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Abstract—This paper proposes a deterministic path-loss model PEL and ITU-R model in [5] to deal with both of the above-
for the open-sea environment. The model accounts for diffemt mentioned limitations. However, the scattering, diveggeand
effects including effective reflection, divergence, and &raction shadowing effects still have not been taken into consiiterat
due to rough sea and earth curvature. The model results show . . . -
excellent agreement with experimental results from our reent In th_e PEL part. The qurrent paper aims to fill this gap and
measurement campaign, which investigated propagation at@Hz ~ Pprovide a comprehensive and accurate channel model for the
with a maximum distance of 45 km. Channel parameters like EEZ.
mean-square surface slope and standard deviation of surfac  The rest of the paper is organized as follows: In section
height are evaluated, from which it can be concluded that || the geometrical model with earth curvature is described
the shadowing and scattering effects on the reflection ray Wi briefly. In section Il propagation phenomena like effeetiv
influence the fading amplitude within the distance of 0.6 Fist . - .

Fresnel Zone clearance. reflection from rough sea surface, divergence effect,atiffon
effect for both the LOS and the reflection ray are presented in
l. INTRODUCTION detail. Section 1V is devoted to the REL model and evaluation
of channel parameters including polarization, mean-sguar

Most maritime activities, such as shipping and fishingurface slope and standard deviation of surface heighallin
happen within an exclusive economic zone (EEZ) of a countriypnclusions are drawn in section V.
which is defined as an area extending to a distance of 200
nautical miles from its costal baseline. Therefore, a bbaad ) ) o
communication system which can cover the EEZ with high While _the.classmal PEIT model is widely used for_ cellular
data rate and low cost will be more attractive than the carréfPMmunications [6], for distances beyond several kilomsgte
maritime communication systems like VHF and satellite sy{2€ €arth can not be considered as a ‘plane’ earth. Therefore
tems. However, neither new system designs nor modificatidh&ound earth geometrical model based on the two-ray method
of the current systems can be done without a comprehendid!Sed instead as shown in Fig. 1, whéreand h, are the
path loss model. For this reason, a number of path loss modis @1d RX antenna height, respectively. The radius of earth

have been previously proposed in the literature, but they &1 6371 km) is denoted by. andd is defined as the RX-
suffer from various sources of inaccuracies and inappiicab 1X distance. According to the two-ray method and with the
ties to EEZ-type distances. reference to Fig 1, the received signal level (RSB)x is

Il. GEOMETRICAL MODEL

In previous investigations, several deterministic modatsh °Ptained as: ,
as the Free Space Loss (FSL) model and the Plain Earth Loss Prx A ) 2

" .. = 1 . Dy; 1

(PEL) model based on Friis transmission formula and two-ray  Prx 47 D108 |1+ B - exp(jkDain)] @)

tracing method, respectively [3], haye been commonly usefbre D) s represents the path length of the LOBgig is
as a reference for the open-sea environment [11,[2]. Howevg,e path length difference between the LOS and sea reflection

the earth curvature and sea roughness, which can not i@ressed in equation (2), ailis the reflection coefficient
ignored within the EEZ, have not been taken into account jfpm sea surface.

the PEL model, leading to significant inaccuracies. The ITU-

R Recommendation P.1546-2 [4] offers a method for point- Daig = X1+ X1 —Dros )
to-area predictions of field strength for the maritime mebil d = Dy+ Dy 3)
services in the frequency range 30 MHz to 3000 MHz, and fWhere
distances in the range 1 km to 1000 km, being intended for
radio planning. However, the fading dips, which occur atsho Dros = /(re+hi)>+ (re +he)?—¢ (4)
TX-RX distances, are not included. Subsequently, a quasi- d
deterministic path-loss model was proposed by combinieg th § = 20re+)(re +hy)cos (E) ©)




The X; and X> can be obtained as sea surface will result in a power reduction of the specular
9 9 9 reflected ray, because part of the reflected power will be
X7 = (htre)” dre” = 2re+h)recosa (8)  goanered in other directions, as shown in Fig. 2(a). Twonmai

Xo? = (ha+re)? +7.° —2(re + ho)recos B (7)  theories have been proposed for scattering by rough sstface
the Kirchhoff theory and the perturbation theory [6]. The

Kirchhoff theory assumes that any point on the surface dbesn
shadow other points of the surface. In addition, the height

and« and s can be calculated by:

Te + h1 — recosa
arccos —+

a= ..
X1 distribution of the surface is assumed to follow a Gaussian
Te + ho — TcCOS ny ) distribution, which is the case for rough sea waves [7]. WUnde

arccos X these assumptions, the effective reflection coefficiépns, g

becomes:
d . 2
_ ¢ 270y, sinb,
a+p= 7“e 9) Riough = R - exp|—2 <7h)\ ) ] (11)

However, the round earth geometrical model only takes the SFhere
reflection into consideration, based on the two-ray methasl.

insufficient because the earth curvature will graduallydsia hy = hi—05r.a? (12)
both the LOS and sea reflection when the TX-RX distance by = hy— 0.57 2 (13)
increases. In addition, divergence on the reflection patmfr e T

the spherical earth curvature needs to be taken into account 0. = arcsin <—1> =50 (14)

Last but not least, the effective reflection coefficient fromh . . h L £ surf heiah
the rough sea surface is also different from that of idedliz&/N€réon is defined as the standard deviation of surface height

specular reflections. Summarizing the following effectsega distribution. ¢; and ¢, represent the incident angle and the
on two-ray method need to be accounted for: elevation angle (for grazing anglé, = 0), respectively.R is
the specular reflection coefficient. Under these assumgtion

LOS { Free space Loss the effective reflection coefficient is smaller than the siec
Diffraction Loss reflection coefficient and it decreases with increasing wave
height standard derivation.
Effective Reflection (10)
Dive rgence Incident ray Reflected ray

Sea Reflectio Shadowing Effect

Diffraction Loss Incident Effectively reflected ray \1
ncident ray
All these effects will be described in the Section Il in deta

Scattered rays

Sea surface |

Sea surface

Shadowing area

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

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
Fig. 1. Geometrical model for the REL model. 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 coefficienby,,,:

A. Effective reflection from roughness surface van b

Specular reflection theory is based on a assumption that Seun = 1 —0.berfe (fTﬁo)
the reflection surface is smooth. However, the sea surface is . A(tan6;) + 1

seldom smooth due to the roughness caused by sea movemghére
which will make the specular reflection model unsuitable for can 62
2 Bo -5 tan 6;
— exp o —erfc (16)
7 tan 6; V28

Ill. PROPAGATION PHENOMENA

(15)

mobile radio frequencies, especially for big-wave sursiacq\(tanei) :l

occurring during bad weather conditions. The roughnesisef t 2




where 3% represents the mean-square surface slope, and Wieere it can be found that the divergence factor decreases
erfc is the error function complement. The measured rms swyvith an increase of distance. As a result, the power of the
face slope&j, can be found in [10], where it can be seen that threflected ray will decay to zeros (shown in Fig. 5 when a
rms surface slope is generally found within [0.04, 0.07]e ThTX-RX distance is more thai,).

shadowing effect is introduced by multiplying,,, with the
effective coefficientR,,uen. The shadowing coefficient with
different rms surface slopgy (h; = 14.1 m, hy = 9.5 m) is
displayed in Fig. 3, where it can be seen that largeresults
in smaller S, at same TX-RX distance and the reflected ray 5° 1

|
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|
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will be totally shadowed beyond the distanbg (24.4 km for 2
hy = 14.1 m, hy = 9.5 m), which is defined as the distance g°7 1
when LOS tangents the surface of the earth. Shost 1
‘ é 03’
os —B,=0.008 I
osf ---B,=0.04 { ‘ ‘ ‘
.:g "7’:: “'_ ---ﬁ0=0-02 ’ ° N Dismngfe in km @ ® *
g I Fig. 5. Divergence factor as a function of distance.
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2o D. Diffraction loss

The earth curvature will not only block the reflected ray but
also the LOS. However, the diffraction effect will allow the
o epmmmamme radio transmission to continue even beyond the LOS, though
suffering from a diffraction loss. Several papers [11][$Bbw
Fig. 3. Shadowing coefficient with different rms surfacepsl@s a function the theory of ground-wave propagation over a smooth spdieric
of distance. earth, which fits the geometrical environments of the opeEm-s
Referring to [12], the total TX-RX distance is divided into
C. Divergence effect three partsiy, dq, ds, which is given by using equation (18)

The incident rays carry different amounts of power densi§d shown in Fig. 6.
from the refl.ected ray due to the earth curvature, yvhich is d=dy +dy+ds (18)
defined as divergence effect and demonstrated in Fig. 4. The ) . .
received signal level will decrease due to the decrease ‘Ypered: andd, are th? distances to the horizon which can
power density caused by earth curvature. As a result, A calculated by using:
effective reflection coefficien?,,,g, Needs to be modified d, = \/2kerehy n=1,2 (19)

by multiplying it with a divergence coefficienb expressed ] ] . )
by [8]: Here, k. is the ratio of the effective earth’s radius and true

1 P N VR earth’s radius, and;, ho are the antenna heights as displayed
B 1 s 102

L in Fig. 6.
D=1 e a "9

0 otherwise

10 . . 14
Distance in km

whereh) andhi, are the effective TX and RX antenna height
(see equation (12-13)), respectively; and D, are in Fig. 1.

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

Each part will cause a corresponding lass, n = 1,2, 3,
which is defined to be negative here, since it reduces thé tota
RSL. The decibel los€; and L, are obtained by using:

Fig. 4. Divergence effect.
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The divergence coefficied? shown in Fig. 5 is obtained ac- ! 0810 " B 556mC (20)
cording to equation (17) by settirfg = 14.1 m, ho = 9.5 m, Lo 201logyg N2 (22)



where
20log;y Nn = —0.5+35logy,Cn + 101logo Fs (22)
2mdy,
D

n=1,2,3

Ca (23)

( 27keTe ) %
A

and the20log,, F; is approximated from Fig. 13 in [12] by
using a polynomial function expressed by:

TABLE |
THE PARAMETER VALUES

Parameters Values
RX antenna height for antl 11.2 m
RX antenna height for ant2 14.1 m
TX antenna height 95 m
Bo 0.008
op 0.25
ke 1

20log, o Fy = —0.048¢,* + 1.0875¢,% 4 4.0782¢, — 0.8806 (24)

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

L3 = 0.0086(5> + 0.2063¢5> + 11.0997¢C5 — 0.8934  (25)

It needs to be mentioned that the total TX-RX distardoean

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 shorter thad; +d3, when the LOS is beyond the horizon. Inbe completely eliminated beyond a TX-RX distance Iof.
this case, thels is considered to be ‘mathematically’ negativeBy including these effects in the two-ray geometrical model

with a corresponding ‘positive’ diffraction lods; behaving as
a ‘gain’. The obtained total diffraction loss with a function
of the TX-RX distanced is shown in Fig 7, whereD,
di +ds = 24.4 km. Theds is considered to be negative with
a ‘gain-behaved’ diffraction los&s, whend < Dy. It can be
found that the total diffraction loss can be positive, whed

is short enough, resulting it.s| > |L1|+|Ls|. L is set to zero,
if the ‘gain-behavedLs; is not less thanL, |+ |Ls|. The TX-
RX distance (7.8026 km in Fig 7) fat = L1+ Lo+ L3 =0
coincides with the path length of a clearance of 0.6 HPZ
mentioned in [4] and obtained by using:

D¢ - Dy
Dyjg=——"""—7 k 26
06 Di + Dy, m ( )

frequency-dependent term Dy = 0.000389 fh1hy (27)
asymptotic term Dy, = 4.1(v/h1 + Vh2)(28)

Here, f represents frequency in MHz. To summarize, the tot
diffraction loss in dB for both the LOS and the reflection pat

can be obtained by:
L+ Ly —|Ls|  if d>dy+dy
L= L1+L2+|L3| if Dog < d < dy+da (29)
0 if d< DQ(;
° 0
i J
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o
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Fig. 7. Los diffraction loss foth; = 14.1 m, ho = 9.5 m, as a function
of distance.

shown in Fig. 1, the model in (1) has been improved to:

201
0 Oglo (47TDIOS
|1 + Sfun -D- Rrough : el'p(]delff>|

‘PIOSS

> +20log;y(n) + L (30)
(31)

n
IV. COMPARISON WITH MEASUREMENTS

A long-distance channel measurement campaign with a
maximum distance of 45 km was performed in Trondheims-
fiorden,Norway. The detailed description and correspogdi
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 parametersvalue
are listed in Table I. The mean-square surface slgpeand
the standard deviation of surface height distributignare set
tg small values due to small wave roughness under the sta-
E(ie weather condition during the long-distance measurémen

ampaign. It can be found in Fig. 8 that the ITU model
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Received signal level in dBm
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Fig. 8. Comparison between the REL mode, the PEL model, ITiderlel
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, diveegen



and diffraction loss under different weather conditiontoin will experience diffraction effects, while the reflectioayr
consideration, is unsuitable especially beyabg;. Finally, will be influenced by the scattering, divergence and dititac
the REL model matches the measurement result best wffiects. All these effects are described in detail, togettith
acceptable complexity and hight adaptivity. a theoretical analysis. The REL model has been validated by
long-distance measurement results, and it fits the measutem
very well. The REL model has been analyzed by using
We finally analyze the impact of various model parametedifferent channel parameters.
on the model predictions. The comparisons of a (vertically
polarized) REL model with differen8, and o}, (the rest of
parameter values are the same as in Table 1) are displayed i¥Ve want to thank the Ming Hsieh Department of Electrical
Fig. 9 and Fig. 10, respectively. The largés and oy, result Engineering of University of Southern California for hosgti
in the decreased power of reflection path and the fading dif4n Yang for a research visit during which part of this work
at short TX-RX become shallower. As it can be seen that tM&s done. We also acknowledge Per Hjalmar Lehne at Telenor
variations on RSL caused by using differefit and oy, are GBDR for his support with the channel sounder equipment
reduced to zero wheth > Dys. To conclude, the RSL obtainedthat Telenor so kindly lent us. Further the practical suppor
from the REL model is independent of Wlm ando;, when by Terje Mathiesen, NTNU and Karsten HUSby, Odd Trandem
the TX-RX distance is beyondys and the shadowing andand Torgrim Gjelsvik from Sintef ICT, is highly appreciated

scattering effect will only influence the amplitudes of théor the practical part of the measurements that has been
fading dips within the distance dPg. successfully performed. The measurements has been funded
by the Norwegian Research Council through the MARCOM

V. EVALUATION OF THE MODEL PARAMETERS
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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



