [32]–[34] and [39]–[43]; the
geometry-based stochastic models (GBSM) under two-ray
(see [11], [27], [35], [44], [45]) and three-ray (see [30], [46])
assumptions have been studied to describe the oscillation
in the received signal strength, stemming from the sparse
multipath propagation over the sea surface; the small-scale
fading characteristics have been investigated in [27]–[29]
and [47]–[50]; measurement and modeling for the near-sea-
surface duct channel have been investigated in [51]–[63].
However, to the best of our knowledge, a comprehensive
survey on the latest modeling approaches and measurement
results for maritime wireless channels (especially for the new
frequency bands) is still missing in the literature.

In this survey, we aim at providing a thorough review of
the existing modeling approaches and measurement results
for the maritime wireless channel, and highlight its key differ-
ences as compared to the channel models commonly adopted
for terrestrial communications. We consider both the air-to-
sea and near-sea-surface channels, while with more focus on
the near-sea-surface channel link. From our review, we con-
clude that the two most important and distinctive features of
themaritimewireless channels are sparse and location depen-
dant: 1) The sparse feature is commonly seen in the maritime
environment, in different aspects including both the scattering
and the user distribution. 2) The location-dependant feature
indicates that for a maritime user, totally different model
structures should be applied for the channels in different
location regions. Consequently to these features, new chal-
lenges and opportunities arise in the design of futuremaritime
communication systems.

The remainder of this paper is organized as follows: In
Section II, we first describe the propagation environment
for maritime communications and highlight its key features.
In Section III, the air-to-sea channel models are briefly
reviewed and discussed. In Section IV, we focus on intro-
ducing the channel models used for the near-sea-surface
communication links. Depending on the distance between
the transmitter (Tx) and receiver (Rx), we present the large-
and small-scale fading characteristics and the corresponding
models for the LOS and beyond LOS (B-LOS) channels,
respectively. In Section V, we conclude the key differences
of maritime wireless channels. Finally, Section VI discusses
future research topics and Section VII concludes this paper.

II. THE MARITIME RADIO PROPAGATION ENVIRONMENT
A typical near coast integrated air-ground-sea maritime
communication network is illustrated in Fig. 1, where
various communication links are adopted to guarantee
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FIGURE 1. An illustration of the integrated air-ground-sea maritime communication network.

a wide coverage. In general, a near user can be directly
served by the terrestrial BS. As the distance becomes larger,
the use of relay nodes such as dedicated vessels or high
altitude platforms (HAPs)/UAVs are needed. The maritime
communication environment has several important features
which will substantially affect the channel statistics and the
channel modeling. In this section, we identify three such
important features, namely sparsity, instability and the evap-
oration ducting phenomenon.

A. SPARSITY
Sparsity in the maritime channel modeling is mainly man-
ifested in two aspects: sparse scattering and sparse user
distribution.

First, the scattering of electromagnetic waves directly
affects the multipath fading statistics of the channel. Due to
the lacking of scatterers in the vast sea area, sparse scatter-
ing constitutes the most fundamental difference between the
maritime wireless channels and the channels inland. The fact
of sparse scattering holds for almost all the channel links
shown in Fig. 1, including the air-to-sea, land-to-ship and
ship-to-ship channels. For this reason, the Rayleigh fading,
commonly assumed in themodeling and analysis of terrestrial
communication systems in the rich scattering environment,
is in general no longer suitable in most maritime environ-
ments. Instead, the finite scattering model structure such as
that introduced in [64] and [65] could be more appropriate.

Due to sparsity, the following two paths are extremely
important in the maritime channel modeling: 1) Since obsta-
cles are scarcely presented in the sea, the LOS path will
dominate most of the channel links in Fig. 1; 2) a reflection
path from the sea surface may exist in some conditions.
Considering these two paths, a two-ray channel model can
be a good approximation when the antennas onboard are
mounted high [11]. On the other hand, with relatively low

onboard antenna height, local scatterers around the user will
introduce more randomness in the wireless channel which
cannot be ignored. For this case, more paths need to be taken
into consideration, and the so-called two wave with diffusion
power (TWDP) model, firstly introduced in [66] and recently
generalized to the fluctuating two-ray (FTR)model [67], [68]
in the analysis of mmWave communications, may provide a
generic model structure.

Besides that in the number of multipath components
(MPCs), sparsity also holds in the angle domain. For exam-
ple, the LOS path and the sea-surface reflection path in the
two-ray model may come from similar angular directions.
The angle difference between these two paths decreases as
the Tx-Rx distance increases. When multiple antenna arrays
are deployed at the transmitter and/or receiver, this will lead
to high correlation between the antenna elements, and subse-
quently a rank-deficient MIMO channel matrix.

Second, not only for the scattering, sparsity is also seen
in the user distribution, because the maritime users are more
likely to be widely distributed in a very vast sea area. This
means that the large-scale fading of different users in the
same network may be largely different, caused not only by
the path loss effect, but also by other unpredictable reasons
such as rain and air attenuations, which are not uniform over
the vast sea area [69], [70]. These will then result in different
large-scale fading distribution when modeling a maritime
communications network as compared to that inland.

B. INSTABILITY
Unlike the users inland, the received signal strength at a mar-
itime user may be fluctuant due to the so-called link mismatch
caused by sea wave movement, even if the user is motionless
at a fixed location. Such instability induced by waves would
lead to periodic variations to the height and orientations of
the onboard antennas. From the modeling perspective, the sea
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FIGURE 2. Illustration of the wave trapping effect in the evaporation duct layer (reproduced
from [53, Fig. 1]).

wave is often described by a trochoid or sinusoidal motion,
with the ship located at the tangent curve of the waves [71].
Accordingly, the influence on the onboard receivers can be
divided into two parts, namely the linear motions and the
rotational motions in the corresponding directions. These
motions will subsequently cause variations in the received
signal strength [72], [73]. It has been recorded that a variation
of 1 m in the antenna height would result in a variation up to
13 dB in the received signal strength [74]. This suggests that
for maritime communications, predicting the path loss simply
based on the user’s location may lead to inaccurate results.
Taking into account the randomness caused by sea waves in
the modeling is necessary.

Besides the link mismatch effect, the sea wave move-
ment will also affect the scattering in the radio propagation,
especially for the surface reflection paths. Three parameters,
namely the significant sea wave height, the average sea
wave length, and the average sea wave period are usually
used to describe the sea wave movement [75], [76]. In the
Pierson-Moskowitz sea state table, the sea state is classified
into 10 levels from calm to rough according to the val-
ues of these parameters [77]. With fierce sea wave move-
ment (i.e., high sea state levels), the incoming wavefronts
encounter more scattering and/or reflections due to the rough
sea conditions. In this case, the simplified two-ray model
has to be modified with the help of the so-called Karasawa’s
model [78], which accounts for: 1) the variation of the sea
surface height when calculating the amplitude of the main
reflection path, and 2) multiple scattered components stem-
ming from irregular sea surface, which are characterized by
dividing a large sea surface area into several small-sized
regions and each corresponds to a individual scattering path.
With these manipulations, the Karasawa’s model is able to
describe more precisely the multipath fading and path loss in
the presence of rough sea conditions [31].

Overall, the sea wave movement substantially affects
the stability of the maritime communication link. In [12],
the IEEE 802.16j standard has been adopted for maritime
e-Navigation communications. It was shown that the commu-
nication becomes infeasible at sea states 7 and 8, even with
high transmit SNR. The impact of sea wave movement must
be taken into consideration in the maritime channel mod-
eling for the establishment of reliable and stable maritime
communications.

C. EVAPORATION DUCTING PHENOMENON
The atmospheric ducting effect has been long noticed, and
intensively investigated especially for radar systems and mil-
itary communications. The ducting effect is caused by the
refractivity changing at different heights of the atmosphere,
which is caused by the change of atmospheric pressure,
temperature and humidity etc. According to the differences
in the appearance heights and formulation conditions, there
exists three typical types of atmosphere ducts: the surface
duct (including the evaporation duct), the surface-based duct,
and the elevated duct. A comprehensive review of these ducts
and their formulations is referred to [52] and [53].

Among all the atmospheric ducts, the evaporation duct
(mainly caused by the water evaporation over the sea surface)
is commonly utilized in maritime communications thanks
to its ability of providing transhorizon transmission.2 More
importantly, the evaporation duct has appropriate appear-
ance height (around 10m-20m, at most 40m) and high
appearance probability (90% of the time in the equatorial
and tropical areas) [53], [56], [57]. As illustrated in Fig. 2,
the electromagnetic waves emitted in certain directions will
be ‘‘trapped’’ between the sea surface and the evaporation
duct layer. Thereby, the wireless energy can be concentrated
in the intended direction instead of spreading over the entire
free space, and hence enhances the coverage range [59]–[63].

The modeling of wireless propagation in the duct layer
is critical for the design and analysis of B-LOS maritime
communications. Related works were conductedmainly from
two different perspectives: 1) Some works focused on the
measurement and modeling of key physical parameters of
the evaporation duct, including the refractivity and the duct
height for different carrier frequencies, under different cli-
mate conditions [79], [80]; 2) other works aimed at describ-
ing the radio propagation in the evaporation duct layer as well
as its properties such as the path loss [52], [55], [59], [62],
using typical methods including the parabolic equation
method and optical ray tracing method [53].

The three features described above will affect both the
air-to-sea and near-sea-surface channel links in Fig. 1.
In the following, we will describe the modeling of these
two types of channel links considering these features,

2For the near coast region we concerned, transhorizon transmission needs
to be considered when the height of the terrestrial BS is limited.
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and highlight their key differences as compared to that
inland.

III. AIR-TO-SEA CHANNELS
Whereas the air-to-ground channels have been intensively
studied in the literature [81], [82], the three features of the
maritime environment, i.e., sparsity, instability and ducting
effect, bring unique characteristics to the air-to-sea channels
and therefore result in notable differences in the channel mod-
eling. Herein, we highlight some most distinctive properties
of the air-to-sea radio propagation, as well as their impacts on
the channel.

A. PHYSICAL PROPAGATION CHARACTERISTICS
In most cases, the LOS path and the surface reflection path
are two dominant paths in an air-to-sea channel. Consid-
ering that the transmitter is in general at high altitude and
the transmission distance is large, the so-called curved-Earth
two-ray (CE2R) model is usually adopted to take into account
the earth curvature [38]. In some scenarios, more scattered
weak paths need to be considered besides the two dominant
paths. The scattering generally happens around the receiver
due to the high Tx altitude [82]. As mentioned, whereas the
local scattering could be rich for inland receivers (e.g., in the
near-urban area), a maritime user is expected to face much
sparser scattering, and hence the over-water setting may sim-
plify the modeling as compared to the inland air-to-ground
channels. In [36], the channel over the water was described
by a three-ray model, which consists of one LOS path and
two reflection paths. The stronger reflection path stems from
the direct reflection from the sea surface, and the weaker
reflection path is formed by many electromagnetic waves
from multiple weak sources of reflections.

In the three-ray model, the instability feature of the mar-
itime propagation environment would affect the relative
amplitudes of the two reflection paths. For calm sea surface,
the stronger reflection path is expected to be more domi-
nant. However, when the sea surface becomes ‘‘rougher’’
(i.e., when the sea state level is high), the strength of all reflec-
tion paths will be decreased, and the two reflection paths
will become less distinguishable. In the extreme condition,
the entire channel will be composed of one LOS path and only
one reflection path. The single reflection path can be seen as
superposition of multiple weak reflections. In case that the
number of weak reflection paths is large, the three-ray model
simply reduces to, statistically, the well known Rician fading
for narrow band transmissions [38].

In the three-ray air-to-sea channel model, the existence of
the third path also relies on parameters such as the carrier
frequency, the Rx antenna height, and the number of mar-
itime objects (e.g., vessels, reefs, offshore drilling platforms,
etc.) [38]. Measurement results in [37] revealed that the max-
imum probability that the third path exists is 8.5% for the
5.7 GHz carrier frequency. With higher Rx antenna height,
this probability may be even lower. Reference [37] has also
observed that the third path usually has much lower strength

than the other two paths, thereby the two-ray model can be
a good approximation and provide a good fit to up to 86%
of the measurement results. In this light, an air-to-sea tapped
delay line channel model can be represented by

h3Ray (t, τ ) = h2Ray (t, τ )

+ z3 (t) a3 (t) exp (jϕ3 (t)) δ (τ − τ3 (t)), (1)

where a3, τ3, and ϕ3 are the time-varying amplitude, propa-
gation delay, and phase shift of the third multipath compo-
nent, respectively [38]. Here, z3 is generated from a random
process that controls the occurrence possibility of the third
multipath component, and h2Ray (t, τ ) is the CE2R model
with

h2Ray (t, τ ) = δ (τ − τ0(t))

+αs(t) exp (jϕs(t)) δ (τ − τs(t)), (2)

where αs(t) is the amplitude of the surface reflection wave,
and ϕs(t) is the relative phase shift to the direct path.
αs(t) might be affected by parameters including the reflec-
tion coefficient, shadowing factor, divergence factor and
the surface roughness factor, and ϕs(t) can be geometri-
cally calculated according to the curved earth approximation
(See [38, Fig. 21]).

B. KEY PARAMETERS OF THE AIR-TO-SEA CHANNEL
In this subsection, we highlight somemeasurement results for
various key parameters of the air-to-sea channels, including
the path loss, the root mean square-delay spread (RMS-DS)
and the Rician K -factor. The readers are referred to [38] for
a more detailed description of the latest results.

1) PATH LOSS
As discussed, the air-to-sea channel can be approximated by
a classic two-ray or three-ray model. In this case, due to the
destructive summation of the two or three independent rays
with different phases, the channel will meet deep nulls at
certain Rx positions as confirmed by [37] and [38].3 The
deep nulls appear with higher probability in the maritime
environment due to its sparse nature, while for the inland air-
to-ground channels, the path loss curve would be smoother
with rich scattering.

Two factors that may affect the path loss model need
to be considered in the air-to-sea propagation environment:
1) Earth curvature: In maritime communications, usually
long coverage distance is expected. Therefore, the application
of the CE2R model will be necessary, which subsequently
leads to different path loss models from those obtained under
the flat-earth assumption. 2) Ducting effect: Although the
height of the transmitter is generally higher than the duct
layer, part of the radio energy could still be trapped in the
duct layer when the grazing angle (i.e., the angle between
the direct path and the sea surface plane) is less than a

3In this paper, we use the term ‘‘null’’ to describe that the received signal
strength meets sudden drop.
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FIGURE 3. Illustration of the near-sea-surface channel links which are shown to be location-dependant.

certain threshold. In this case, the ray-trapping effect of the
evaporation duct (and evaluated duct) will notably increase
the energy of the received signals, resulting in path loss
reduction. In measurements, the recorded path loss reduction
could be up to 10 dB [37].

A general path loss model for the air-to-sea channels,
following the classic logarithmic path loss model structure,
was described in [38] as

PL(d)|dB = PL (d0)+ 10n log10

(
d
d0

)
+ χσ + ςF, (3)

where d0 is the reference distance, n is the path loss expo-
nent which could be less than 2 thanks to the ducting effect
over the sea surface, and χσ describes the shadow fading.
Note that although the presence of obstacles is expected to
be rare, shadowing effect is still considered in (3) due to,
e.g., sea waves in the condition of high sea state levels.
To incorporate the fast moving of the aircraft-based transmit-
ter, an adjustment parameter F is introduced, while ς is set
to 1 or −1, depending on the moving direction of the aircraft
(towards or away from the ground site). Measured values of
these parameters for different scenarios and carrier frequency
are referred to [38, Table VII].

2) ROOT MEAN SQUARE DELAY SPREAD (RMS-DS)
In the case that the air-to-sea channel is dominated by the
two-ray components, the RMS-DS is usually small, espe-
cially for high aircraft altitudes [38]. When the third ray
cannot be ignored, the RMS-DS of the air-to-sea channel will
be significantly affected by the sea wave condition and the
existence of the duct layer: First, as described in the previous
subsection, higher sea state level may decrease the occurrence
probability of the third ray in (1), and consequently, decreases
the RMS-DS. Second, in the presence of the duct layer,
additional rays may arrive at the receiver from small grazing
angles, which may substantially increase the RMS-DS as
compared to that measured inland.

In [36], measurements of the RMS-DS have been con-
ducted for scenarios with or without the duct layer. The
reported results have shown that 1) the duct-layer propagation
leads to much larger RMS-DS for the reason that the trapped
signals encounter multiple reflections and refractions; 2) the
aircraft altitude plays an important role in determining the
RMS-DS. A lower altitude leads to larger RMS-DS as
the multiple reflection paths become more distinguishable;

3) the RMS-DS is also affected by the sea condition. Accord-
ing to the measurements, larger RMS-DS was observed in
the calm sea conditions than that observed with rougher sea.
The measurement result agrees with the previous discussion
where it has been shown that a third propagation path is more
likely to exist in the calm sea condition, which subsequently
induces larger RMS-DS.

3) RICIAN K -FACTOR
As mentioned, Rician fading could be used to describe the
small-scale fading characteristics of the air-to-sea channel
in the rough sea conditions. For this case, it is necessary to
understand the distribution of the Rician K -factor. In [38],
it has been shown that the Rician K -factor in dB increases
almost linearly with the link distance. Due to the sea wave
movement, the Rician K -factor is actually random and its
mean value and standard deviation have been measured for
different frequency bands. For example, the mean value of
31 dB and standard deviation of 1.8 dB have been measured
for the C-band signals, while the mean value of 12.7 dB
and standard deviation of 1.2 dB have been reported for the
L-band.

IV. NEAR-SEA-SURFACE CHANNELS
In this section, we focus on the channel links in the land-to-
ship/ship-to-land and ship-to-ship communications, i.e., the
near-sea-surface channels. Following a similar line of rea-
soning of Section III, we first introduce the physical prop-
agation characteristics of these channel links and highlight
the ‘‘location-dependant’’ feature. Furthermore, noticing that
the B-LOS transmission is crucial in the near-sea-surface
radio propagations due to the limited antenna heights and
earth curvature, we will describe the modeling details for the
B-LOS propagation in addition to the LOS propagation.

A. PHYSICAL PROPAGATION CHARACTERISTICS
For the air-to-sea channels, a key feature could be concluded
as ‘‘angle-dependant’’. More specifically, the air-to-sea chan-
nel characteristics would be largely different for different
grazing angles. As an example, the duct layer propagation
only exists when the grazing angle is smaller than a certain
threshold, thereby causing different path lossmodel and delay
spread.

In contrast, the near-sea-surface wireless channel can be
described as ‘‘location-dependant’’. As illustrated in Fig. 3,
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different channel models should be selected depending on
the Tx-Rx distance. When the Tx-Rx distance is small,
the channel could be modeled using the classic two-ray
model [11], [27], [35], [44], [45], where the LOS and the sur-
face reflection paths are the two most dominant components
of the channel. As the distance increases, the first ray from
the evaporation duct layer appears (if exists). In this case,
the three-raymodel provides amore precise description of the
channel [30], [46]. If the receiver moves even farther away,
both the LOS and the surface-reflection paths eventually
vanish due to the earth curvature. However, the receiver can
still receive signal in the presence of the duct layer, provided
that the direction of the transmit beam is properly set. In con-
clusion, as the Tx-Rx distance increases, the propagation
characteristic may change from two-ray to three-ray, and
becomes duct-only in the end.4

According to Fig. 3, the propagation near the sea surface
can be divided into two scenarios, namely LOS and B-LOS,
where the former includes both the two-ray and three-ray
propagations, and the latter is mainly due to the transhori-
zon propagation through the evaporation duct layer. In what
follows, we discuss the channel modeling respectively for the
LOS and B-LOS scenarios.5

B. LOS TRANSMISSION
LOS transmission is the most common communication scene
of short-range maritime activities, including coastal traffic,
coast guarding and near-sea fishery. The LOS path exists
when the Tx-Rx distance is relatively short. Geometrically,
the largest distance that can support LOS transmission can be
calculated as [83]

dLOS =
√
h2t + 2htR+

√
h2r + 2hrR, (4)

where ht and hr are the heights of the Tx and Rx anten-
nas, respectively, and R is the Earth radius. For instance,
the maximum LOS distance is approximately 35 km with
antenna height 40 m. For ship-to-ship communications, this
distance might be shorter due to the limited onboard antenna
height. Many modeling approaches have been proposed to
characterize the maritime LOS transmission. We summarize
some major approaches in the following.

1) EMPIRICAL PATH LOSS MODELS
It is important to have an accurate large-scale path loss
model so that the transmitter can set its power accord-
ingly to support long-range maritime communications. For
this purpose, one straightforward approach is to use the
well-known empirical path loss models with necessary mod-
ification to fit the maritime environment. In this regard,

4Note that the duct-only case does not mean that there is only one ray
arrived through the duct layer. In fact, multiple rays encountering different
times of reflections and refractions may arrive at the same Rx point, therefore
resulting in a multipath fading channel.

5In the following, when the context is clear, we might use LOS to refer to
the links that are within the LOS range, i.e., not transhorizon (even if there
is no actual LOS path between the nodes due to blocking).

the widely used Okumura-Hata model has been modi-
fied for the maritime environment in [84], which accounts
for the sparse distribution of obstacles and scatterers in
the wide open sea area. The irregular terrain methodol-
ogy (ITM) model, a.k.a. the Longley Rice model [85],
introduces extra physical parameters such as the sea wave
conditions and the climates. In [39], it is shown to pro-
vide more precise results than the Okumura-Hata model.
The ITM model has been further improved in [40] by
including the impacts from the two-ray propagation and
rain attenuation. Recently, the International Telecommu-
nication Union (ITU) has proposed a path loss model
ITU-R P.1546-5 [41]. The ITU model was intended for the
use in tropospheric communications. It is applicable for many
scenarios with antenna heights from 10 m to 3000 m, and
supports transmission distance up to 1000 km. In [42], it has
been shown that when the transmission distance is short,
the above empirical models have similar performance. As the
transmission distance increases, the ITUmodel is shown to be
more consistent with measurements than the other models.

Consider the classic logarithmic path loss model structure,
which is given by

PL(d) = PL(d0)+ 10nlog10

(
d
d0

)
+ χσ . (5)

A number of campaigns have been conducted to mea-
sure the key parameters of (5) in the maritime environ-
ments, i.e., the path loss exponent n and the standard
deviation σ of the log-normal distributed shadow fad-
ing factor χσ [27], [32]–[34], [43]. For the frequency band
ranges from 5 to 8 GHz, which has been granted by the
European Conference of Postal and Telecommunications
Administrations (CEPT) and European Telecommunications
Standards Institute (ETSI) to offer maritime broadband
communications [83], [86], many recent measurements and
modeling approaches have been reported, as summarized
in Table 1.6 Several important observations are highlighted
as follows: 1) The path loss exponent varies quite differently
in different scenarios. Besides the carrier frequency, other
factors that would affect the value of n include the Tx/Rx
antenna height, the link distance, and the existence of LOS
path etc. 2) Albeit less shadowing effect was expected in
maritime communications due to the sparse distribution of
obstacles, it could still be described as log-normal distribu-
tion. The shadowing effect may be caused by the blocking
reefs and passing-by vessels, and might also affected by the
sea waves. In practice, higher sea state levels lead to larger
value of σ .
In Table 1, it has been shown in [27], [32], and [43] that

the two-ray model outperforms the classic logarithmic path
loss models in describing the periodical oscillation shown
in the measured signal strength, when the Tx-Rx distance is
short and there exits a dominant LOS path. As such, the ray

6In Table 1, NLOS specifically refers to the scenarios that the Tx-Rx
distance is within the LOS range (i.e., d < dLOS in (4)), while the actual
LOS path is blocked by obstacles.
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TABLE 1. Recently reported logarithmic path loss model parameters for maritime LOS transmission.

trajectory-based path loss models, including both the two-ray
and a three-ray model, are introduced in the following.

2) TWO-RAY AND THREE-RAY PATH LOSS MODELS
Although the empirical path loss models can efficiently pre-
dict the average signal strength in the maritime environment,
they fail to fit the local oscillations resulted from the destruc-
tive summation of sparse multipath signals. To address this
problem, the ray trajectory-based path loss models geomet-
rically identify the trajectories of the most dominant rays
arrived at the receiver. Accordingly, the phase shift of each ray
is characterized and considered in the path loss calculation,
therefore providing a better description of the local peaks and
nulls of the received signal strength.

Using the two-ray model, the path loss in dB at distance d
can be calculated as [30, eq. (2)]

L(ht , hr , d)

= −10 log10

((
λ

4πd

)2(
2 sin

(
2π
λ

hthr
d

))2
)
, (6)

where ht and hr are the Tx and Rx antenna heights,
respectively, and λ is the carrier wavelength. For the

near-sea-surface LOS propagation, the two-ray path loss
model is accurate as shown by a number of measurement
campaigns using various carrier frequencies and transmission
protocols [11], [45], [74]. It has been shown that the deep
nulls calculated from (6) well match with the measured data
especially for the offshore environment [27], [32], i.e., when
the Tx-Rx distance is relatively short. According to the
two-ray model, deep nulls in the received signal strength
periodically appear as the Tx-Rx distance increases, and a
maximum variation up to 60 dB was observed between peaks
and nulls [9].

Note that deep nulls calculated from (6) only appear within
the distance range (d0, dbreak ) where d0 = ht and dbreak =
4hrht
λ

[30]. The reasons are: 1) The received signal strength
of a receiver whose distance is less than d0 will be increasing
since the signals from the two paths will always be con-
structively combined; and 2) when the distance is larger than
dbreak , the signal strength would monotonously decrease as
the two-ray signals will always be destructively combined.
However, measurements have shown that deep nulls still
exist when the distance is larger than dbreak [30], [46]. This
suggests the possible existence of an additional path. In [30],
it is conjectured that a third ray might come from the trapped
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FIGURE 4. Illustration of the direct, specular, and diffusion reflection paths in the near-sea-surface
propagation (reproduced from [47, Fig. 1]).

signals in the evaporation duct layer. In this case, the three-ray
path loss model is given by

L(ht , hr , he, d) = −10log10

((
λ

4πd

)2

(2(1+1))2
)
, (7)

where1 = 2 sin
(
2πhthr
λd

)
sin
(
2π (he−ht )(he−hr )

λd

)
and he is the

effective height of the evaporation duct. The three-ray model
is shown to fit the measured results quite well for d > dbreak
where the two-ray model fails to predict the null locations in
this region [30].

The existence of the third ray relies on various fac-
tors including the Tx/Rx antenna heights, the evaporation
duct height, as well as the refractivity of the atmosphere.
Given these parameters, the distance beyond which that the
third ray may appear can be determined via the ray tracing
methods [52]. Approximately, for the near-sea-surface LOS
transmission, the deep nulls in the received signal strength can
be well predicted by simply applying the two-ray path loss
model in the range of (0, dbreak ), and then apply the three-ray
model in the range of (dbreak , dLOS ).

3) SMALL-SCALE FADINGS
In addition to the dominant paths considered in (6) and (7),
there may also exist multiple weak paths similar to those
in the air-to-sea channels. These weak multipaths introduce
more randomness, which need to be consideredwhen describ-
ing the small-scale fading of the channel.

An important source of these weak multipaths is the multi-
ple reflections from the rough sea surface. As shown in Fig. 4,
when calculating the large-scale path loss in (6) and (7),
only the specular reflection path is considered under the ideal
assumption, i.e., calm sea surface. In practice, rough sea
surface will produce more diffusion paths stemming from
a sizable surface region (denoted as the glistening surface
in [47]). The glistening surface can be modeled as the combi-
nation of a number of small mirror-like surfaces with random
orientations (e.g., the angles of the reflections can bemodeled
as Gaussian distributed) [47]. The amplitudes of these diffu-
sion paths can be characterized with the aid of the Karasawa’s

model as in [31, eqs. (1) and (2)]. On the other hand, the con-
tribution to the weak multipath components from local scat-
terers such as the ship hull and surrounding objects cannot
be neglected neither. Depending on the scenarios, the local
scatterers could be assumed to be randomly distributed on the
surface of a hemispheroid around the receiver.

By exploiting the propagation geometry and stochastically
characterizing all the scattered paths with their angles of
departure and arrival (i.e., AOD and AOA), amplitudes and
delays, the classic GBSMs can be used to model the physical
radio propagation [87]. However, when the number of mul-
tipath components is large, the conventional GBSMs are not
efficient for the theoretical analysis. Recently, the so-called
two wave with diffusion power (TWDP) model has drawn
attentions in the modeling of mmWave channels where the
dominant paths are sparse. The TWDP model simplifies the
conventional GBSMs by replacing multiple weak paths with
a single diffusion term, described as [66, eq. (4)]

Ṽ =
N∑
i=1

Vi exp(j8i)+ X + jY , (8)

where N = 2. Ṽ is the total voltage induced at the receive
antenna consisting of two parts: the specular component∑N

i=1 Vi exp(j8i), and the diffusion partX+jY which follows
complex Gaussian distribution and represents the sum of
numerous independent weak waves. The TWDP model is
inherently appropriate for modeling the maritime LOS prop-
agation, especially for the high sea state levels: the specular
component in (8) corresponds to the combination of the direct
path (i = 1) and the specular reflection path (i = 2) in Fig. 4;
the diffusion term corresponds to the randomness induced by
multiple weak paths from rough sea surface reflections and/or
rich local scattering. Compared to the conventional GBSMs,
the TWDP model provides a tractable analytical form for
the maritime LOS channel. Although the probability density
function (PDF) of (8) is not available in closed-form, close
approximations which enable fast numerical evaluations can
be found [66].

Note that both V1 and V2 in (8) might be fluctuating too,
and should be considered as random in some conditions
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(In the maritime environment, this might be caused by
waves). In this regards, the TWDP model is generalized to
the fluctuating two-ray (FTR) model in [67] and [68]. The
FTR model has several advantages: Its PDF can be derived
in closed-form, and the model can be reduced to well-known
distributions (e.g., Rician or Rayleigh) in certain conditions.
For example, as the Tx-Rx distance increases, the LOS path
and the dominant reflection path tend to have similar path
length, and the phase difference between these two paths
approximately stays unchanged. In this scenario, these two
paths can be combined as one. Note that the randomness
caused by the specular part and the diffusion part in (8) have
different time scales, where the former will encounter a much
slower changing rate. Therefore, during a short period where
the specular component is fixed, the overall small-scale fad-
ing simply reduced to Rician. In the maritime environment,
the match between the Rician fading and measurements has
been confirmed in [27], [29], and [50] for different carrier
frequencies and Tx-Rx distances.7

FIGURE 5. Received power vs. Tx-Rx distance in a maritime LOS
environment [31, Fig. 7]. Measurements are compared with the
empirical path loss model (ITU), the two-ray model (LOS + Specular)
and the specular + scattering models. Parameters setting – Carrier
frequency: 5.2 GHz; bandwidth: 100 MHz; transmit power: 47 dBm;
Tx antenna height: onboard, ∼7 m; Rx antenna height: 32.9 m.

As a conclusion of this subsection, we repro-
duce [31, Fig. 7] as Fig. 5 to show the relations and the
applicable scenarios of the introduced large- and small-scale
channel models. As shown in the figure, the measured chan-
nel shows significant oscillations due to the destructive com-
bination of the direct and the specular reflection waves. The
empirical ITU model can be used to describe the large-scale
decaying in the average received signal power, but it fails
to identify the null locations. A two-ray path loss model
incorporating the LOS path and the specular reflection path
accurately fits the location-dependent null points, but the

7Note that except for the Rician fading, some other fits have been
reported in the literature, depending on the specific propagation environment
(with or without actual LOS path etc.). For instance, in [34], the small-scale
fading, when expressed in dB, is shown to fit well with the extreme value
distribution.

small-scale fading caused by the diffuse multipath compo-
nents is not characterized. By further introducing a scattering
component to the two-ray model, the simulated curve shows
the best fit to the measurements.

C. B-LOS TRANSMISSION
B-LOS transmission is possible in maritime communications
thanks to the ducting effect over the sea surface. As a promis-
ing approach to achieve long-distance and high security trans-
mission, B-LOS transmission using the ducting effect has
attracted much attention in military communications. For
X-band signals, the communication range can be dramatically
extended to up to 1000 km with the aid of the duct layer [53].

In the previous subsection, it has been shown that a third
ray from the duct layer may introduce additional nulls in
the received signal strength. As illustrated in Fig. 3, when
the LOS and reflection paths vanish at long Tx-Rx distance,
i.e., beyond dLOS , the wireless channel solely relies on the
radio propagation in the duct layer. To better understand the
maritime B-LOS channel, wave propagation tools have been
widely used, e.g., the AREPS and PETOOL [52], to solve
the parabolic equation (PE) approximation of the Helmholtz
wave equation by numerical means [52], [88]. The path loss
can be obtained accordingly with the solution of the PEs. The
fundamental theory of the PEmethod and a series of its appli-
cations can be found in [88]–[91]. Although the PE method
can efficiently solve the electromagnetic propagation prob-
lem and estimate the field strength at any interested location,
it cannot describe the propagation characteristics in the spa-
tial or delay domain, i.e., the AOA/AOD and the delay spread.
To address this problem, the ray optics (RO) method, a.k.a.
optical ray tracing (ORT), is introduced to find the trajectory
of each ray by solving the Snell’s equation [89], [92], [93].
The ORT method reveals more propagation details at a cost
of higher computational complexity. In practice, the PE and
ORT methods can be combined to provide a more precise
description of the channel [94], [95].

Several key features have been reported for maritime
B-LOS channel via measurements or simulations: 1) The
capability of B-LOS transmission relies on the carrier fre-
quency, where it has been shown that the X-band is prefer-
able. In [61], the researchers have established a high-speed
B-LOS microwave link operating at 10.5 GHz in Australia,
and a path loss of 141 dB was recorded at the distance of
80 km, while the C-band (4-8 GHz) signals experienced
about 30 dB higher path loss at the same distance. This phe-
nomenon has also been confirmed by the simulations using
the PETOOL. 2) Only the transmission within a certain angle
range, i.e., the trapping beamwidth as denoted in [52], can be
trapped in the duct layer, while radio waves emitted outside
of this range will spread in the atmosphere. The maximum
and minimum trapping angles are symmetric and are given
by [52] and [96, eq. (5)]

θTmax /min=±

√
2
(

1
n(0)

∂n
∂z
+

1
R

)
(ht − he), (9)
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where n is the atmospheric refractive index, which is a func-
tion of z, the vertical height. n(0) is a reference constant value,
R is the earth radius, ht and he are the heights of the Tx
antenna and the duct layer, respectively. With ht = 27 m and
he = 40 m, the calculated trapping angles are very narrow
(±0.266◦) [52], whichwould impose high requirement on the
Tx beamforming design.

In the next, we follow a similar structure as the last sub-
section and continue to introduce the large- and small-scale
fadings in the B-LOS channel.

1) PATH LOSS MODELS
As the Tx-Rx distance increases and is beyond the clearance
of the first Fresnel zone, the received signal strength will have
sudden drop even if the LOS path exists, i.e., d < dLOS .
As shown in Fig. 6, the ITU model well matches with the
measured data and still maintains its accuracy for the tran-
shorizon propagation, while both the free space and two-ray
models overestimate the received power in this region [83].
Note that the water temperature at the time of measurement
was only 6◦C, and it is unlikely that there exists evaporation
duct. In this case, the path loss in the transhorizon region is
much higher than that of the free space.

FIGURE 6. Measured path loss compared with the theoretical and
empirical models [83, Fig. 5]. Obvious decreasing in the received signal
strength is observed beyond the clearance of the 1st Fresnel zone.
Parameters setting – Carrier frequency: 5.2 GHz; bandwidth: 120 MHz;
transmit power: ∼43 dBm; Tx antenna height: onboard, ∼16 m; Rx
antenna height: 6 m.

In the presence of evaporation duct, the path loss might
be lower than that of free space thanks to the wave trapping
effect. Under the ideal assumption with uniformly distributed
duct layer (i.e., constant layer height) and flat sea surface,
the path loss exponent was calculated using the PETOOL as
1.2087 in [53]. The value is smaller than 2 (the free space
exponent) since the trapping effect of the duct layer prevents
the signal power from spreading through the atmosphere.

In contrast to the ideal assumptions, the refraction condi-
tions of the duct layer are not uniform and range-dependant
in practice. Besides, the sea surface is rough according to the

realistic sea wave conditions. These lead to a higher actual
path loss exponent than the theoretical value [53], and it is
random rather than constant. Dinc and Akan [52] obtained
the parameters of the logarithmic path loss model in (5) based
on the PETOOL. Taking practical parameters such as the
the Tx height (ht ), Rx height (hr ), duct height (he), duct
strength (1m), and carrier frequency (f ) into consideration,
the parameters are given by [52, eq. (22)]

PL(d0) = αA + βA1h+ κAhe + ξAf + ρA1m+ σ1Ax,

n = αn + ξnf 2 + ρn1m+ σ1ny,

where 1h = |ht − hr |, and α, β, κ , ξ , σ are the coefficients
obtained via multivariate regression analysis. Note that the
randomness is introduced to the path loss parameters via
x and y, which are random Gaussian variables with zero
mean and unit variance. Besides, it was concluded that the
shadow fading (in dB) in the ducting propagation best fits the
log-Weibull distribution, whose parameters can be similarly
obtained through the regression analysis.

Measurements of the path loss in the evaporation duct layer
have been conducted recently. In [97], the path loss exponent
value of 2.1 was observed for 10.4 GHz carrier frequency,
which is slightly higher than the free space path loss. In [98],
the path loss is modeled as the free space path loss multiplied
by a modification factor. It has been shown in [98, Fig. 13]
that when the Tx-Rx distance is relatively short, the measured
signal strength decreases following a similar trend of the free
space path loss model, while larger path loss is observed
as the receiver goes farther. Although the trapping effect
provided by the ducting transmission is expected to enhance
the received power, practical measurements have revealed
that additional losses might be induced by unideal factors
such as the low reflection coefficient caused by rough sea sur-
face, and by the refraction loss caused by non-uniform duct
layer distribution. A thorough review of recent measurement
achievements and analysis is referred to [98].

2) SMALL-SCALE FADINGS
To understand the small-scale fading in maritime B-LOS
channel, it is necessary to first characterize the multipath
propagation within the duct layer. For this purpose, the ORT
method is preferred to estimate the possible arrived rays
at a given point.8 By approximating the electromagnetic
propagation in different directions with distinguishable rays,
the ORT method is able to simulate the channel by summing
up all the incoming rays at a given location. A Matlab-based
ray-tracing package is referred to [99], while the model relies
on some ideal assumptions such as range-independent refrac-
tivity. Zhao and Yang [51] designed a 2D visualization ray
tracking tool (Ray-VT) to capture the realistic environment
factors including range-dependent refractivity and arbitrary

8As a deterministic modeling technique, ORT is usually used as a coun-
terpart to the PE method to characterize the field strength in a given environ-
ment. Nevertheless, we introduce the ORT method in this subsection since it
can provide the information of the propagation geometry, required by other
conventional physical channel models to model the small-scale fading.
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terrains. The proposed ORT method was compared with the
PE-based approaches. While the consistency has been shown
in the field strength distribution, the ORT method can addi-
tionally provide information on the possible ray trajectories
between the transmitter and receiver, and correspondingly,
the AOAs/AODs and delay spreads. Detailed comparisons
between the ORT- and PE-based methods can be found
in [89].

The fundamental theory of ORT is referred to early con-
tributions such as [100], and it has been specifically modi-
fied for the maritime B-LOS propagation modeling in [101].
Instead of going into the details of the ORTmethod, we focus
on the channel statistics of the B-LOS duct channel, and
highlight a few key conclusions obtained using ORT in the
following.

FIGURE 7. Number of arrived paths vs. the Tx-Rx distance (obtained
using ORT simulations). Parameters setting – Carrier frequency: 10 GHz;
Tx antenna height: 10/20/30 m; Rx antenna height: 20 m; duct layer
height: 40 m.

One important feature for the duct layer propagation is
the number of multipaths increases almost linearly with
the Tx-Rx distance as shown in Fig. 7. When the Tx-Rx
distance is short, there exists only a limited number of
multipath components. From the perspective of physical
propagation, different approaches can be used to describe the
small-scale fading of the channel, here we list two typical
ones: 1) The classic GBSM-based model structure can be
applied if the transmission geometry is known [87]. 2) The
extended Saleh-Valenzuela (S-V) model can be used without
the needing to know the exact transmission geometry [65].
It only requires the information on some physical parame-
ters such as the AOA/AOD, delay, and the complex gain of
each multipath component, while the distribution of these
parameters can be modeled with the aid of results obtained
using ORT. For example, it is known that the AODs will
be distributed within the trapping beamwidth, which can be
determined using the ORT method. Note that the extended
S-V model has recently attracted attentions in the research of
mmWave communications [102], which experiences sparse
channels similar to that in the maritime environment.

From the statistical modeling perspective, when the Tx-Rx
distance is just beyond dLOS , there may exist one domi-
nant path along with multiple weak paths. For this case,
recent measurements have observed that the correspond-
ing small-scale fading can be simply modeled by Rician
distribution [103]. On the other hand, the number of multi-
path components becomes large as the distance increases as
shown in Fig. 7. In systems that the chip period is comparable
to the delay spread, all these paths will be combined together,
and the small-scale fading can be simply approximated by
Rayleigh distribution when the Tx-Rx distance is large. The
converge to Rayleigh is confirmed by our ORT simulation as
shown in Fig. 8.

D. OTHER KEY PARAMETERS OF THE NEAR-SEA-
SURFACE LOS/B-LOS CHANNELS
In this subsection, we summarize some other important
parameters for the near-sea-surface LOS/B-LOS chan-
nels reported in the literature, including the Rician
K -factor, the delay spread and frequency spread (coherence
time). In what follows we list some most recent results
obtained from either measurements or stochastic modeling
approaches.

As described, the Rician fading can be used to describe the
small-scale fading for either the LOS or B-LOS propagations
when there exists dominant paths. The Rician K -factor has
been investigated in [29], [83], and [104]. It was shown that
the measured Rician K -factor is influenced by the antenna
heights, where higher antenna leads to smaller mean value
and deviation of the K -factor [29]. Besides, the K -factor
decreases with the Tx-Rx distance. In particular, when the
distance is beyond the first Fresnel zone, the K -factor sub-
stantially decreases due to the blocking of the LOS path
(see Fig. 6). For the B-LOS propagation, the Rician K -factor
keeps decreasing as the distance increases and finally the
channel becomes Rayleigh [83]. This observation agrees with
the results in [98], and can also be explained by using theORT
method as shown in Fig. 7 and Fig. 8.

Results on the delay spread have been reported for the
maritime LOS channels in [28], [46], and [105]. It has been
shown that the delay characteristics depend on various factors
including the carrier frequency, the scattering environment,
and the sea wave conditions. In [28], a maximum resolvable
delay of 10.24 µs is observed for 2.075 GHz signals in an
open sea area ranges from 3 to 12 km. Stochastic ray method
was applied to investigate the statistical characteristics of the
multipath propagation in [49], and the mean excess delay
of 8.95 µs and RMS-DS of 9.64 µs were reported. For the
5.8 GHz carrier frequency, the mean delay of 61 ns and
RMS-DS of 183 nswere recorded in a sea port scenario [105].

At last, due to the sparse nature of maritime radio propaga-
tions, the frequency spread is found to be very narrow for both
the LOS and B-LOS transmissions. In [28], the Doppler shift
was shown to be only 0.16 Hz with carrier frequency 2 GHz.
The coherence time for the B-LOS ducting propagation was
investigated in [54]. It was observed that the frequency spread
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FIGURE 8. Rayleigh distribution fit to the simulated channel samples at different Tx-Rx distances. (a) 60km. (b) 100km. (c) 500km.

in the duct channel is also limited due to the narrow trapping
beamwidth, and a coherence time up to 2.9 ms has been
reported for carrier frequency of 10.5 GHz.

V. KEY FEATURES OF THE MARITIME
WIRELESS CHANNELS
In this section, we summarize the two most important
features of the maritime wireless channels: sparse and
location-dependant.

A. SPARSITY
The sparse property holds for both the air-to-sea and near-sea-
surface channels. Sparsity is seen in three aspects: 1) Sparse
distribution of multipath components (MPCs), 2) sparse dis-
tribution of AOAs/AODs, and 3) sparse distribution of user
locations.

For the first aspect, according to the number of MPCs
that being considered, the applicable channel models are
summarized as follows:

• Hybrid two-ray/three-ray models: The two-ray model
only considers the LOS path and a specular reflec-
tion path as two dominant MPCs of the channel.
By introducing a third ray, the three-ray model could
be used to describe the air-to-sea channel when the
sea surface is rough, and may also be used to describe
the near-sea-surface channel in the distance range
(dbreak , dLOS ). Depending on the application, the two-
ray or three-ray assumption might have different expres-
sions in practice, e.g., the tapped delay line models
in (1) and (2), and the ray trajectory-based path loss
models in (6) and (7).
With calm sea surface, the two-ray and three-ray
models are accurate in describing the large-scale
path loss. However, they consider only two or three
major rays and omit other possible weak MPCs.
This makes the two-ray and three-ray models inaccu-
rate in describing the small-scale fading in maritime
channels.

• TWDP/FTR models: In addition to the two dominant
paths in the two-ray model, the TWDP/FTR mod-
els introduce an additional component to describe the

diffusion power caused by multiple weak paths. In the
maritime environment, these paths stem from rough
sea surface reflection and/or scattering from local scat-
terers. The TWDP/FTR model would reduce to the
Rician or Rayleigh fading in certain conditions.

• Physical models with sparsely distributed MPCs:
In some conditions, the TWDP/FTR models cannot be
applied for the reasons that: 1) There lacks of dominant
paths; and 2) the amount of diffusion multipaths is small
so that their combination cannot be properly described
by a known distribution. In this case, the physical mod-
els, such as the GBSMs and the extended S-V model,
could be adopted if the transmission geometry or the dis-
tribution of physical parameters such as the AOA/AOD
are known.
One example is the near-sea-surface B-LOS channel
when the Tx-Rx distance is just beyond dLOS : The
two-wave component does not exist because the trans-
mission is transhorizon, and the number of MPCs is
small as illustrated in Fig. 7. While the transmission
geometry can be characterized with the aid of the ORT
method, GBSM-basedmodels can be applied to describe
the fading characteristics for this scenario. Note that as
the number of arrived paths increases with the distance,
the small-scale fading of the channel will eventually
converge to the Rayleigh distribution.

Sparsity is also seen in the angle domain: 1) For the LOS
propagation, multipaths might be caused by the rough sea
surface reflections. Despite that the number of multipaths
could be large when the sea state level is high, these paths
mainly come from similar angular directions; 2) for the
B-LOS propagation, the trapping beamwidth is usually very
narrow as described in (9). The angular sparsity will induce
high correlation between the adjacent antenna elements in
maritime wireless MIMO channels.

At last, the maritime users are usually sparsely distributed.
Such sparsity means that the users at different locations may
encounter largely different path losses. The largely dispersed
path loss distribution is caused not only by the Tx-Rx dis-
tances, but also by the deep nulls resulted from destructive
summations of the two or three dominant paths as shown
in (6) and (7).
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TABLE 2. Large- and small-scale near-sea-surface channel models according to the Tx-Rx distance.

B. THE LOCATION-DEPENDANT FEATURE
In the maritime environment, different user location may lead
to totally different model structure, which differentiates from
that inland where usually only the path loss is affected. To
be specific, the important location-dependant parameters are
the grazing angle in the air-to-sea channels, and the Tx-Rx
distance in the near-sea-surface channels.

With large grazing angle, the air-to-sea channel can be
described by the two-ray model for calm sea surface, and
described by the three-ray model when the sea surface is
rough. When the grazing angle becomes smaller, the wave
could be trapped in the duct layer and encounter multiple
reflections and refractions in the long-distance propagation.
In this case, the GBSM or the extended S-V models are
preferable since they can incorporate the effects of more rays
propagated through the duct layer.

For the near-sea-surface propagation, we recall Fig. 3 and
list the appropriate channel models for three typical sce-
narios with different Tx-Rx distance ranges, respectively,
as follows:
• LOS Propagation for d < dbreak :With calm sea surface,
the two-ray model can be used to model the large-scale
path loss and identify the deep-null locations in the
channel link. The two rays correspond to the LOS prop-
agation and the specular reflection paths, respectively.
When the sea state level is high, the rough sea sur-
face induces more scattering and reflections, and the
TWDP/FTR models provide a good structure to capture
the small-scale fading characteristics of the channel.

• LOS Propagation for d ∈ (dbreak , dLOS ): As the Tx-Rx
distance increases, three major rays exist in this range,
i.e., the LOS, the specular, and the ray through the
duct layer. For the large-scale fading, the three-ray path
loss model could be used. For the small-scale fading,
the TWDP/FTR models are not applicable anymore
as there exits more than two dominant rays. Instead,
the physical models (GBSMs or extended S-V) can be
applied.

• B-LOS Propagation for d > dLOS : For the B-LOS
propagation, the path loss in a deterministic environment
can be characterized using the ORT/PE methods. For
the stochastic channel modeling, GBSM-based models
could be applied if the propagation geometry is known,
which can be obtained with the aid of ORT. Note that
the number of arrived rays increases with the Tx-Rx
distance as demonstrated in Fig. 7. As a result, the fading
distribution can be described as Rician when there exists
a dominant path (possibly in a short distance range that is
just beyond dLOS ), and eventually converges to Rayleigh
at far distance.

To summarize, we list the introduced channel model-
ing approaches according to their applicable distance range
in Table 2. Note that thesemodels could be jointly used to pro-
vide a better description of the realistic channel. For example,
the empirical ITU path loss model has been combined with a
two-ray component to describe the large-scale fading in the
harbor environment in [106].

VI. FUTURE RESEARCH TOPICS IN MARITIME
WIRELESS CHANNELS
In this section, we discuss the future research topics from the
following two aspects: 1) The impacts of channel features in
maritime communication system design, and 2) the develop-
ment of more sophisticated maritime channel models.

A. IMPACTS OF MARITIME CHANNELS IN
COMMUNICATION DESIGN
In the maritime environment, it may face more challenges
in communication design than the terrestrial systems. First,
in order to guarantee long-distance communications, chan-
nel state information (CSI) of the intended user is neces-
sary for the transmitter to properly concentrate its power.
Accurate and prompt CSI acquisition could be difficult in
maritime communications due to 1) large feedback delay
caused by long Tx-Rx distance, and 2) poor channel condition
caused by link mismatch, deep nulls, and high path loss.
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To address the feedback problem, statistical and outdated
CSI-aided transmission schemes could be applied in mar-
itime communications [107], [108]; to improve the channel
estimation performance, the sparsity feature of the channel
can be exploited to concentrate the resource only on the
channel’s dominant components. Besides the instantaneous
CSI, the location information can be conveniently obtained in
maritime communication systems, thanks to the implementa-
tion of the AIS system which regularly updates the vessels’
locations at the central controller. Recalling that the mar-
itime channels are location-dependant and the vessels move
slowly, the location information is especially important and
can be utilized in long-term CSI based transmission design.
Liu et al. [109] creatively utilized the location-based large-
scale CSI to design hybrid precoding, power allocation, and
user scheduling strategy, which have opened up a new direc-
tion for maritime communication system design.

When the CSI is known, beamforming can be used to
concentrate power towards the intended user with multiple
antennas deployed at the transmitter [110]. However, channel
sparsity in the angle domain brings challenges in the beam-
former design. As an example, the trapping beamwidth was
shown to be less than 1◦ for the duct layer propagations in
some conditions. In this case, a narrow beamformer suffers
from poor robust stability, since a sight error in the estimated
trapping beamwidth may lead to severe power spreading
out of the duct layer. In contrast, a wide beamformer could
be more robust but at the cost of low trapping efficiency
(i.e., the ratio between the wireless power that being trapped
in the duct layer, and the total power emitted from the trans-
mitter), which may reduce the coverage. Optimal beamwidth
is to be designed to find the best tradeoff between these
opposite effects.

New design problems also arise at higher layers and some
examples are described in the following: 1) Due to the sparse
user distribution in the marine environment, the channel
conditions of different users vary quite differently. How to
guarantee fairness in the user scheduling could be a key
challenge in this scenario. Another important issue should be
concerned is that for a far user, the communication link cannot
be established unless a beam has already been scheduled
to the user’s direction. This indicates that the scheduling
has to be designed with only limited information of the
user, e.g., the location information acquired from external
sources such as the AIS system. 2) The large delay caused
by long-distance transmission suggests that the amount of
feedback in the transmission protocols should be minimized,
otherwise it may lead to unaffordable transmission and
processing delays. In this light, feedback-free higher layer
techniques such as network coding could be a promising
technique for maritime communications [111]. 3) Sparse user
distribution and highly dynamic channels raise requirement
on the design of new network architecture. Candidates such
as the mesh network could provide reliable and flexible
connections among the widely dispersed users. Affected by
adverse factors such as channel instability, unexpected null

locations, and limited CSI acquisition, the routing design in
a maritime mesh network could be an important research
direction.

B. DEVELOPMENT OF NOVEL MARITIME
CHANNEL MODELS
Another research direction is to develop more sophis-
ticated maritime wireless channel models. According to
the literature review, most existing measurements and
modeling approaches are based on the single antenna
setup. When MIMO system is deployed, the mod-
eling of spatial channel properties (e.g., the spatial
correlation between adjacent antennas, the eigenvalue dis-
tribution in a MIMO channel matrix) is important. How-
ever, these still need further investigation in the maritime
environment. Furthermore, it is anticipated that the massive
MIMO technology could be used to support long-distance
maritime communications, thanks to its ability of forming
very sharp beam towards the intended direction [109]. Due
to the large array size, the far field assumption usually
adopted in conventional MIMO channel models may become
invalid for massive MIMO channel modeling [112], [113].
However, in maritime massive MIMO channels where the
Tx-Rx distance is extremely large, the availability of this
assumption needs to be reconsidered. AmassiveMIMOchan-
nel measurement campaign is in progress recently in Norway,
under the research project ‘‘LTE, WIFI and 5G Massive
MIMO Communications in Maritime Propagation Environ-
ments (MAMIME)’’ [25]. Detailed measurement results are
yet to be presented. Besides extending the maritime channel
models to the MIMO/massive MIMO setup, measurements
and modeling approaches on new frequency bands, such as
the mmWave bands, have also attracted research attentions
recently [114]–[116]. Moreover, note that the underwater
communications also constitute an important part of future
maritime communication networks. The modeling of the
underwater channel is another important direction with the
development of new underwater communication techniques.

Another promising direction for the maritime channel
modeling is to design efficient channel generator/simulator.
The maritime propagation environment is in general highly
dynamic and complicated. The channel could be affected by
many unexpected factors, such as the sea wave movement,
refraction in the atmosphere, and non-uniform weather dis-
tribution in the vast sea area. As a result, it is usually difficult
to precisely describe the maritime wireless channel and sim-
plifications are inevitable. A simplified channel model could
ease the analysis, however, it may also lead to inaccuracy in
the performance evaluation. It is desired to validate the sys-
tem performance in realistic maritime channels, yet, practical
maritime channel measurement is usually costly. According
to the recent progress in deep learning and artificial intel-
ligence (AI), a generative adversarial net (GAN) could be
used to simulate the channel effects after trained with a few
real data [117]. It is expected that the AI-aided modeling
approaches can be applied in themaritime environment, when
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explicit mathematical description of the channel does not
exist.

VII. CONCLUSIONS
In this paper, we have performed a detailed review of the
modeling approaches and measurement achievements for the
maritime wireless channels, including both the air-to-sea and
near-sea-surface channel links. Existing results in the liter-
ature have been summarized from the perspectives of the
large-scale path loss, small-scale fading, as well as other
important channel parameters such as the Rician K -factor
and the delay spread. From the reviewed literature, we con-
cluded that the two most distinctive features of the maritime
wireless channels can be summarized as sparse and location-
dependant. Specific to these unique features, we further dis-
cuss their possible impacts and corresponding challenges
that being raised to maritime communications design. More-
over, we discuss on the development of more sophisticated
maritime wireless channel models as an outlook of future
research directions.
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