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Abstract—A radio channel measurement campaign with amax- ~ Previously, humerous measurement campaigns by using
imum distance of 2.6 km was performed in China. In this paper, channel sounders were performed at 1.9 GHz [2], 2.1 GHz
a detailed description of the channel measurement campaign [3], and 5.2 GHz [4] respectively. However, the radio chan-

including antenna setups, channel sounder configurations ral | ¢ ian b . h | d t 5.9
other related info is given. The received signal level (RSL)s nel measurement campaign by using channel sounder at o.

shown and compared with the Plain Earth Loss model (PEL), the GHz has not been performed yet. In addition, some channel
ITU-R P.1546-2 model (ITU-R) and the Round Earth Loss model measurements have been performed on fixed point-to-point
(REL). It can be found that the REL model matches the measured |inks over sea at 2.4 GHz for a wireless LAN system [5],
RSL best according to the values of the Root Mean Square Error ; F
(RMSE). The Power-delay profiles (PDPs) are demonstrated, gtSUgEl b?nds fgr a tterrer?_trlal dlglte}l T\7/ system t[6] Ianql'f?t
from which the mean excess delay and the RMS delay spread - _Z or a bouy-to-ship scenario [ ]_’ respectively. e
are extracted. It can be found that the 90% of the mean excess resolutions of these measurement solutions for the channel
delay and the RMS delay spread are within 4.3 ns and 113.3 ns characteristics are limited compared with a channel saunde
according the corresponding Cumulative Distribution Fundions  On the other hand, the classic PEL model [8], ITU-R model [9]
(CDF), respectively. The Akaike Information Criterion (Al C) is  gng REL model [10] have not been validated by measurement
used to estimated the best-fit amplitude distribution of thesmall- . . !

data at 5.9 GHz in other literatures. To fill these above gaps,

scale fading. The Two-Wave with Diffuse power (TWDP) model . - ¢
is found to be the best-fit model with more than90% incident @ Measurement campaign over sea at 5.9 GHz was initialed

percentage in the whole route. in MAMIME project [11] founded by Norwegian Research
Council and performed in China. In particular, this paper
I. INTRODUCTION makes the following contributions: it

Digitalization in the ocean industry is considered as one of
the most important trends in the maritime nations like Ngrwa
South Korea, China, Singapore, Japan, etc. The digitadizat
of numerous maritime activities including oil exploitatio
maritime transportation, fish farming and other activitieises
the needs of broadband maritime communication technology
Since the most of the maritime activities occur within the
exclusive economic zone (EEZ) of a country defined as an are
extending to a distance of 200 nautical miles (370.4 km) from
its costal baseline, the land-based maritime communigsatio
with high stability and throughput, large area coverage and
comparable low cost, become very attractive to the relatedThe rest of the paper is organized as follows: In section
markets. On the other hand , the IEEE 802.11p at 5.9 GHzthe measurement campaign is described briefly. In section
is considered as a candidate for Intelligent Transporatitil the path loss results obtained from the measured data
Systems (ITS), which is also related to the maritime tranare given, and a comparison with three classic path-loss
portation. In addition, adjacent frequency bands arouB8%. models is presented in order to identify the best-fit patls los
GHz have been granted for maritime broadband service tmodel. Section IV is devoted to the analysis of the power-
the Norwegian Communication Authority [1]. Therefore, thelelay profiles and CDFs of the mean delay and the RMS
research of radio propagation over sea at 5.9 GHz is essdalay spread. Section IV is devoted to the estimation and
tial for the system design, improvement and optimization iparameterization of the small-scale fading. Finally, dosions
maritime environments. are drawn in section V.

1) Describes the measurement campaign at 5.9 GHz in
China.

2) Presents results from an extensive measurement cam-
paign and compares path loss measurements to the
theoretical models.

3) Investigates the PDPs and extracts the CDF of the mean
delay and the RMS delay spread.

5}1) Investigates the small-scale fading distribution asrecfu
tion of the distance between TX and RX.



Il. THE MEASUREMENT CAMPAIGN

The channel sounder measurement equipment compris
a transmitter (TX) and a receiver (RX) that was provide

Super Radio AS, emits a 100 MHz chirp signal at 5.9 GHzg§

The maximum supported Doppler frequency bands we367
Hz. A detailed description of the channel sounder is given

[12]. The measurement campaign was set up for the harbf®

environment. The RX was installed on the ship and connectq >

with a vertically polarized dipole antennas with 10 dBi gai
. The antenna height above sea level is 3.1 m without taki
the tidal wave height changes into consideration, (see F

1(a)). A sector antenna with 16 dBi gain was mounted at th
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TX side on the ship anchored in the middle of the Bay and Fig. 2. The route of the ship.

the antenna height was about 3.1 m above sea level (see

1(b)). The beamwidths of both antennas are specified in the

Fig.
g TABLE |
THE MEASUREMENT PARAMETERS

TABLE I. A dedicated GPS was utilized to record the position
data and vessel speed. The ship was traveling along a 2.6[km Carrier frequency 5.9 GHz
route (shown in the Fig. 2) in the bay area at a stable spepd __Chirp bandwidth 100 MHz
Si t of possible reflectors in land are over 1 km aWdav'Transm'tt'm‘]j power at the antenna part 16 dBm
Ince most of p ; e o Maximum delay span 25.6 s
the reflected paths will be limited and weak at 5.9 GHz. To Delay resolution 10 ns
summarize, the main measurement parameters can be found MaXImL;]m D?ppler shift span +967 Hz
. Number of TX antennas 1
in the TABLE |. Number of RX antennas 1
TX Antennas beamwidths 90°(Az.) x 8°(El.)Approx
RX Antennas beamwidths 360°(Az.) x 11°(El.) Approx
TX antenna height 31m
RX antenna height 31m
TX antenna gain 16 dBi
RX antenna gain 10 dBi
Cable loss in total 6.5 dBI
Maximum route distance 2.6 km
Temperature 35°C

—

(b) The TX antenna at the ship anchored in the middle of the bay

Fig. 1. Receiver and transmitter antennas of the channeldsou

IIl. THE PATH LOSS RESULT AND THE COMPARISON WITH
DIFFERENT PATHLOSS MODELS

Path loss measurements can be used to validate the p
loss models and adjust the corresponding model paramet
which are very important to improve the accuracy of lin

budget analysis and radio coverage predictions. In the mar-
itime radio propagation environments, fewer reflectors and
scatters exist compared with the urban environment, which
makes the radio channel change not very fast. However, the se
wave movements on the reflected and scattered radio waves,
and the movement of the ship (both the boat speed and the
movements caused by the sea waves) will still make the radio
channel variant. To average the small-scale fading, a windo
of 10 wavelengths, is used and a threshold of 6 dB above the
noise floor is implemented to filter out the noise and week
reflected waves. It also needs to be mentioned that the RSL
measurements include noise and some reflections from the
land and surrounding ships (shown in Fig. 4 in Section V),
since the measurement route was not far from the coastline.
The measured RSL is shown in Fig. 3, from which several
‘large-scale’ fading dips are found at short TX-RX distagice
(within 500 m), which have also been pointed out in [13],
[14], [15]. These fading dips can be up to 25 dB, which can
be ‘propagation holes’ to decrease the system performance
dramatically. Small RSL variations (up to 5dB) can be found,
which can not be averaged out within the 10 wavelength
atimdow. It is mainly caused by the antenna mismatch due
tosthe boat movement and also described in [16]
k The obtained RSL is used to compare with the classic



to simplify the channel description, the moments of the PDP
are analyzed on the assumption of Wide Sense Stationary and
the uncorrelated scatterers (WSSUS), which means the ehann
is stationary in both time and frequency domain. For the
maritime environment, a 10 wavelength window is considered
0 _ITU-R(50%) 4 to fulfill the requirements of the WSSUS assumption, since
110~ ITU-R(10%) < the maritime environment is relatively stable comparechi® t
‘i{TEUL‘;(;dQ 1 dense urban areas. The PDPs within these regions (windows)
" Meas 1 are averaged to reduce the noise and measurement errors

o . . o and the averaged PDP (APDP) for each WSS region can be
TX-RX distance in m
calculated as follows:

°|—PEL model

Received signal level in dBm

Fig. 3. Comparison between our measurements and three elhamdels.

P(r) = E{P(t,7)} 4)
TABLE II . o
THE RMSERESULTS where E- is the average operator ovey which is the 10
wavelength window. The averaged PDP for the whole route
PI’;"LOde'S Values is shown in Fig.4, from which it can be found that the
model 3.4821 . . . . . .
ITUR (50%) | 15.7855 Line-of-sight (LOS) domains in the delay domain during the
ITU-R (10%) | 15.9945 whole route and some reflections are shown at short TX-
ITU-R (1%) | 16.2958 RX distances. There are also some reflectors at the TX-RX

REL MODEL | 2.5779

distances between 700 m and 1500 m, and between 2200 m
and 2400 m, which are due to the passing-by boats.
empirical models like the PEL model, the ITU-R model and
the REL model (see Fig. 3). The predicted RSPgx by
different path-loss models are calculated as follows:

Prx = Prx + Grx + Grx — Lecabie — Lpathloss (1)

where theL ... IS the loss of the cable from the RX antenna
to the LNA of the RX equipment. Th&'rx and Ggrx are
the antenna gains at the TX and RX side, respectively. Tr&
Prx represents the TX transmitted power from the antenn

istance in m

>

d

X-R

port. The Lyq:h10ss denotes the predicted path loss in dB by 0 2 4 Mkt 1 2 "
) s

different path-loss models where the model parameter salue v

are set according to TABLE I. The Root Mean Square Error Fig. 4. The averaged PDP for the whole route.

(RMSE) as a low-complexity comparison metric for model

selection [17], [18] is used to evaluate the difference leefw  The normalized first-order moment of PDP, the mean delay
the theoretical model and the measured data. It can be folyill the normalized second-order moment of PDP, the RMS

in TABLE Il that the RMSE value of the REL model isdelay spread can be expressed by using equation (5) and (6),
the smallest, which means it matches the measurements pespectively.

at 5.9 GHz. This conclusion is consistent with the similar

comparisons at 1.4 GHz [19] and 2.1 GHz [10]. T, — Joo P(r)Tdr (5)

IV. POWER-DELAY PROFILE, MEAN DELAY AND RMS Loo P(r)dr

DELAY SPREAD

Power delay profile (PDP) is defined as power spectral ffooo P(r)r2dr )
density in delay domain, which shows the power distribution Sr = > P(rydr T ©)
from different delay bins and can be obtained from the chianne e
impulse response (CIR)(t, 7) expressed by using: Since the error probability due to delay dispersion is prepo

B tional to the rms delay spread [20], the mean excess delay
hit,7) = ;O"“(t)é(T ~ k) @ and RMS delay spread can be regarded as a measurement of

_ ) ~ system performance degradation due to inter-symbol ixterf
where ay,(¢) denotes the time-varying complex coefficientance (1S1). The RMS delay spread can also be used for system
for each delay path and, represents the delay time éth  gesign in terms of the employment of a proper OFDM symbol
delay path. The instantaneous PR, 7) can be expressed qyration (typically about five time larger than the averagSR
by using: delay spread) to avoid the influence of system performance

P(t,7) = |h(t,7)]2 = Z o (8)]26 (T — 74) (3) dueto the ISI [21]. The statistical properties of the meadur
A mean delay and RMS delay spread are shown by using CDFs



TABLE Il

in Fig. 5 and Fig. 6, respectively. From Fig. 5 and Fig. 6, it THE PERCENTAGE OF BESTIT DISTRIBUTION

can be found that th60% mean excess delay is within 4.3 -

ns (red circle) and the0% RMS delay spread (red circle) is TWDP distribution | 90.66 %
ithin 113.3 ns. These reflections are mainly caused by the Rayleigh distribution | 9.23 %

Wi 9. - _ y 1Dy Weibull distribution | 0.11 %

surroundings and passing-by boats. It needs to be pointed ou Normal distribution 0%

that the mean excess delay (up to 1300 ns) and RMS delay (up Lognormal distribution] 0 %

to 1400 ns) increase dramatically between the range of 2100 Rician distribution 0%

m and 2400 m, which is due to a large passing-by ferry in

front of our planned measurement route. Therefore, The boat

traffic in the harbor or bay areas may make the radio chanif&f!uding Normal distribution, Rician distribution, Logrmal
frequency selective. distribution, Two-Wave with Diffuse power (TWDP) distri-

bution [27], Rayleigh distribution and Weibull distribati,
are selected as the relevant functional forms, which have
also been used in the data analysis in [4]. It needs to be
mentioned that the TWDP and Lognormal distribution are
0 2 o o o o0 0 w0 gelected due to the ray-tracing geometry and the possible
Delay in ns radio link blockages (shadowing) by the passing-by boats,
respectively. To filter out the ‘large-scale’ effect frometh
: ; < original measured data, a window of 10 wavelengths is used
i O I S # - for averaging. The best-fit amplitude PDF is estimated from
‘ ‘ ‘ I&L the envelope of the normalized measurements and shown in
0 S’?Zlamc - 1500 2000 Fig. 7, Where_the color-co_ded gives the best-fit dlstr@utlo
at corresponding TX-RX distances and the overall estimated
Fig. 5. CDF of mean excess delay. distribution along the whole boat route is given. It can be
found that the TWDP and Rayleigh distribution domain the
whole route. The corresponding specific incident percergag
ﬂ/" 13908 ' can be found in TABLE lll, from which it can be concluded
’ ' ’ that the TWDP can be used as the best-fit amplitude PDF
° 0 a0 w  due to more than 90% incident rate. However, it is difficult
Delay in ns to find the correlation between the TX-RX distances and
: : : : : - other distributions (Rayleigh and Weibull). Thereforertifier
£ analysis is needed.

1
—
™ 90%,4.34 ns

0.5 -

CDF

@
3
3

3

8

3
T
I

Mean delay in ns

@
3
3

T

o
o

mnns

RMS delay

;
—Twdp
° Rayleigh{
= Weibull

ank_. MB

L e et L
0 500 1000 1500 2000

Distance in m

Fig. 6. CDF of RMS delay spread.

V. SMALL -SCALE CHANNEL PROPERTIES AND THE
BEST-FIT AMPLITUDE DISTRIBUTION

The properties of the small-scale fading for maritime propa
gation environments have been studied at 1.9 GHz [2] and 5.2 TXRX distance in meter
GHz [4], respectively, which are essential for system desig Fig. 7. Overall estimated best-fit distribution.
in terms of adaption of modulation scheme, dynamic range,
diversity and error-correction coding [22], [23]. Since ttadio
channel is concluded to be frequency non-selective in the VI. CONCLUSIONS
previous section (same conclusion is given at 2.1 GHz in)[24] A channel measurement campaign at 5.9 GHz within a
the amplitude probability density function (PDF) of flat fiag total distance of 2.6 km has been carried out for harbor
is studied based on our measurement data in this section. environments in China. A detailed measurement description
A PDF distribution model selection method introduced irs given, which includes the sounder configurations, measur
[25], [26] is implemented. This model selection method is tment setups and antenna characteristics. Several ‘laaje-s
select the best functional form based on the Akaike Inform&ading dips at short TX-RX distances (within 500 m) and
tion Criterion (AIC), whose parameterizations are estédat Small RSL variations (up to 5dB) caused by the antenna
by maximume-likelihood estimation to match the measuredismatch due to the boat movement are found in the measured
data best. For maritime environments, 6 common distribgtioRSL. The measured RSLs are compared to the predicted RSLs

Received signal level in dBm




by the three classic propagation models, and it is found that]
it matches the REL model best according the RMSE value.
The APDP of the whole route is obtained from the measured
data, from which the mean delay and the RMS delay spre@ad]
are extracted. It can be found that &% mean excess delay [12]
and the90% RMS delay spread are within 4.3 ns and 113.3

ns, respectively. Some significant reflections can be inicted
by the surroundings and nearby boat traffics in the harbor

bay areas. The AIC model selection method is implemen?@c%
to estimate the best-fit amplitude PDF among the proposed 6

common distributions. Only the TWDP, Rayleigh and Weibul ! ; _
14] K. B Kim, A. Maifuz, J. H. Lee, S. O. Park “Experimental usly

model turn out to be the best-fit distribution according te t
estimated results, among which the best-fit incident peacgn
of the TWDP model is the highest (ov806%). There is no

clear relation between the positions and the incidence @f t[r%S]
distribution models. For simplification, the TWDP model can

be used as the amplitude PDF model for the whole route.
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