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Abstract—In this paper, a path-loss model for the open- involving various types of ships and vessels, offshoreainst
sea environment is proposed, in which different propagatio |ations, unattended buoy platforms, autonomous underwate
phenomena including effective reflection, shadowing, divgence, sjjities  offshore and onshore observation sites, etc.stMo

and diffraction, related to the sea surface and earth curvatre in f th tiviti ithin th lusi )
the open-sea environments, are taken into account. The chaal of tnese activiuies occur within the exclusive economiceon

model is parameterized and validated by experimental rests (EEZ) of a country, defined as an area extending to a distance
from our measurement campaign at 2 GHz over a distance of 200 nautical miles (370.4 km) from its costal baseline.
range of 45 km in calm, cold Norwegian ocean waters. Model However, many of these communication activities will happe
and measurements show excellent agreement in terms of the,yar somewhat shorter distances; e.g. the distance limit fo

Root Mean Square Error (RMSE). By evaluating the channel . ; .
model parameters like mean-square surface slope and standh the offshore broadband service in Norway will be 70 km

deviation of surface height related to the sea surface rougtess, from the coastline, which was regulated by the Norwegian
it can be concluded that the effects of shadowing and scatimy Communication Authority in 2018 [1].

on the reflected rays will influence the fading amplitude within Current maritime communication systems like satellite- sys
the distance range where the LOS is tangential to the surface tems and VHF suffer from the disadvantages of high cost and
of the earth. It is also found that the diffraction loss starts to . L

influence the path-loss results beyond the distance of 0.6ntes l_OW data rates, ,“?SpeC“V?'V- CeIIu.Ia.r Commur_llcatlonesyﬂ
the First Fresnel Zone clearance. The amplitude probabily like 4G LTE, WiFi and WIMAX, originally designed for ter-
density function (PDF) of fading is studied as well. By using restrial propagation environments, can not perform ogtima
the Akaike information criterion (AIC) for model selection, it in maritime propagation environments [2], [3]. Designing

is found that the amplitude PDF can be modeled as Weibull jnroyed communication systems, e.g, by optimizing curren
distribution at short distances and very large distances. e

TWDP distribution, Rician distribution and Rayleigh distr ibution  WiFi and LTE systems and designing dedicated 5G maritime
dominate at distances between 9 km and 45 km. The correlation Solutions, requires first of all an understanding of the tira€
coefficient between the signal amplitudes at two antennas & radio propagation channel, in particular path loss andnfadi
are vertically separated by 3 m was studied, and found to be  |n previous studies, the Plane Earth Loss (PEL) model [4],
close to zero when the TX is below the hor_lzon. This |nd_|cates was widely used to compare with the measured path-loss
the potential to employ multi-antenna techniques for mariime . o . .
communication systems. results obtained from maritime propagat_|0n environmeals [
[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 ouf]jn [7
[8]. This is due to the fact that the diffraction loss caused
by the earth curvature and sea roughness can not be ignored.
Reliable and high throughput maritime communications age method for point-to-area predictions of field strength for
considered to play an important role in maritime activitieghe maritime mobile services in the frequency range of 30
MHz to 3000 MHz, and for distances in the range 1 km
5 2005 aesabin o B pD Trg e o T B e 101000 km, was proposed in the ITU-R Recommendatior
was subporteﬂ by the MAMIME project under éran?'256309 bywegian P-1546-5 [9]. However, the evident deep fades at short TX-RX
Research Council. The work of A. F. Molisch was supported katidmal  distances found in multiple previous measurement campaign

Science Foundation. The review of this paper was coordinbte Prof. F. [2], [5], [6], [7], [10] are not taken into account, which
Paris. This paper was presented in part at the IEEE VTC 201itla@est, ’ ’ ' ' :

Hungary, May 2011 and in part at the IEEE VTC 2013, Las Vega¢, NN@S been pointed out in [11], [12], [13]. As a first step to
USA, September 201Zprresponding author: Kun Yarg. remedy this situation, we proposed in [8] a quasi-deterstimi
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I. INTRODUCTION



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. [
particular, this paper makes the following contributions:

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

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

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

4) Study of the spatial correlation coefficient between ver- frotenna 2
tically separated antennas on shore. ‘ Antenna 1
The rest of the paper is organized as follows: In sectior “ "y 3
Il the measurement campaign is described briefly. Section I (a) Receiver (RX) antennas on the shore.

discusses our round earth loss model in detail. Section IV jg
devoted to the estimation and parameterization of the smag
scale fading. Finally, conclusions are drawn in section V.

II. MEASUREMENTCAMPAIGN

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

The receiver (RX) was in a van connected to two antenn = =
close to the shore. Two vertically polarized sector antenna (b) Transmitter (TX) antenna at the ship.
possessing 15 dBi gain add° 3 dB beamwidth were mounted
with a vertical spacing of 2.9 m (see Fig. 1(a)). The “noniinalig. 1. Receiver and transmitter antennas of the channeldgou
height of the lower antenna above sea level was 11.2 m
without taking the tidal wave changes into consideration. A
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 ldentification System (AIS), from which
the recorded GPS data and ship speed can be obtained. Thfmu 7 : =
TX antenna pointing was adjusted to face the RX antennaW‘ N
accordingly when the ship changed its direction from the e~ e
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 causec
reflections during the inbound trip, only the received signa
level (RSL) results from the outbound trip are used to vadida
the Round Earth Loss (REL) model in this paper. The total ___
measured distance range covers about 45 km and the ship rout
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 validationhef t
model is thus also restricted to this type of sea state. The sh
was travelling at a constant speed of 6 krwst8.1 m/s). The Fig. 2. The route of the ship.
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].




TABLE |

THE MEASUREMENT PARAMETERS be accounted for:
Carrier frequency 2.075 GHz LOS Free space Loss
Chirp bandwidth 20 MHz Diffraction Loss
Transmitting power at the antenna pdrt 27.2 dBm
Maximum delay span 40.96 ps . .
Delay resolution 50 ns EﬁeCt'Ve Reflection @
Doppler resolution 4, 0.5, 0.25, 0.125, 0.0625 Hz S Reflecti Divergence
Maximum Doppler shift span +128 Hz ea retiectio Shadowing Effect
Number of TX antennas 1 . -
Number of RX antennas 2 Diffraction Loss
TX and RX antenna gain 15 dBI
3 dB Antennas beamwidths 30°(Az.) x 30°(El.)Approx
RX sensitivity -110 dBm A. Geometrical model
TX antenna height 95m
__Lower RX antenna height 112 m Since the earth can not be considered to be ‘plane’ for our
Vert'callﬂzzﬁ‘;'l:'r% tr’gmef’j?stifczme””‘s fégk”nl distances of interest, a round earth geometrical modetbase
Temperature T, 2]°C the two-rz_:\y method is prqposed, which is shov_vn in Fig. 3. The
Wind speed [3, 6] m/s earth radius{ 6371 km) is denoted by, andd is defined as
Boat speed 6 knots= 3.1 m/s the projection of the TX-RX distance onto the earth surface
shown in Fig. 3. Parametdr; and h, denote the TX and
RX antenna height, respectivelprx and Prx are transmitted
and received powers at the terminal of the respective aatenn
I1l. AROUND EARTH LOSSMODEL According to the geometric relations shown in FigiZx is
obtained as:
Prx A 2 2
. . . . = 1+ R-exp(jkDaig 2
As mentioned in Section I, the evident deep fades at short Prx (47TDL03) | P(ikDair )| 2)

TX-RX distances are found in several maritime measurement

results at different frequency bands (up to 17 dB at 2 GHz whereR and Dy,og are the reflection coefficient from the sea
Norwegian cold sea under the weather conditions of Douglgdrface and the path length of the LOS, respectively;s

Sea State 3 [10] and up to 10 dB at 5.2 GHz in the Balti€Presents the path length difference between the LOS and
sea [13]). These propagation 'holes’ can dramatically enftte  S€@ reflection expressed in (2). It needs to be mentioned that
the system performance, which has been proved by the UBP Unambiguous solution can be obtained by choosing the
and TCP throughput results of the WiFi test in Portug@mallest values of alpha and beta that satisfy (9) and (10).
under the weather conditions of Douglas Sea State 3 and

10 degree Celsius [3]. These propagation holes can cause Daig = X1+ Xo— Dros ®3)
negative effects on the navigation and security systemchvhi d = D1+ Dy (4)
makes it important to have path-loss models that can provide
accurate predictions. The classical PEL model can predighere
these holes if TX-RX distances are within the breakpoint
distance [7], [8], where the first Fresnel zone touches the Dros = V/(re+h1)?+ (re +h2)? — ¢ )
ground. This indicates a geometrical dependence between th d

path-loss results and the antenna heights. However, the PEL ¢ 2(re + ha)(re + ha) cos (r_e> ©6)
model is not valid at large distances, i.e., beyond the radio

horizon. Therefore, a more comprehensive geometrical mod&e distances{; and X, can be obtained as

is given in this section by taking the earth curvature into ) ) )

consideration. The amplitude of the deep fades are alsadfoun ~ X1° = (h1 +71e)” +7e” = 2(re + ha)recosa (7)
to be smaller than the results predicted by the PEL model X% = (hg+7¢)? +7e2 —2(re + ha)recos 3 (8)
with idealized specular reflections [8], which means that th

effective reflection coefficient, accounting for the roughs anda andf can be obtained from:

of the surface, and the shadowing effect for the reflected ray

need to be taken into account. In addition, the increasifsgbf AFCCOS (Tc +h - TeCOSO‘) ta=..
between the measured RSL and the RSL predicted by the X4

PEL model shows the importance of the effective reflection Te + ho — recosf
coefficient from the rough sea surface and the diffracti@s lo arceos ( X, ) +5
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, a+f8= d (10)
shadowing and reflection corrections for a two-ray model. Te

The following effects based on the two-ray model need to

9)
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(a) Effective reflection. (b) Shadowing effect.

Fig. 3. Geometrical model for the REL model. Fig. 4. Effective reflection and Shadowing effect by a rough surface

B. Propagation phenomena where

1) Effective reflection from a rough sea surfac&he )
roughness of sea surface due to sea movement makes the 1 2 Po —3;2 cot 6;
specular reflection model unsuitable for mobile radio signa (€0t o) =51\ exp o —erfe (ﬁﬁ()) (16)
especially when big-wave surfaces are occurring during bad

weather conditions. Since part of the reflected power will 5 ,
be scattered into other directions as shown in Fig. 4(a),"4tereerfc andf,” represent the complementary error function

power reduction of the specular reflected ray needs to be tai@'d the mean-square surface slope of the waves, respgctivel
into consideration. The height variations of rough seaaerf The measured rms_surface sloﬁg_ls usually ‘_N'th'n the
can be modeled as Gaussian-distributed [15], [16], [17]. wiange [9'04’ 0.07][17]. _The shac_zlqwmg effe_ct IS '””Od“'P?d
furthermore assume for the moment that no shadowing eff@!tiPlying the shadowing coefficierfin,, with the effective
occurs on the rough surface (i.e., no wave crest is shadowfRffiCi€Nt Rrougn. The shadowing coefficient is studied by
off a trough); this assumption will be relaxed below. UndéfSIng different rms surface slope and the same antenna

these two conditions, the Kirchhoff theory [15] of scatberi heights_ as our measure_mept campaign € 14.1 m, hy =
is valid, and the effective reflection coefficieRtoug: can be 9.5 m)_ in Fig. 5, from which it can be found t_hat the reflected
expressed as: ray will be totally shadowed beyond the distanbg (24.4

km for hy = 14.1 m, ho = 9.5 m) where the LOS becomes

T cot 0;

R R 9 2o stnd, 2 11 a tangent to the surface of the earth. It also can be seen that
rough = 12 - €xp[— A ] (11) larger 3y, corresponding to steeper slopes of the waves, results
h in smallerSg,, (more pronounced shadowing) at the same TX-

where RX distance.
Ky = hy—0.5r.0 (12)
_ 2 . e
hy = hy— 0-57;;2/5 _ (13) ug% —B,=0.008
0. = arcsin <Y11> =5 6; (14) S e By=004

OT‘ <-B,=0.02
where 6; and 6, are defined as the incident angle and the 2°*
elevation angle (for grazing anglé., ~ 0), respectively.

R and oy, represent the specular reflection coefficient [15]
and the standard deviation of the surface height distobuyti
respectively. Parametéy andh/, represent the corresponding
effective antenna heights shown in Fig. 3. The effective
reflection coefficient is smaller than the specular reflectio

coefficient and decreases with increasing wave height atdnd _ . o _
deviation Fig. 5. Shadowing coefficient with different rms surfacepgl@as a function
) . of distance 1 = 14.1 m, ho = 9.5 m).
2) Shadowing effect for the reflected rayhe sea surface

may shadow other points on the surface (shown in Fig. 4(b))

especially when the elevation of the incident ray is small. 3) Divergence effectFig. 6 shows that the power density of
Therefore, we take this shadowing effect into considendtip the reflected ray can vary (beyond the usual “thinning out” in
introducing a shadowing coefficierst,,, proposed by Smith free space) with TX-RX distances due to the earth curvature,

Shadowing coefficient
T

10 2 14
Distance in km

[18] in our REL model, which can be expressed by: which is defined as divergence effect. It can not be ignored in
ot b long-distance communications including maritime communi
g 1 —0.5erfe (\/55;) (15) cations. In our REL model, the divergence effect is takea int
fun =

A(cot 6;) + 1 consideration by multiplying the effective reflection dogént



R.ough With a divergence coefficierh [19] expressed by:  that can be used in place of the actual radius to correct for
1 if b > 0,h) > 0 refraction by the atmospherg, is the ratio of the effective

2D, D earth radius and true earth radius.
A= L m iy (17)

0 otherwise

whereh} andh}, can be found in (12-13)D, and D, are also
used in (4).

D,

L0S

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

Each part will cause a corresponding lass,n = 1,2, 3.
The losses in dB.; and L, are always positive leading to a
reduction of the RSL, which are obtained by using:

Ny

Ly = 20log;y ——— 20
Fig. 6. Divergence effect in red. ' B10 V/5.6567(1 ( )

L2 = 20 10310 N2 (21)

Figure 7 shows the divergence coefficigntobtained from \yhere

(17) by settingh; = 14.1 m, hy = 9.5 m. We see that the
divergence factor decreases with increasing TX-RX digtanc 2010810 Nn = —0.5 4 351og;o Cu + 101ogyo F5 (22)
Finally, the power of the reflected ray will decay to zero at _ % 123 23
the TX-RX distance ofDgy, which is also consistent with the G = (#)% n=Ll.s, (23)

shadowing effect. . . o ) )
and10log, Fs is approximated in this paper from Fig. 13 in

' ' ' ' [22] by using a polynomial function:
| 10log, Fy = —0.024Ca® + 0.5438¢a2 + 2.0391¢, — 0.4403 (24)

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

Ls = 0.0086(5> + 0.2063¢3> + 11.0997¢5 — 0.8934  (25)

The above approximations are valid whénand ¢, are less
than 10. It also needs to be pointed out th@t can be
\ 1 ‘mathematically’ negative when the total TX-RX distantés
% = % shorter than the sum af; andds (The direct path is beyond
the horizon). In this case, the diffraction lobg is negative and
Fig. 7. Divergence factor as a function of distance. makes the total diffraction loss less than+ L. It also may
happen that the total diffraction logdscan be negative, when
4) Diffraction loss: Diffraction will make the radio trans- d is so short thatLs| > L; + L. To avoid such situations,
mission feasible even beyond the LOS though at the pritiee total diffraction losd. is set to zero, if theLs| is not less
of a diffraction loss. The diffraction theory of ground-veavthan L, + L,. To summarize, the total diffraction logsy; ¢
propagation over a smooth spherical earth has been propoisedB for both the direct path and the reflection path can be
in [20], [21], [22], which can be applied to the geometricabbtained by:

°

°
2
=

°
>

Divergence coefficient
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2 8

°
@

°
T

0 5 10 . 15
Distance in km

environments of the open sea. Referring to [22], the total L1+ L I ifd>d+d
distanced of the radio link is divided into three partg, Loe— Ll :tLQ J_r }L3{ it Do <1;ZF<2d Td, (26
da, d3, which is given by using (18) and shown in Fig. 8 S 1 (29)
2, ds, given by using (18) and shown in Fig. 8. 0 if d < Dog

d=dy +dy +ds (18) The TX-RX distance fol. = L+ Lo+ L3 = 0 coincides with

H1e path lengthDyg of a clearance of 0.6 in the First Fresnel
Zone (FFZ) mentioned in the ITU recommendation [9] and
obtained by using:

whered; anddy are the distances to the horizon which ca
be calculated by using:

dy = \/2kerehn  n=12 (19) Ds - Dy o
06 — ==/ km 27
Here, hy, hy represent the TX and RX antenna height, re- Dy + Dy

spectively as displayed in both Fig.3 and Fig.8. The effecti ~ frequency-dependentterm Dy = 38.9fh1hy  (28)
earth radius is defined as the value for the radius of the earth asymptotic term Dy, = 4.1(v/h1 + Vh2)(29)



TABLE Il
THE REL MODEL PARAMETER VALUES USED INFIG. 10 —ao¥
a
Parameters Values g s
RX antenna height for antq 14.1 m E
TX antenna height 95m g
Bo 0.008 Fg
on 0.25 S
ke 1 g |—PEL model
5 -9 == ITU-R(50%),
g ITU-R(10%)
“9---ITU-R(1%)
. . . —REL model
Here, f denotes frequency in GHz. The obtained total diffrac- s an2

tion loss L with the same antenna heights as our measurement

Distance in km
campaign ;1 = 14.1 m,hy = 9.5 m) is shown in Fig 9,
where Dy = d; + ds = 24.4km and Dyg = (7.8 km. Fig. 10. Comparison between the REL model, the PEL model;Rridodel
" and the long-distance measured RSL.

respectively.
TABLE Il

_Cg 0 © THE RESULTS FOR THERMSEBETWEEN THE PATHLOSS MODELS AND
c S5 B THE MEASURED RESULTS
£ 10p 8

8 sk Models Values
c 7.8026 km PEL model | 10.1
=) ITUR (50%) | 3.5
& ITUR (10%) | 14.2
& o} ITUR (1%) 18.1
B | REL MODEL | 1.0

0

QO 40

-

s | | | | | | | |

0 5 10 15 20 25 30 35 40 45

Distance in km theoretical model and measurement data is widely used as a

low-complexity comparison metric for model selection [23]
Fig. 9. LOS diffraction gain forhy = 14.1 m, he = 9.5 m, as a function [24]. Both the corresponding RMSE results in Table Il and
of distance. 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
C. Round Earth Loss Model take the fading dips> 10 dB) at short TX-RX distances
All the propagation effects listed in (1) have been invednto consideration, while the PEL and REL models predict
tigated in detail in the above paragraphs. Even though these well. On the other hand, the PEL model, which does not
reflected ray will be completely eliminated by shadowing arf@ke the sea surface roughness, divergence and diffrdossn
divergence effects beyond a TX-RX distance B (Figs.5 under different weather conditions into consideratiom pat
and 7), the diffraction effect is considered to influencehboprovide accurate predictions especially when TX-RX disesn
the direct ray and the reflected ray. By integrating all thegée beyondDgs, the 0.6 Fresnel clearance path length. In
propagation effects into the geometrical model for the RE¢oNclusion, our REL model matches the measurement results
shown in Fig. 3, (2) has been improved to a REL mod&est with acceptable complexity and high adaptivity.
expressed by using:

A E. Evaluation of the model parameters
Ploss = 20logg (rDLOS) +201ogy9(n) + Laif30)  The effects on RSL due to the variance of the sea surface
7 = |1+ Stan- A Reougn - exp(jkDaitt)| (31) roughness are worthwhile to be investigated, since theheeat

conditions over sea can change very quickly. It needs to
) ) be pointed out the antenna pattern mismatch due to boat
D. Comparison with measurements movement is not taken into account in this evaluation. In
Fig. 10 shows a comparison between the measured R®is subsection, different sea surface parametgrand oy,
and the three theoretical path-loss models including the PBhe rest of parameter values are the same as in Table |) are
model, ITU model and our REL model (30-31). The measuredaluated in the REL model and the corresponding results are
values are averaged over a window to eliminate small-scalsplayed in Fig. 11 and Fig. 12, respectively. These effect
fading (see Sec. IV). The parameter values used for evahsti of the reflected path vanish in Fig. 11 and Fig. 12 when
are listed in Table I, which are consistent with our measuré > D, since the reflected path will be eliminated by the
ment campaign setups. Since the weather conditions dursttadowing and divergence effects discussed in the previous
the long-distance measurement campaign were rather staddetions (see Fig. 5 and Fig. 7). It also can be found that
and calm, the standard deviation of surface height didtdhu the larger3, and o, parameters, corresponding to harsher
on in (11) and the mean-square surface slofein (15) weather conditions, result in decreased power of the refllect
are set to small values (see table Il) corresponding to smpdith. Hence, the deep fades at short TX-RX distances become
wave roughness. The Root Mean Square Error between #hallower. To conclude, the RSL obtained from the REL model



is independent of3, and o, when the TX-RX distance is To determine the normalized envelope PDF, we first estab-
beyondD, and the shadowing and scattering effect will onljish a set of functional forms that are commonly used for
influence the amplitudes of the deep fades within the digtancharacterizing small-scale fading. The parameters foh eac
of Dy. From the above conclusion, together with the trends those functional forms are then determined by maximum-
shown in Fig. 10 and Table Ill, the ITU-R0%) model is also likelihood estimation, so that we obtain the parameteionat
capable of predicting path loss with good accuracy in aggtatthat best approximate the measured data. Finally, the best

seas. functional form is selected through application of the Adeai
o , Information Criterion (AIC). This approach, first proposed
\"\/\ L~ —Eﬁj—?‘fg in [30], was shown to have advantages compared to, e.g.,
o VAR | Enj;:: Kolmogorov-Smirnov (KS) tests, and has been used success-
0.

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 dataragno
7 common distributions: Lognormal distribution, Nakagami
distribution, Normal distribution, Rician distributiorifwo-
Wave with Diffuse Power (TWDP) distribution [32], Rayleigh
| distribution and Weibull distribution. This selection isoti
RN . RS [ N vated by the fact that Weibull, Rayleigh, Rician and Normal
Distance in km 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 fittieg b
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 enviroramts.
In our analysis, the large-scale channel properties haee be
removed by subtracting the averaged signal levels (avegagi
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. kad&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 perogesaof
the best-fit distributions are shown in the table IV.
Fig. 12. REL with different standard deviation of surfaceghé distribution -

|- By=0.1

Received signal level in dBm
)

Fig. 11. REL with different mean-square surface slgle(o;,=0.25).

Received signal level in dBm

Distance in km

op, (80=0.008). —Measureme
» Lognormal
Nakagami

Normal

sof = Rician

IV. SMALL -SCALE CHANNEL PROPERTIES ! * Twdp

. . . . . ool & ¢ = Rayleigh
The multi-path propagation can give rise to constructive an t - Weibull

!
destructive superposition of the multipath componentsQs)P o A .
and thus lead to fluctuations of the received signal leveickvh ﬁ? ? I
is defined as small-scale fading [15]. The properties of the g E '
small-scale fading play an important role for nearly every <
aspect of receiver design: dynamic range, diversity, agiapt
of modulation scheme, and error-correction coding [25§][2 TX-RX distance in km
The small-scale fading for maritime propagation environtae
at 1.9 GHz and 5.2 GHz has been investigated in [27] afl§- 13- Overall estimated best-fit distribution.
[28], respectively. The propagation effects discussedhm t
previous sections can influence not only the path loss but
also the small-scale channel properties, which can dependf Lognormal distribution
location, frequency and sea conditions. Therefore, it Wl The Jognormal distribution is expressed as:
meaningful to study the small-scale channel propertiesdas
on our measurement data. In [29], the previous analysis of f(z|u, o) = 1 exp{_(lnx; “)};x >0 (32)
the measurement data shows that the radio channel can be zo/2m 20
regarded as non frequency-selective over a bandwidth of @@ere ;1 and o represent the mean amplitude and standard
MHz. Therefore, the amplitude PDF of flat fading is studiedeviation on a logarithmic scale, respectively. The boating
in this section. at the initial distance and blocking of the radio link due to

eceived signal level in dBm

-100




TABLE IV L .
THE PERCENTAGE OF BESTFIT DISTRIBUTION C. Normal distribution

The Normal distribution is:

Lognormal distribution| 0.1241 % )
Nakagami distribution | 2.1096 % 1 —(z—p)
Normal distribution | 16.6081 % f(zlp, o) = \/2—61717{ 952 x>0 (35)
Rician distribution 39.2606 % ovam
TWDP distribution | 4.4674 °€° wherey ando are mean and standard deviation, respectively.
F\{Ae,‘é’i'gt'ﬁlh d?s'frtigzltjig?]” ;ii;ﬁj Q The estimated parameters can be found in Fig. 16. The Normal

distribution is a good approximation for a Rician distriouat
with large k-factors. This is consistent with a strong LOS
a passing_by ferry results in a Shadowing effect, which @'\d a h|gh|y correlated reflected path and a weaker diffuse
coincident with the occurrence of a Lognormal distributio0mponent.
in our path-loss measurements (see Fig. 10) [10]. Note that

Fig. 14 only shows the parameters at those points for which ™

Estimated Normal parameters
T

. . . . : #
the lognormal distribution is the best. )
QOE* -
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: : ‘ = 5
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D o, 1 E™
©
S by
8 01; 1 02*0 : 1
=k =
g [ ol ¢ ’_)/ 1
g orp v 1 LF | ‘ ‘ ‘ ‘ ‘ ‘ ‘
1 TX-RX distance in km
Fig. 16. Estimated parameters of Normal distribution.
’ * - TX-IZ?OX distazrice in ki':’] ” ” *
Fig. 14. Estimated parameters of Lognormal distribution. D. Rician distribution
The Rician distribution is expressed by using:
B. Nakagami distribution T —(22 +52),  ws1
A f(z]s1,0) = exp{———=—}Ho(—);z >0  (36)
The Nakagami distribution is expressed by: o 20 o

(N —p wheres; ando represent the non-centrality parameter and the
0" 2u— Dexp{—=a"};2>0 (33) scale parameter, respectivel(-) is the Oth-order modified
Bessel function of the first kind [33]. The estimated pararset
83 be found in Fig. 17, from which it can be seen that the
Rician distribution occurs at the distances between 15 I;ah an
o 45 km. It can also be clearly seen that the Rice K-factor)
T(1) :/ =1 o=t gy (34) decreases with distance, which agrees with the intuiti@t th
0 the diffuse part increases and the direct path decreaségin t

The estimated parameters can be found in the Fig. 15.  signal strength with distance.

W
= 2 Z\H

falnw) =2(5)
whereu andw represents the shape parameter and the scale

rameter, respectively. The gamma functidran be expressed
as:
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Fig. 15. Estimated parameters of Nakagami distribution. Fig. 17. Estimated parameters of Rician distribution.



E. TWDP distribution
The TWDP distribution is expressed as:

whereo 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

x —(2% + 512 + 52?) . )
f(xls1,82,0) = —exp{ 5 Ix occurs at the distances between 35 km and 45 km. The direct
g L 20 0 path is beyond the horizon and the amplitude distribution of
—/ exp(%) . the received signal is changed from a Rician distributioa to
T™Jo g

Io(% V512 + 892 — 2851 59c00)db; x > 0

(37)

Rayleigh distribution. The latter is a special case of thenfer,

with s=0. As it has fewer parameters, AIC will select it when

. . the Rice factor is small.
where s; and so represents the amplitude of the direct anci1

reflected path, respectivelyr 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, dependinthen
correlation between the direct path and the reflection gath.
the correlation is high, the direct path and the reflectioth pa
can be regarded as the same path and the amplitude digiributi
of the received signal follows a Rician distribution. Thisnc

be seen from the estimated results between 35 km and 45 km,
where the distance is beyord, (24.4 km) and the reflected Fig. 19. Estimated parameters of Rayleigh distribution.
path and the direct path are highly correlated due to théeart

curvature. Since the AIC penalizes the use of distributieitis

more adjustable parameters, in this case a Rice distributi@. Weibull distribution

will be selected. Similarly, if the correlation is low, th@ett
path and the reflection path can be easily distinguishedhisn t

Estimated Rayleigh parameters
T T

07071
07071 -
07071 -

07071

07071

Estimated parameters

07071 -

07071 -

07071 -

The Weibull distribution is expressed by using:

case, the amplitude distribution of the received signahgur

b x

(39)

out to be a TWDP distribution. This can be shown by the

f(la,b) = =(=)teap{~(=)"};z > 0

estimation results between 9 km and 15 km, where the distanvgeere « and b represent the scale parameter and the shape
is within Dy (24.4 km). The correlation between the pathparameter, respectively. The estimated parameters can be

is influenced by the boat movement, wave surface and T¥und in Fig. 20, from which it can be seen that the Weibull
RX distance. It is also mentioned in [32] that the differencaistribution occurs at the beginning and the end of the route

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.
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Estimated parameters of Weibull distribution.

H. Fading distribution function
Table V lists the distributions that are found to be the Wigst-

F. Rayleigh distribution

40

The Rayleigh distribution is expressed as:

2
x —x
f(zlo) = ;exp{ﬁ};:v >0

(38)

in the various specific region.

a5

The TWDP distribution is considered to be very interesting
for the maritime propagation environment, since the prapag
tion scenario there fits well with the fundamental assurmstio
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TABLE V

DOMINANT DISTRIBUTION IN DIFFERENT REGIONS Dy = 24.4km). This indicates the potential benefits of em-
ploying multi-antenna techniques for maritime communarat
dom'”awm_g'snt“bm'on fa(;‘g‘; 'g ';m '”C'dg‘;f;/t rate systems with a similar antenna setup. In addition, the two RX
elpu oY, Y. (1) . .
Normal 92 156 8229 channels are ess_entl_ally uncorrelated at the d|_stance80fm.
Rician 15.6, 35.7 82.1% and 13.5 km, which is caused by the shadowing effect of the
Rayleigh 35.7, 45.3 67.7% passing-by ships. Therefore, the shadowing effect cauged b

passing-by ships can reduce the spatial correlation betwee

the two RX channels.
about TWDP due to the suitable environmental geometry.
According to our measurements, it indeed provides the be
fit for short distances. However, the TWDP does not turn ou "/ [¥{ e |
to be the best fit for any of the larger regions. Fig. 21 shows th.§ o8
percentage of incident rate at certain TX-RX distances &hels os
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 a%m
appreciable percentage of points where the TWDP distobuti £ |
is the best fit. Furthermore, TWDP can be used as the over:“
best-fit distribution. When the reflection is reduced, TWDF
asymptotically becomes Rice (as a special case) wherea L ¢ s 0 = 2 3 w = w0 45

component is present and then when due to earth curvatuic Distance in km
LoS is lost, Rice degrades to Rayle'gh- Fig. 22. Correlation coefficient derived from the outbourig tneasurements.

-+ 0.7 threshold il
—Correlation coefficient

>
T
L

V. CONCLUSIONS

@
T
L

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 influesttby
‘ the scattering, shadowing, divergence and diffractioectéf.

I

©

\ We describe, motivate, and model all of these effects, and
| Il find a complete model incorporating all of these aspects. The
: IJOH ‘ | » ‘25 % I N REL model has been validated by long-distance measurement
Distance in km results, and it fits the measurement very well according to
Fig. 21. The incident rate of TWDP distribution. the RMSE results. Different channel parameters relatetido t
sea surface roughness were analyzed, and it is found that the
effects due to sea roughness vanish when the TX-RX distance
is beyondD,.The amplitude distribution of the received signal
turns out to be Weibull at short TX-RX distances between 0.4
Multi-antenna techniques can be used to obtain spatigh and 9 km. The TWDP distribution, Rician distribution
diversity whose effectiveness depends on the correlation #hd Rayleigh distribution dominate at distances between 9
the signals at the different antenna elements. The coelatkm and 45 km. The parameters of the small-scale fading
between the two RX antenna’s outbound RSL in our expefre modeled as a function of distance. Finally, the signals
imental setup (shown also in [10]) is characterized by thg two vertically separated (by 3 m) antennas turn out to be

The incidence rate of twdp distribution

° £

|. Spatial correlation

correlation coefficient [15]: de-correlated at large TX-RX distance, especially when the
o E{z.y} — E{z}E{y} 40 TX is below the horizon, vyr_]ich suggests to employ muIti_—
zy = 5 > (40) antenna techniques for maritime communication systents wit
\/(E{HUQ} — [E{z}]") (E{y?} — [E{y}]") a similar antenna setup. Even though the REL model is valid

¥ distances up to 45 km in the Norwegian cold sea with calm
ather conditions, further validation is needed for sdesa
h different sea conditions and longer ranges.

where x and y represent the amplitude of the receive sigrﬁg
from the two RX antennas, respectively. A 128 sec averagiw
“window” is used to calculate the expectation. The result i t
Fig. 22 shows that the correlation coefficient is above 0.@mwh
the distance is in the range of [2.92, 3.55] km, showing that ACKNOWLEDGEMENT
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