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Abstract—This paper proposes a deterministic path-loss model
for the open-sea environment. The model accounts for different
effects including effective reflection, divergence, and diffraction
due to rough sea and earth curvature. The model results show
excellent agreement with experimental results from our recent
measurement campaign, which investigated propagation at 2GHz
with a maximum distance of 45 km. Channel parameters like
mean-square surface slope and standard deviation of surface
height are evaluated, from which it can be concluded that
the shadowing and scattering effects on the reflection ray will
influence the fading amplitude within the distance of 0.6 First
Fresnel Zone clearance.

I. I NTRODUCTION

Most maritime activities, such as shipping and fishing,
happen within an exclusive economic zone (EEZ) of a country,
which is defined as an area extending to a distance of 200
nautical miles from its costal baseline. Therefore, a broadband
communication system which can cover the EEZ with high
data rate and low cost will be more attractive than the current
maritime communication systems like VHF and satellite sys-
tems. However, neither new system designs nor modifications
of the current systems can be done without a comprehensive
path loss model. For this reason, a number of path loss models
have been previously proposed in the literature, but they all
suffer from various sources of inaccuracies and inapplicabili-
ties to EEZ-type distances.

In previous investigations, several deterministic modelssuch
as the Free Space Loss (FSL) model and the Plain Earth Loss
(PEL) model based on Friis transmission formula and two-ray
tracing method, respectively [3], have been commonly used
as a reference for the open-sea environment [1],[2]. However,
the earth curvature and sea roughness, which can not be
ignored within the EEZ, have not been taken into account in
the PEL model, leading to significant inaccuracies. The ITU-
R Recommendation P.1546-2 [4] offers a method for point-
to-area predictions of field strength for the maritime mobile
services in the frequency range 30 MHz to 3000 MHz, and for
distances in the range 1 km to 1000 km, being intended for
radio planning. However, the fading dips, which occur at short
TX-RX distances, are not included. Subsequently, a quasi-
deterministic path-loss model was proposed by combining the

PEL and ITU-R model in [5] to deal with both of the above-
mentioned limitations. However, the scattering, divergence and
shadowing effects still have not been taken into consideration
in the PEL part. The current paper aims to fill this gap and
provide a comprehensive and accurate channel model for the
EEZ.

The rest of the paper is organized as follows: In section
II the geometrical model with earth curvature is described
briefly. In section III propagation phenomena like effective
reflection from rough sea surface, divergence effect, diffraction
effect for both the LOS and the reflection ray are presented in
detail. Section IV is devoted to the REL model and evaluations
of channel parameters including polarization, mean-square
surface slope and standard deviation of surface height. Finally,
conclusions are drawn in section V.

II. GEOMETRICAL MODEL

While the classical PEL model is widely used for cellular
communications [6], for distances beyond several kilometers,
the earth can not be considered as a ‘plane’ earth. Therefore,
a round earth geometrical model based on the two-ray method
is used instead as shown in Fig. 1, whereh1 andh2 are the
TX and RX antenna height, respectively. The radius of earth
(∼ 6371 km) is denoted byre and d is defined as the RX-
TX distance. According to the two-ray method and with the
reference to Fig 1, the received signal level (RSL)PRX is
obtained as:

PRX

PTX

=

(

λ

4πDLOS

)2

|1 +R · exp(jkDdiff)|2 (1)

Here,DLOS represents the path length of the LOS,Ddiff is
the path length difference between the LOS and sea reflection
expressed in equation (2), andR is the reflection coefficient
from sea surface.

Ddiff = X1 +X1 −DLOS (2)

d = D1 +D2 (3)
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TheX1 andX2 can be obtained as

X1
2 = (h1 + re)

2 + re
2 − 2(re + h1)re cosα (6)

X2
2 = (h2 + re)

2 + re
2 − 2(re + h2)re cosβ (7)

andα andβ can be calculated by:
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d

re
(9)

However, the round earth geometrical model only takes the sea
reflection into consideration, based on the two-ray method.It is
insufficient because the earth curvature will gradually shadow
both the LOS and sea reflection when the TX-RX distance
increases. In addition, divergence on the reflection path from
the spherical earth curvature needs to be taken into account.
Last but not least, the effective reflection coefficient from
the rough sea surface is also different from that of idealized
specular reflections. Summarizing the following effects based
on two-ray method need to be accounted for:
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All these effects will be described in the Section III in detail.
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Fig. 1. Geometrical model for the REL model.

III. PROPAGATION PHENOMENA

A. Effective reflection from roughness surface

Specular reflection theory is based on a assumption that
the reflection surface is smooth. However, the sea surface is
seldom smooth due to the roughness caused by sea movement,
which will make the specular reflection model unsuitable for
mobile radio frequencies, especially for big-wave surfaces
occurring during bad weather conditions. The roughness of the

sea surface will result in a power reduction of the specular
reflected ray, because part of the reflected power will be
scattered in other directions, as shown in Fig. 2(a). Two main
theories have been proposed for scattering by rough surfaces:
the Kirchhoff theory and the perturbation theory [6]. The
Kirchhoff theory assumes that any point on the surface doesn’t
shadow other points of the surface. In addition, the height
distribution of the surface is assumed to follow a Gaussian
distribution, which is the case for rough sea waves [7]. Under
these assumptions, the effective reflection coefficientRrough

becomes:

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)

whereσh is defined as the standard deviation of surface height
distribution. θi and θe represent the incident angle and the
elevation angle (for grazing angle,θe ≈ 0), respectively.R is
the specular reflection coefficient. Under these assumptions,
the effective reflection coefficient is smaller than the specular
reflection coefficient and it decreases with increasing wave
height standard derivation.

Sea surface

Incident ray
Effectively reflected ray

Scattered rays

(a) Effective reflection by a rough sea
surface.
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(b) Shadowing effect.

Fig. 2. Effective reflection and Shadowing effect

B. Shadowing effect for the reflected ray

Equation (11) assumes that one point of the surface doesn’t
shadow other points of the surface. However, the sea surface
may shadow other points on the surface (shown in Fig. 2(b))
when the elevation of the incident ray is small. This has
been taken into consideration by Smith [9] by introducing a
shadowing coefficientSfun:

Sfun =
1− 0.5erfc

(

tan θi√
2β0

)

Λ(tan θi) + 1
(15)
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whereβ0
2 represents the mean-square surface slope, and the

erfc is the error function complement. The measured rms sur-
face slopeβ0 can be found in [10], where it can be seen that the
rms surface slope is generally found within [0.04, 0.07]. The
shadowing effect is introduced by multiplyingSfun with the
effective coefficientRrough. The shadowing coefficient with
different rms surface slopeβ0 (h1 = 14.1 m, h2 = 9.5 m) is
displayed in Fig. 3, where it can be seen that largerβ0 results
in smallerSfun at same TX-RX distance and the reflected ray
will be totally shadowed beyond the distanceD0 (24.4 km for
h1 = 14.1 m, h2 = 9.5 m), which is defined as the distance
when LOS tangents the surface of the earth.

Fig. 3. Shadowing coefficient with different rms surface slope as a function
of distance.

C. Divergence effect

The incident rays carry different amounts of power density
from the reflected ray due to the earth curvature, which is
defined as divergence effect and demonstrated in Fig. 4. The
received signal level will decrease due to the decrease of
power density caused by earth curvature. As a result, the
effective reflection coefficientRrough needs to be modified
by multiplying it with a divergence coefficientD expressed
by [8]:

D =







1
√

1+
2D1D2

re(h
′

1
+h′

2
)

if h′
1 > 0, h′

2 > 0

0 otherwise
(17)

whereh′
1 andh′

2 are the effective TX and RX antenna height
(see equation (12-13)), respectively.D1 andD2 are in Fig. 1.

Fig. 4. Divergence effect.

The divergence coefficientD shown in Fig. 5 is obtained ac-
cording to equation (17) by settingh1 = 14.1 m, h2 = 9.5 m,

where it can be found that the divergence factor decreases
with an increase of distance. As a result, the power of the
reflected ray will decay to zeros (shown in Fig. 5 when a
TX-RX distance is more thanD0).

Fig. 5. Divergence factor as a function of distance.

D. Diffraction loss

The earth curvature will not only block the reflected ray but
also the LOS. However, the diffraction effect will allow the
radio transmission to continue even beyond the LOS, though
suffering from a diffraction loss. Several papers [11][12]show
the theory of ground-wave propagation over a smooth spherical
earth, which fits the geometrical environments of the open-sea.
Referring to [12], the total TX-RX distanced is divided into
three partsd1, d2, d3, which is given by using equation (18)
and shown in Fig. 6.

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, ke is the ratio of the effective earth’s radius and true
earth’s radius, andh1, h2 are the antenna heights as displayed
in Fig. 6.

 

Fig. 6. Radio link beyond LOS over a smooth earth.

Each part will cause a corresponding lossLn, n = 1, 2, 3,
which is defined to be negative here, since it reduces the total
RSL. The decibel lossL1 andL2 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)

and the20 log10 Fs is approximated from Fig. 13 in [12] by
using a polynomial function expressed by:

20 log10 Fs = −0.048ζn
3 + 1.0875ζn

2 + 4.0782ζn − 0.8806 (24)

The L3 is calculated by using the following polynomial
function, which is obtained by fitting from Fig. 13 in [12].

L3 = 0.0086ζ3
3 + 0.2063ζ3

2 + 11.0997ζ3 − 0.8934 (25)

It needs to be mentioned that the total TX-RX distanced can
be shorter thand1+d2, when the LOS is beyond the horizon. In
this case, thed3 is considered to be ‘mathematically’ negative
with a corresponding ‘positive’ diffraction lossL3 behaving as
a ‘gain’. The obtained total diffraction lossL with a function
of the TX-RX distanced is shown in Fig 7, whereD0 =
d1 + d2 = 24.4 km. Thed3 is considered to be negative with
a ‘gain-behaved’ diffraction lossL3, whend < D0. It can be
found that the total diffraction lossL can be positive, whend
is short enough, resulting in|L3| > |L1|+|L2|. L is set to zero,
if the ‘gain-behaved’L3 is not less than|L1|+ |L2|. The TX-
RX distance (7.8026 km in Fig 7) forL = L1 +L2 +L3 = 0
coincides with the path length of a clearance of 0.6 FFZD06

mentioned in [4] and obtained by using:

D06 =
Df ·Dh

Df +Dh

km (26)

frequency-dependent term: Df = 0.000389fh1h2 (27)

asymptotic term: Dh = 4.1(
√
h1 +

√
h2)(28)

Here,f represents frequency in MHz. To summarize, the total
diffraction loss in dB for both the LOS and the reflection path
can be obtained by:

L =







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

(29)
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Fig. 7. Los diffraction loss forh1 = 14.1 m, h2 = 9.5 m, as a function
of distance.

TABLE I
THE PARAMETER VALUES

Parameters Values
RX antenna height for ant1 11.2 m
RX antenna height for ant2 14.1 m

TX antenna height 9.5 m
β0 0.008
σh 0.25
ke 1

E. Round Earth Loss Model

All the propagation effects listed in the equation (10) have
been investigated in detail in the previous paragraphs. The
diffraction effect is considered to influence both the LOS
and the reflected ray, even though the reflected ray will
be completely eliminated beyond a TX-RX distance ofD0.
By including these effects in the two-ray geometrical model
shown in Fig. 1, the model in (1) has been improved to:

Ploss = 20 log10

(

λ

4πDlos

)

+ 20 log10(η) + L (30)

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

IV. COMPARISON WITH MEASUREMENTS

A long-distance channel measurement campaign with a
maximum distance of 45 km was performed in Trondheims-
fjorden,Norway. The detailed description and corresponding
analysis on the measurement data are given in [13]. The
different path-loss models including the Round Earth Loss
(REL) model, have been compared with the long-distance
measurement in Fig. 8 and the corresponding parameter values
are listed in Table I. The mean-square surface slopeβ0 and
the standard deviation of surface height distributionσh are set
to small values due to small wave roughness under the sta-
ble weather condition during the long-distance measurement
campaign. It can be found in Fig. 8 that the ITU model
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Fig. 8. Comparison between the REL mode, the PEL model, ITU-Rmodel
and the long-distance measurement.

doesn’t include the fading dips (> 10 dB) at short TX-RX
distances which are shown in the measurement results for
the open sea environment and which are predicted by the
PEL and REL model. On the other hand, the standard PEL
model, which can’t take the sea surface roughness, divergence



and diffraction loss under different weather conditions into
consideration, is unsuitable especially beyondD06. Finally,
the REL model matches the measurement result best with
acceptable complexity and hight adaptivity.

V. EVALUATION OF THE MODEL PARAMETERS

We finally analyze the impact of various model parameters
on the model predictions. The comparisons of a (vertically
polarized) REL model with differentβ0 and σh (the rest of
parameter values are the same as in Table I) are displayed in
Fig. 9 and Fig. 10, respectively. The largerβ0 andσh result
in the decreased power of reflection path and the fading dips
at short TX-RX become shallower. As it can be seen that the
variations on RSL caused by using differentβ0 and σh are
reduced to zero whend ≥ D06. To conclude, the RSL obtained
from the REL model is independent of withβ0 andσh when
the TX-RX distance is beyondD06 and the shadowing and
scattering effect will only influence the amplitudes of the
fading dips within the distance ofD06.

Fig. 9. REL with different mean-square surface slopeβ0.

Fig. 10. REL with different standard deviation of surface height distribution
σh.

VI. CONCLUSIONS

A deterministic path-loss model for the open-sea environ-
ment is presented based on the geometrical model of the
round earth. With increasing TX-RX distance, the LOS ray

will experience diffraction effects, while the reflection ray
will be influenced by the scattering, divergence and diffraction
effects. All these effects are described in detail, together with
a theoretical analysis. The REL model has been validated by
long-distance measurement results, and it fits the measurement
very well. The REL model has been analyzed by using
different channel parameters.
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