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Abstract—In this paper, a path-loss model for the open-
sea environment is proposed, in which different propagation
phenomena including effective reflection, shadowing, divergence,
and diffraction, related to the sea surface and earth curvature in
the open-sea environments, are taken into account. The channel
model is parameterized and validated by experimental results
from our measurement campaign at 2 GHz over a distance
range of 45 km in calm, cold Norwegian ocean waters. Model
and measurements show excellent agreement in terms of the
Root Mean Square Error (RMSE). By evaluating the channel
model parameters like mean-square surface slope and standard
deviation of surface height related to the sea surface roughness,
it can be concluded that the effects of shadowing and scattering
on the reflected rays will influence the fading amplitude within
the distance range where the LOS is tangential to the surface
of the earth. It is also found that the diffraction loss starts to
influence the path-loss results beyond the distance of 0.6 times
the First Fresnel Zone clearance. The amplitude probability
density function (PDF) of fading is studied as well. By using
the Akaike information criterion (AIC) for model selection , it
is found that the amplitude PDF can be modeled as Weibull
distribution at short distances and very large distances. The
TWDP distribution, Rician distribution and Rayleigh distr ibution
dominate at distances between 9 km and 45 km. The correlation
coefficient between the signal amplitudes at two antennas that
are vertically separated by 3 m was studied, and found to be
close to zero when the TX is below the horizon. This indicates
the potential to employ multi-antenna techniques for maritime
communication systems.

I. I NTRODUCTION

Reliable and high throughput maritime communications are
considered to play an important role in maritime activities
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involving various types of ships and vessels, offshore instal-
lations, unattended buoy platforms, autonomous underwater
utilities, offshore and onshore observation sites, etc. Most
of these activities occur within the exclusive economic zone
(EEZ) of a country, defined as an area extending to a distance
of 200 nautical miles (370.4 km) from its costal baseline.
However, many of these communication activities will happen
over somewhat shorter distances; e.g. the distance limit for
the offshore broadband service in Norway will be 70 km
from the coastline, which was regulated by the Norwegian
Communication Authority in 2018 [1].

Current maritime communication systems like satellite sys-
tems and VHF suffer from the disadvantages of high cost and
low data rates, respectively. Cellular communication systems
like 4G LTE, WiFi and WiMAX, originally designed for ter-
restrial propagation environments, can not perform optimally
in maritime propagation environments [2], [3]. Designing
improved communication systems, e.g, by optimizing current
WiFi and LTE systems and designing dedicated 5G maritime
solutions, requires first of all an understanding of the maritime
radio propagation channel, in particular path loss and fading.

In previous studies, the Plane Earth Loss (PEL) model [4],
was widely used to compare with the measured path-loss
results obtained from maritime propagation environments [2],
[5], [6], [7]. However, the PEL assumption of a plane earth
surface inherent in this model is not fulfilled for maritime
radio links at larger distances, as has been pointed out in [7],
[8]. This is due to the fact that the diffraction loss caused
by the earth curvature and sea roughness can not be ignored.
A method for point-to-area predictions of field strength for
the maritime mobile services in the frequency range of 30
MHz to 3000 MHz, and for distances in the range 1 km
to 1000 km, was proposed in the ITU-R Recommendation
P.1546-5 [9]. However, the evident deep fades at short TX-RX
distances found in multiple previous measurement campaigns
[2], [5], [6], [7], [10] are not taken into account, which
has been pointed out in [11], [12], [13]. As a first step to
remedy this situation, we proposed in [8] a quasi-deterministic
path-loss model integrating the PEL model at short TX-RX
distances with the ITU-R model at large TX-RX distances by
using a proper blending method. However, several propagation
phenomena still have not been taken into consideration. These
are the joint effects of scattering and shadowing due to the
rough sea surface, and divergence and diffraction due to
earth curvature. In addition, the amplitude probability density
function (PDF), which is essential for communication system
design, has not been investigated for the 2 GHz frequency band
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with ranges up to 45 km. The current paper aims to address
these aspects, and provides a comprehensive and accurate
channel model for TX-RX distances up to 45 km within the
EEZ, parameterized by measurements in cold, calm sea. In
particular, this paper makes the following contributions:

1) Proposing a theoretical model that takes into account
scattering by the rough sea surface, beam divergence,
and shadowing.

2) Presentation of results from an extensive measurement
campaign in Norway in cold, calm sea, and comparison
of path-loss measurements to the theoretical model.

3) Investigation of the small-scale fading distribution asa
function of the distance between TX and RX.

4) Study of the spatial correlation coefficient between ver-
tically separated antennas on shore.

The rest of the paper is organized as follows: In section
II the measurement campaign is described briefly. Section III
discusses our round earth loss model in detail. Section IV is
devoted to the estimation and parameterization of the small-
scale fading. Finally, conclusions are drawn in section V.

II. M EASUREMENTCAMPAIGN

The measurements were performed with a wideband chan-
nel sounder operating at 2.075 GHz carrier frequency. The
sounding signal was a chirp waveform with a bandwidth of
20 MHz. Different chirp intervals (corresponding to different
Doppler frequency resolutions) were used during the measure-
ments. A detailed description of the channel sounder is given
in [10], [11].

The receiver (RX) was in a van connected to two antennas
close to the shore. Two vertically polarized sector antennas
possessing 15 dBi gain and30◦ 3 dB beamwidth were mounted
with a vertical spacing of 2.9 m (see Fig. 1(a)). The “nominal”
height of the lower antenna above sea level was 11.2 m
without taking the tidal wave changes into consideration. At
the transmitter (TX) side, the same type of sector antenna
was installed on the ship, with an antenna height of 9.5 m
above the sea level (see Fig. 1(b)). The ship was equipped
with an Automatic Identification System (AIS), from which
the recorded GPS data and ship speed can be obtained. The
TX antenna pointing was adjusted to face the RX antenna
accordingly when the ship changed its direction from the
outbound trip (away from the RX) to the inbound trip (towards
the RX, see Fig 2), so that the main beam always pointed
towards the RX. Since the superstructure of the boat caused
reflections during the inbound trip, only the received signal
level (RSL) results from the outbound trip are used to validate
the Round Earth Loss (REL) model in this paper. The total
measured distance range covers about 45 km and the ship route
in the Trondheimfjorden is shown in Fig. 2. During the whole
measurement, the weather was calm and cold, which can be
categorized as Douglas Sea State 3. It is important to note
that the parameterization and experimental validation of the
model is thus also restricted to this type of sea state. The ship
was travelling at a constant speed of 6 knots≈ 3.1 m/s). The
main parameters of the measurement setup and environments
can be found in Tab. I. More details about the measurement
setup and the campaign can be found in [10].

(a) Receiver (RX) antennas on the shore.

(b) Transmitter (TX) antenna at the ship.

Fig. 1. Receiver and transmitter antennas of the channel sounder

Fig. 2. The route of the ship.
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TABLE I
THE MEASUREMENT PARAMETERS

Carrier frequency 2.075 GHz
Chirp bandwidth 20 MHz

Transmitting power at the antenna port 27.2 dBm
Maximum delay span 40.96 µs

Delay resolution 50 ns
Doppler resolution 4, 0.5, 0.25, 0.125, 0.0625 Hz

Maximum Doppler shift span ±128 Hz
Number of TX antennas 1
Number of RX antennas 2
TX and RX antenna gain 15 dBi

3 dB Antennas beamwidths 30◦(Az.)× 30◦(El.)Approx
RX sensitivity -110 dBm

TX antenna height 9.5 m
Lower RX antenna height 11.2 m

Vertical spacing between RX antennas 2.9 m
Maximum route distance 45 km

Temperature [-1, 2] ◦C
Wind speed [3, 6] m/s
Boat speed 6 knots≈ 3.1 m/s

III. A R OUND EARTH LOSSMODEL

As mentioned in Section I, the evident deep fades at short
TX-RX distances are found in several maritime measurement
results at different frequency bands (up to 17 dB at 2 GHz in
Norwegian cold sea under the weather conditions of Douglas
Sea State 3 [10] and up to 10 dB at 5.2 GHz in the Baltic
sea [13]). These propagation ’holes’ can dramatically influence
the system performance, which has been proved by the UDP
and TCP throughput results of the WiFi test in Portugal
under the weather conditions of Douglas Sea State 3 and
10 degree Celsius [3]. These propagation holes can cause
negative effects on the navigation and security system, which
makes it important to have path-loss models that can provide
accurate predictions. The classical PEL model can predict
these holes if TX-RX distances are within the breakpoint
distance [7], [8], where the first Fresnel zone touches the
ground. This indicates a geometrical dependence between the
path-loss results and the antenna heights. However, the PEL
model is not valid at large distances, i.e., beyond the radio
horizon. Therefore, a more comprehensive geometrical model
is given in this section by taking the earth curvature into
consideration. The amplitude of the deep fades are also found
to be smaller than the results predicted by the PEL model
with idealized specular reflections [8], which means that the
effective reflection coefficient, accounting for the roughness
of the surface, and the shadowing effect for the reflected ray
need to be taken into account. In addition, the increasing offset
between the measured RSL and the RSL predicted by the
PEL model shows the importance of the effective reflection
coefficient from the rough sea surface and the diffraction loss
due to gradual shadowing by the earth curvature when the
TX-RX distances increase. The round earth loss model [14] is
obtained by using a spherical geometry and the diffraction,
shadowing and reflection corrections for a two-ray model.
The following effects based on the two-ray model need to

be accounted for:






































LOS

{

Free space Loss
Diffraction Loss

Sea Reflection















Effective Reflection
Divergence
Shadowing Effect
Diffraction Loss

(1)

A. Geometrical model

Since the earth can not be considered to be ‘plane’ for our
distances of interest, a round earth geometrical model based on
the two-ray method is proposed, which is shown in Fig. 3. The
earth radius (∼ 6371 km) is denoted byre andd is defined as
the projection of the TX-RX distance onto the earth surface
shown in Fig. 3. Parameterh1 and h2 denote the TX and
RX antenna height, respectively.PTX andPRX are transmitted
and received powers at the terminal of the respective antennas.
According to the geometric relations shown in Fig 3,PRX is
obtained as:

PRX

PTX
=

(

λ

4πDLOS

)2

|1 +R · exp(jkDdiff)|2 (2)

whereR andDLOS are the reflection coefficient from the sea
surface and the path length of the LOS, respectively.Ddiff

represents the path length difference between the LOS and
sea reflection expressed in (2). It needs to be mentioned that
an unambiguous solution can be obtained by choosing the
smallest values of alpha and beta that satisfy (9) and (10).

Ddiff = X1 +X2 −DLOS (3)

d = D1 +D2 (4)

where

DLOS =
√

(re + h1)2 + (re + h2)2 − ξ (5)

ξ = 2(re + h1)(re + h2) cos

(

d

re

)

(6)

The distancesX1 andX2 can be obtained as

X1
2 = (h1 + re)

2 + re
2 − 2(re + h1)re cosα (7)

X2
2 = (h2 + re)

2 + re
2 − 2(re + h2)re cosβ (8)

andα andβ can be obtained from:

arccos

(

re + h1 − recosα

X1

)

+ α = ...

arccos

(

re + h2 − recosβ

X2

)

+ β (9)

α+ β =
d

re
(10)
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Fig. 3. Geometrical model for the REL model.

B. Propagation phenomena

1) Effective reflection from a rough sea surface:The
roughness of sea surface due to sea movement makes the
specular reflection model unsuitable for mobile radio signals,
especially when big-wave surfaces are occurring during bad
weather conditions. Since part of the reflected power will
be scattered into other directions as shown in Fig. 4(a), a
power reduction of the specular reflected ray needs to be taken
into consideration. The height variations of rough sea surface
can be modeled as Gaussian-distributed [15], [16], [17]. We
furthermore assume for the moment that no shadowing effect
occurs on the rough surface (i.e., no wave crest is shadowing
off a trough); this assumption will be relaxed below. Under
these two conditions, the Kirchhoff theory [15] of scattering
is valid, and the effective reflection coefficientRrough can be
expressed as:

Rrough = R · exp[−2

(

2πσhsinθe
λ

)2

] (11)

where

h′
1 = h1 − 0.5reα

2 (12)

h′
2 = h2 − 0.5reβ

2 (13)

θe = arcsin

(

h′
1

X1

)

=
π

2
− θi (14)

where θi and θe are defined as the incident angle and the
elevation angle (for grazing angle,θe ≈ 0), respectively.
R and σh represent the specular reflection coefficient [15]
and the standard deviation of the surface height distribution,
respectively. Parameterh′

1 andh′
2 represent the corresponding

effective antenna heights shown in Fig. 3. The effective
reflection coefficient is smaller than the specular reflection
coefficient and decreases with increasing wave height standard
deviation.

2) Shadowing effect for the reflected ray:The sea surface
may shadow other points on the surface (shown in Fig. 4(b))
especially when the elevation of the incident ray is small.
Therefore, we take this shadowing effect into consideration by
introducing a shadowing coefficientSfun proposed by Smith
[18] in our REL model, which can be expressed by:

Sfun =
1− 0.5erfc

(

cot θi√
2β0

)

Λ(cot θi) + 1
(15)

Sea surface

Incident ray
Effectively reflected ray

Scattered rays

(a) Effective reflection.

 

Reflected ray
Incident ray

Sea surface

Shadowing area

(b) Shadowing effect.

Fig. 4. Effective reflection and Shadowing effect by a rough sea surface

where

Λ(cot θi) =
1

2

(

√

2

π

β0

cot θi
exp

−
cot θ2

i
2β2

0 −erfc

(

cot θi√
2β0

)

)

(16)

whereerfc andβ0
2 represent the complementary error function

and the mean-square surface slope of the waves, respectively.
The measured rms surface slopeβ0 is usually within the
range [0.04, 0.07] [17]. The shadowing effect is introducedby
multiplying the shadowing coefficientSfun with the effective
coefficientRrough. The shadowing coefficient is studied by
using different rms surface slopesβ0 and the same antenna
heights as our measurement campaign (h1 = 14.1 m, h2 =
9.5 m) in Fig. 5, from which it can be found that the reflected
ray will be totally shadowed beyond the distanceD0 (24.4
km for h1 = 14.1 m, h2 = 9.5 m) where the LOS becomes
a tangent to the surface of the earth. It also can be seen that
largerβ0, corresponding to steeper slopes of the waves, results
in smallerSfun (more pronounced shadowing) at the same TX-
RX distance.

Fig. 5. Shadowing coefficient with different rms surface slope as a function
of distance (h1 = 14.1 m, h2 = 9.5 m).

3) Divergence effect:Fig. 6 shows that the power density of
the reflected ray can vary (beyond the usual ”thinning out” in
free space) with TX-RX distances due to the earth curvature,
which is defined as divergence effect. It can not be ignored in
long-distance communications including maritime communi-
cations. In our REL model, the divergence effect is taken into
consideration by multiplying the effective reflection coefficient
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Rrough with a divergence coefficient∆ [19] expressed by:

∆ =







1
√

1+
2D1D2

re(h
′

1
+h′

2
)

if h′
1 > 0, h′

2 > 0

0 otherwise
(17)

whereh′
1 andh′

2 can be found in (12-13).D1 andD2 are also
used in (4).
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Fig. 6. Divergence effect in red.

Figure 7 shows the divergence coefficient∆, obtained from
(17) by settingh1 = 14.1 m, h2 = 9.5 m. We see that the
divergence factor decreases with increasing TX-RX distance.
Finally, the power of the reflected ray will decay to zero at
the TX-RX distance ofD0, which is also consistent with the
shadowing effect.

Fig. 7. Divergence factor as a function of distance.

4) Diffraction loss: Diffraction will make the radio trans-
mission feasible even beyond the LOS though at the price
of a diffraction loss. The diffraction theory of ground-wave
propagation over a smooth spherical earth has been proposed
in [20], [21], [22], which can be applied to the geometrical
environments of the open sea. Referring to [22], the total
distanced of the radio link is divided into three partsd1,
d2, d3, which is given by using (18) and shown in Fig. 8.

d = d1 + d2 + d3 (18)

whered1 and d2 are the distances to the horizon which can
be calculated by using:

dn =
√

2kerehn n=1,2 (19)

Here, h1, h2 represent the TX and RX antenna height, re-
spectively as displayed in both Fig.3 and Fig.8. The effective
earth radius is defined as the value for the radius of the earth

that can be used in place of the actual radius to correct for
refraction by the atmosphere.ke is the ratio of the effective
earth radius and true earth radius.

 

Fig. 8. Radio link beyond LOS over a smooth earth.

Each part will cause a corresponding lossLn, n = 1, 2, 3.
The losses in dBL1 andL2 are always positive leading to a
reduction of the RSL, which are obtained by using:

L1 = 20 log10
N1√

5.656πζ1
(20)

L2 = 20 log10 N2 (21)

where

20 log10 Nn = −0.5 + 35 log10 ζn + 10 log10 Fs (22)

ζn =
2πdn

λ
(

2πkere
λ

)

2
3

n=1,2,3 (23)

and10 log10 Fs is approximated in this paper from Fig. 13 in
[22] by using a polynomial function:

10 log10 Fs = −0.024ζn
3 + 0.5438ζn

2 + 2.0391ζn − 0.4403 (24)

L3 is calculated by using the following polynomial function,
which is obtained by curve fitting of Fig. 13 from [22]:

L3 = 0.0086ζ3
3 + 0.2063ζ3

2 + 11.0997ζ3 − 0.8934 (25)

The above approximations are valid whenζ3 and ζn are less
than 10. It also needs to be pointed out thatd3 can be
‘mathematically’ negative when the total TX-RX distanced is
shorter than the sum ofd1 andd2 (The direct path is beyond
the horizon). In this case, the diffraction lossL3 is negative and
makes the total diffraction loss less thanL1+L2. It also may
happen that the total diffraction lossL can be negative, when
d is so short that|L3| > L1 + L2. To avoid such situations,
the total diffraction lossL is set to zero, if the|L3| is not less
thanL1 + L2. To summarize, the total diffraction lossLdif

in dB for both the direct path and the reflection path can be
obtained by:

Ldif =







L1 + L2 + |L3| if d ≥ d1 + d2
L1 + L2 − |L3| if D06 < d < d1 + d2
0 if d < D06

(26)

The TX-RX distance forL = L1+L2+L3 = 0 coincides with
the path lengthD06 of a clearance of 0.6 in the First Fresnel
Zone (FFZ) mentioned in the ITU recommendation [9] and
obtained by using:

D06 =
Df ·Dh

Df +Dh
km (27)

frequency-dependent term: Df = 38.9fh1h2 (28)

asymptotic term: Dh = 4.1(
√
h1 +

√
h2)(29)
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TABLE II
THE REL MODEL PARAMETER VALUES USED INFIG. 10

Parameters Values
RX antenna height for ant2 14.1 m

TX antenna height 9.5 m
β0 0.008
σh 0.25
ke 1

Here,f denotes frequency in GHz. The obtained total diffrac-
tion lossL with the same antenna heights as our measurement
campaign (h1 = 14.1 m, h2 = 9.5 m) is shown in Fig 9,
where D0 = d1 + d2 = 24.4 km and D06 = (7.8 km,
respectively.

0 5 10 15 20 25 30 35 40 45

Distance in km

-45

-40

-35

-30

-25

-20

-15

-10

-5

0

LO
S

 d
iff

ra
ct

io
n 

ga
in

 in
 d

B

7.8026 km

24.4 km

Fig. 9. LOS diffraction gain forh1 = 14.1 m, h2 = 9.5 m, as a function
of distance.

C. Round Earth Loss Model

All the propagation effects listed in (1) have been inves-
tigated in detail in the above paragraphs. Even though the
reflected ray will be completely eliminated by shadowing and
divergence effects beyond a TX-RX distance ofD0 (Figs.5
and 7), the diffraction effect is considered to influence both
the direct ray and the reflected ray. By integrating all these
propagation effects into the geometrical model for the REL
shown in Fig. 3, (2) has been improved to a REL model
expressed by using:

Ploss = 20 log10

(

λ

4πDLOS

)

+ 20 log10(η) + Ldif(30)

η = |1 + Sfun ·∆ · Rrough · exp(jkDdiff)| (31)

D. Comparison with measurements

Fig. 10 shows a comparison between the measured RSL
and the three theoretical path-loss models including the PEL
model, ITU model and our REL model (30-31). The measured
values are averaged over a window to eliminate small-scale
fading (see Sec. IV). The parameter values used for evaluations
are listed in Table II, which are consistent with our measure-
ment campaign setups. Since the weather conditions during
the long-distance measurement campaign were rather stable
and calm, the standard deviation of surface height distribution
σh in (11) and the mean-square surface slopeβ0 in (15)
are set to small values (see table II) corresponding to small
wave roughness. The Root Mean Square Error between the
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Fig. 10. Comparison between the REL model, the PEL model, ITU-R model
and the long-distance measured RSL.

TABLE III
THE RESULTS FOR THERMSEBETWEEN THE PATH-LOSS MODELS AND

THE MEASURED RESULTS

Models Values
PEL model 10.1

ITU-R (50%) 3.5
ITU-R (10%) 14.2
ITU-R (1%) 18.1
REL MODEL 1.9

theoretical model and measurement data is widely used as a
low-complexity comparison metric for model selection [23],
[24]. Both the corresponding RMSE results in Table III and
the comparison results in Fig.10 demonstrate that our REL
model provides a good match to the measurement results. It
also can be verified in Fig.10 that the ITU model does not
take the fading dips (> 10 dB) at short TX-RX distances
into consideration, while the PEL and REL models predict
these well. On the other hand, the PEL model, which does not
take the sea surface roughness, divergence and diffractionloss
under different weather conditions into consideration, can not
provide accurate predictions especially when TX-RX distances
are beyondD06, the 0.6 Fresnel clearance path length. In
conclusion, our REL model matches the measurement results
best with acceptable complexity and high adaptivity.

E. Evaluation of the model parameters

The effects on RSL due to the variance of the sea surface
roughness are worthwhile to be investigated, since the weather
conditions over sea can change very quickly. It needs to
be pointed out the antenna pattern mismatch due to boat
movement is not taken into account in this evaluation. In
this subsection, different sea surface parametersβ0 and σh

(the rest of parameter values are the same as in Table I) are
evaluated in the REL model and the corresponding results are
displayed in Fig. 11 and Fig. 12, respectively. These effects
of the reflected path vanish in Fig. 11 and Fig. 12 when
d ≥ D0 since the reflected path will be eliminated by the
shadowing and divergence effects discussed in the previous
sections (see Fig. 5 and Fig. 7). It also can be found that
the largerβ0 and σh parameters, corresponding to harsher
weather conditions, result in decreased power of the reflected
path. Hence, the deep fades at short TX-RX distances become
shallower. To conclude, the RSL obtained from the REL model
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is independent ofβ0 and σh when the TX-RX distance is
beyondD0 and the shadowing and scattering effect will only
influence the amplitudes of the deep fades within the distance
of D0. From the above conclusion, together with the trends
shown in Fig. 10 and Table III, the ITU-R(50%) model is also
capable of predicting path loss with good accuracy in agitated
seas.

Fig. 11. REL with different mean-square surface slopeβ0 (σh=0.25).

Fig. 12. REL with different standard deviation of surface height distribution
σh (β0=0.008).

IV. SMALL -SCALE CHANNEL PROPERTIES

The multi-path propagation can give rise to constructive and
destructive superposition of the multipath components (MPCs)
and thus lead to fluctuations of the received signal level, which
is defined as small-scale fading [15]. The properties of the
small-scale fading play an important role for nearly every
aspect of receiver design: dynamic range, diversity, adaption
of modulation scheme, and error-correction coding [25], [26].
The small-scale fading for maritime propagation environments
at 1.9 GHz and 5.2 GHz has been investigated in [27] and
[28], respectively. The propagation effects discussed in the
previous sections can influence not only the path loss but
also the small-scale channel properties, which can depend on
location, frequency and sea conditions. Therefore, it willbe
meaningful to study the small-scale channel properties based
on our measurement data. In [29], the previous analysis of
the measurement data shows that the radio channel can be
regarded as non frequency-selective over a bandwidth of 20
MHz. Therefore, the amplitude PDF of flat fading is studied
in this section.

To determine the normalized envelope PDF, we first estab-
lish a set of functional forms that are commonly used for
characterizing small-scale fading. The parameters for each
of those functional forms are then determined by maximum-
likelihood estimation, so that we obtain the parameterizations
that best approximate the measured data. Finally, the best
functional form is selected through application of the Akaike
Information Criterion (AIC). This approach, first proposed
in [30], was shown to have advantages compared to, e.g.,
Kolmogorov-Smirnov (KS) tests, and has been used success-
fully in a number of channel modeling papers since (e.g.,
[31]). In our study, the AIC is implemented to search the
best-fit amplitude distribution of the measurement data among
7 common distributions: Lognormal distribution, Nakagami
distribution, Normal distribution, Rician distribution,Two-
Wave with Diffuse Power (TWDP) distribution [32], Rayleigh
distribution and Weibull distribution. This selection is moti-
vated by the fact that Weibull, Rayleigh, Rician and Normal
distributions have been used to fit the measurement results
in [28]. Lognormal distribution, which is commonly used to
characterize shadowing by objects, is also used for fitting be-
cause the TX-RX radio link was blocked by several passing-by
ferries at the distance of 5 km, which can be observed in Fig.
10. The scattering and two paths geometry make the TWDP
distribution intuitively appealing for maritime environments.
In our analysis, the large-scale channel properties have been
removed by subtracting the averaged signal levels (averaging
window: 10 wavelengths). Fig. 13 shows by color coding
which distribution gives the best fit at what distance and the
overall estimated distribution along the whole route. It needs to
be pointed out that the boat was changing the direction at the
distance between 100 m to 400 m, which makes the estimated
best-fit distribution diverse. The corresponding percentages of
the best-fit distributions are shown in the table IV.
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Fig. 13. Overall estimated best-fit distribution.

A. Lognormal distribution

The lognormal distribution is expressed as:

f(x|µ, σ) = 1

xσ
√
2π

exp{−(lnx− µ)

2σ2
};x > 0 (32)

whereµ and σ represent the mean amplitude and standard
deviation on a logarithmic scale, respectively. The boat turning
at the initial distance and blocking of the radio link due to
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TABLE IV
THE PERCENTAGE OF BEST-FIT DISTRIBUTION

Lognormal distribution 0.1241 %
Nakagami distribution 2.1096 %
Normal distribution 16.6081 %
Rician distribution 39.2606 %
TWDP distribution 4.4674 %

Rayleigh distribution 15.9721 %
Weibull distribution 21.4374 %

a passing-by ferry results in a shadowing effect, which is
coincident with the occurrence of a Lognormal distribution
in our path-loss measurements (see Fig. 10) [10]. Note that
Fig. 14 only shows the parameters at those points for which
the lognormal distribution is the best.
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Fig. 14. Estimated parameters of Lognormal distribution.

B. Nakagami distribution

The Nakagami distribution is expressed by:

f(x|µ, ω) = 2(
µ

ω
)µ

1

Γ(µ)
x(2µ− 1)exp{−µ

ω
x2};x > 0 (33)

whereµ andω represents the shape parameter and the scale pa-
rameter, respectively. The gamma functionΓ can be expressed
as:

Γ(µ) =

∫ +∞

0

tµ−1e−tdt (34)

The estimated parameters can be found in the Fig. 15.
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Fig. 15. Estimated parameters of Nakagami distribution.

C. Normal distribution

The Normal distribution is:

f(x|µ, σ) = 1

σ
√
2π

exp{−(x− µ)2

2σ2
};x > 0 (35)

whereµ andσ are mean and standard deviation, respectively.
The estimated parameters can be found in Fig. 16. The Normal
distribution is a good approximation for a Rician distribution
with large k-factors. This is consistent with a strong LOS
and a highly correlated reflected path and a weaker diffuse
component.
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Fig. 16. Estimated parameters of Normal distribution.

D. Rician distribution

The Rician distribution is expressed by using:

f(x|s1, σ) =
x

σ2
exp{−(x2 + s21)

2σ2
}I0(

xs1
σ2

);x > 0 (36)

wheres1 andσ represent the non-centrality parameter and the
scale parameter, respectively.I0(·) is the 0th-order modified
Bessel function of the first kind [33]. The estimated parameters
can be found in Fig. 17, from which it can be seen that the
Rician distribution occurs at the distances between 15 km and
45 km. It can also be clearly seen that the Rice K-factor (s1

2

σ2 )
decreases with distance, which agrees with the intuition that
the diffuse part increases and the direct path decreases in the
signal strength with distance.
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Fig. 17. Estimated parameters of Rician distribution.
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E. TWDP distribution

The TWDP distribution is expressed as:

f(x|s1, s2, σ) =
x

σ2
exp{−(x2 + s1

2 + s2
2)

2σ2
} ·

1

π

∫ π

0

exp(
s1s2cosθ

σ2
) ·

I0(
x

σ2

√

s12 + s22 − 2s1s2cosθ)dθ;x > 0 (37)

where s1 and s2 represents the amplitude of the direct and
reflected path, respectively.σ is the scale parameter and
can be interpreted as the standard deviation of the diffuse
contribution. The estimated parameters are shown in Fig. 18,
from which it can be found that the TWDP distribution mostly
occurs at the distances between 9 km and 35 km. Overall
the TWDP distribution and Rician distribution dominate the
distance between 9 km and 45 km. The TWDP distribution and
Rician distribution are related to each other, depending onthe
correlation between the direct path and the reflection path.If
the correlation is high, the direct path and the reflection path
can be regarded as the same path and the amplitude distribution
of the received signal follows a Rician distribution. This can
be seen from the estimated results between 35 km and 45 km,
where the distance is beyondD0 (24.4 km) and the reflected
path and the direct path are highly correlated due to the earth
curvature. Since the AIC penalizes the use of distributionswith
more adjustable parameters, in this case a Rice distribution
will be selected. Similarly, if the correlation is low, the direct
path and the reflection path can be easily distinguished. In this
case, the amplitude distribution of the received signal turns
out to be a TWDP distribution. This can be shown by the
estimation results between 9 km and 15 km, where the distance
is within D0 (24.4 km). The correlation between the paths
is influenced by the boat movement, wave surface and TX-
RX distance. It is also mentioned in [32] that the difference
between TWDP distribution and Rician distribution is small
when the Rice K factor is less than 3 dB, which is consistent
with our measurement results.
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Fig. 18. Estimated parameters of TWDP distribution.

F. Rayleigh distribution

The Rayleigh distribution is expressed as:

f(x|σ) = x

σ2
exp{−x2

2σ2
};x > 0 (38)

whereσ is the standard deviation of the underlying Gaussian
distribution. The estimated parameters can be found in Fig.
19, from which it can be seen that the Rayleigh distribution
occurs at the distances between 35 km and 45 km. The direct
path is beyond the horizon and the amplitude distribution of
the received signal is changed from a Rician distribution toa
Rayleigh distribution. The latter is a special case of the former,
with s=0. As it has fewer parameters, AIC will select it when
the Rice factor is small.
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Fig. 19. Estimated parameters of Rayleigh distribution.

G. Weibull distribution

The Weibull distribution is expressed by using:

f(x|a, b) = b

a
(
x

a
)b−1exp{−(

x

a
)b};x > 0 (39)

wherea and b represent the scale parameter and the shape
parameter, respectively. The estimated parameters can be
found in Fig. 20, from which it can be seen that the Weibull
distribution occurs at the beginning and the end of the route.
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H. Fading distribution function

Table V lists the distributions that are found to be the best-fit
in the various specific region.

The TWDP distribution is considered to be very interesting
for the maritime propagation environment, since the propaga-
tion scenario there fits well with the fundamental assumptions
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TABLE V
DOMINANT DISTRIBUTION IN DIFFERENT REGIONS

dominant distribution range in km incident rate
Weibull [0.39, 9.2] 88%
Normal [9.2, 15.6] 82.2%
Rician [15.6, 35.7] 82.1%

Rayleigh [35.7, 45.3] 67.7%

about TWDP due to the suitable environmental geometry.
According to our measurements, it indeed provides the best
fit for short distances. However, the TWDP does not turn out
to be the best fit for any of the larger regions. Fig. 21 shows the
percentage of incident rate at certain TX-RX distances where
TWDP is the best fit distribution. It can be found that in the
distance range of [0.4, 2.1] km and [9.2, 35.2] km there is an
appreciable percentage of points where the TWDP distribution
is the best fit. Furthermore, TWDP can be used as the overall
best-fit distribution. When the reflection is reduced, TWDP
asymptotically becomes Rice (as a special case) where a LoS
component is present and then when due to earth curvature
LoS is lost, Rice degrades to Rayleigh.

Fig. 21. The incident rate of TWDP distribution.

I. Spatial correlation

Multi-antenna techniques can be used to obtain spatial
diversity whose effectiveness depends on the correlation of
the signals at the different antenna elements. The correlation
between the two RX antenna’s outbound RSL in our exper-
imental setup (shown also in [10]) is characterized by the
correlation coefficient [15]:

Pxy =
E{x.y} − E{x}E{y}

√

(E{x2} − [E{x}]2)(E{y2} − [E{y}]2)
(40)

where x and y represent the amplitude of the receive signal
from the two RX antennas, respectively. A 128 sec averaging
“window” is used to calculate the expectation. The result in
Fig. 22 shows that the correlation coefficient is above 0.7 when
the distance is in the range of [2.92, 3.55] km, showing that
the two channels are highly correlated. On the other hand
the correlation coefficient decreases with increasing TX-RX
distance. It needs to be pointed out that the channel turns
out to be independent (correlation coefficient is close to 0),
when the TX is below the horizon (TX-RX distance is over

D0 = 24.4km). This indicates the potential benefits of em-
ploying multi-antenna techniques for maritime communication
systems with a similar antenna setup. In addition, the two RX
channels are essentially uncorrelated at the distance of 4.8 km
and 13.5 km, which is caused by the shadowing effect of the
passing-by ships. Therefore, the shadowing effect caused by
passing-by ships can reduce the spatial correlation between
the two RX channels.
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Fig. 22. Correlation coefficient derived from the outbound trip measurements.

V. CONCLUSIONS

A new path-loss model for the open-sea environment is
presented based on a geometrical model of the round earth.
With increasing TX-RX distance, the LOS ray will experience
diffraction effects, while the reflected ray will be influenced by
the scattering, shadowing, divergence and diffraction effects.
We describe, motivate, and model all of these effects, and
find a complete model incorporating all of these aspects. The
REL model has been validated by long-distance measurement
results, and it fits the measurement very well according to
the RMSE results. Different channel parameters related to the
sea surface roughness were analyzed, and it is found that the
effects due to sea roughness vanish when the TX-RX distance
is beyondD0.The amplitude distribution of the received signal
turns out to be Weibull at short TX-RX distances between 0.4
km and 9 km. The TWDP distribution, Rician distribution
and Rayleigh distribution dominate at distances between 9
km and 45 km. The parameters of the small-scale fading
are modeled as a function of distance. Finally, the signals
at two vertically separated (by 3 m) antennas turn out to be
de-correlated at large TX-RX distance, especially when the
TX is below the horizon, which suggests to employ multi-
antenna techniques for maritime communication systems with
a similar antenna setup. Even though the REL model is valid
for distances up to 45 km in the Norwegian cold sea with calm
weather conditions, further validation is needed for scenarios
with different sea conditions and longer ranges.
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1969. He received the M.Sc. degree in engineering
physics in 1994 and the Ph.D. degree in signal
processing in 2002, both from Uppsala University,
Sweden. In 2006 he joined the Department
of Electronics and Telecommunications at the
Norwegian University of Science and Technology
(NTNU) in Trondheim, Norway, where he now is
a Professor. From 1997 to 1998 he was a visiting
scientist at the Institute of Communications and
Radio-Frequency Engineering, Vienna University of

Technology, Vienna, Austria, on a Marie Curie Grant. From 1999 to 2002,
he was visiting the Digital Signal Processing Group, University of Oslo,
Norway. In 2002-2005, he made his postdoctoral studies at UniK, University
Graduate Center, Kjeller, Norway.

His current research interests include signal processing in wireless
communications, scheduling of radio resources, and dynamic modeling,
and prediction of radio channels. He is currently participating in projects
on costal and arctic maritime operations and surveillance,radio resource
management and channel modeling.

Terje Røstewas born 1941, received his M.Sc from
the The Norwegian Institute of Technology (NTH)
in 1965, and his Ph.D at the same institute in 1970.
In the years 1972-81 he was a senior scientist
at SINTEF Electronics Research Laboratories
(ELAB) in Trondheim, Norway. He was senior
scientist and R&D manager at ABB Corporate
Research, Norway (1983-1995) and later director
of research in the telecommunication company
Nera (1995-2000). He became an adjunct professor
at the University of Oslo (1991-1998) in radio

communications, and later an adjunct professor at the Norwegian University
of Science and Technology (NTNU) (1998-2013). From 2001-2008 he was
a senior R&D engineer in Nera Research participating in the development
of mobile satellite communication systems. From September2008 to March
2013 senior development engineer at Jotron Satcom AS developing stabilized
antennas for VSAT between ship and land.

His main research interest as an adjunct professor was within adaptive
pre-distortion techniques and adaptive dynamic biasing techniques for power
amplifier efficiency enhancement, statistical channel modeling for broadband
mobile radio access and channel modeling for radio propagation land to
ship. He is a life member of IEEE and has been a reviewer of IEEEjournal
and conference papers. He is presently professor emeritus at NTNU and
Consultant in Radio Engineering.

Marion Berbineau received the Engineer degree
from Polytech’Lille (France) and the Ph.D. degree
from the Univ. of Lille, both in electrical engi-
neering, respectively in 1986 and 1989. She is a
full time Research Director at IFSTTAR that is
equivalent to Professor. She is expert in the fields
of radio wave propagation in transport environments
(tunnels), electromagnetic modeling, channel char-
acterization and modeling, MIMO, wireless systems
for telecommunications, cognitive radio for railways
and GNSS localization-based for ITS particularly for

the rail and public transport domains. She is active as an expert for the GSM-R
and future systems like LTE-A or 5G. She is involved in several National and
European research projects. She is author and co-author of several publications
and patents.


