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Abstract—A radio channel measurement campaign with a max-
imum distance of 2.6 km was performed in China. In this paper,
a detailed description of the channel measurement campaign
including antenna setups, channel sounder configurations and
other related info is given. The received signal level (RSL)is
shown and compared with the Plain Earth Loss model (PEL), the
ITU-R P.1546-2 model (ITU-R) and the Round Earth Loss model
(REL). It can be found that the REL model matches the measured
RSL best according to the values of the Root Mean Square Error
(RMSE). The Power-delay profiles (PDPs) are demonstrated,
from which the mean excess delay and the RMS delay spread
are extracted. It can be found that the90% of the mean excess
delay and the RMS delay spread are within 4.3 ns and 113.3 ns
according the corresponding Cumulative Distribution Functions
(CDF), respectively. The Akaike Information Criterion (AI C) is
used to estimated the best-fit amplitude distribution of thesmall-
scale fading. The Two-Wave with Diffuse power (TWDP) model
is found to be the best-fit model with more than90% incident
percentage in the whole route.

I. I NTRODUCTION

Digitalization in the ocean industry is considered as one of
the most important trends in the maritime nations like Norway,
South Korea, China, Singapore, Japan, etc. The digitalization
of numerous maritime activities including oil exploitation,
maritime transportation, fish farming and other activitiesdrives
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 area
extending to a distance of 200 nautical miles (370.4 km) from
its costal baseline, the land-based maritime communications
with high stability and throughput, large area coverage and
comparable low cost, become very attractive to the related
markets. On the other hand , the IEEE 802.11p at 5.9 GHz
is considered as a candidate for Intelligent Transportation
Systems (ITS), which is also related to the maritime trans-
portation. In addition, adjacent frequency bands around 5.862
GHz have been granted for maritime broadband service by
the Norwegian Communication Authority [1]. Therefore, the
research of radio propagation over sea at 5.9 GHz is essen-
tial for the system design, improvement and optimization in
maritime environments.

Previously, numerous measurement campaigns by using
channel sounders were performed at 1.9 GHz [2], 2.1 GHz
[3], and 5.2 GHz [4] respectively. However, the radio chan-
nel measurement campaign by using channel sounder at 5.9
GHz has not been performed yet. In addition, some channel
measurements have been performed on fixed point-to-point
links over sea at 2.4 GHz for a wireless LAN system [5],
at UHF bands for a terrestrial digital TV system [6] and at
5.8 GHz for a bouy-to-ship scenario [7], respectively. The
resolutions of these measurement solutions for the channel
characteristics are limited compared with a channel sounder.
On the other hand, the classic PEL model [8], ITU-R model [9]
and REL model [10] have not been validated by measurement
data at 5.9 GHz in other literatures. To fill these above gaps,
a measurement campaign over sea at 5.9 GHz was initialed
in MAMIME project [11] founded by Norwegian Research
Council and performed in China. In particular, this paper
makes the following contributions: it

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.

4) Investigates the small-scale fading distribution as a func-
tion of the distance between TX and RX.

The rest of the paper is organized as follows: In section
II the measurement campaign is described briefly. In section
III the path loss results obtained from the measured data
are given, and a comparison with three classic path-loss
models is presented in order to identify the best-fit path loss
model. Section IV is devoted to the analysis of the power-
delay profiles and CDFs of the mean delay and the RMS
delay spread. Section IV is devoted to the estimation and
parameterization of the small-scale fading. Finally, conclusions
are drawn in section V.



II. T HE MEASUREMENT CAMPAIGN

The channel sounder measurement equipment comprising
a transmitter (TX) and a receiver (RX) that was provided
Super Radio AS, emits a 100 MHz chirp signal at 5.9 GHz.
The maximum supported Doppler frequency bands were±967
Hz. A detailed description of the channel sounder is given in
[12]. The measurement campaign was set up for the harbor
environment. The RX was installed on the ship and connected
with a vertically polarized dipole antennas with 10 dBi gain
. The antenna height above sea level is 3.1 m without taking
the tidal wave height changes into consideration, (see Fig.
1(a)). A sector antenna with 16 dBi gain was mounted at the
TX side on the ship anchored in the middle of the Bay and
the antenna height was about 3.1 m above sea level (see Fig.
1(b)). The beamwidths of both antennas are specified in the
TABLE I. A dedicated GPS was utilized to record the position
data and vessel speed. The ship was traveling along a 2.6 km
route (shown in the Fig. 2) in the bay area at a stable speed.
Since most of possible reflectors in land are over 1 km away,
the reflected paths will be limited and weak at 5.9 GHz. To
summarize, the main measurement parameters can be found
in the TABLE I.

(a) The RX antenna at the ship.

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

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

III. T HE PATH LOSS RESULT AND THE COMPARISON WITH

DIFFERENT PATH-LOSS MODELS

Path loss measurements can be used to validate the path-
loss models and adjust the corresponding model parameters,
which are very important to improve the accuracy of link

Fig. 2. The route of the ship.

TABLE I
THE MEASUREMENT PARAMETERS

Carrier frequency 5.9 GHz
Chirp bandwidth 100 MHz

Transmitting power at the antenna port 16 dBm
Maximum delay span 25.6 µs

Delay resolution 10 ns
Maximum Doppler shift span ±967 Hz

Number of TX antennas 1
Number of RX antennas 1

TX Antennas beamwidths 90◦(Az.)× 8◦(El.)Approx

RX Antennas beamwidths 360◦(Az.)× 11◦(El.)Approx

TX antenna height 3.1 m
RX antenna height 3.1 m
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

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 sea
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 window
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 IV),
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 distances
(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
window. It is mainly caused by the antenna mismatch due
to the boat movement and also described in [16]

The obtained RSL is used to compare with the classic
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Fig. 3. Comparison between our measurements and three channel models.

TABLE II
THE RMSERESULTS

Models Values
PEL model 3.4821

ITU-R (50%) 15.7855
ITU-R (10%) 15.9945
ITU-R (1%) 16.2958
REL MODEL 2.5779

empirical models like the PEL model, the ITU-R model and
the REL model (see Fig. 3). The predicted RSLsPRX by
different path-loss models are calculated as follows:

PRX = PTX +GTX +GRX − Lcable − Lpathloss (1)

where theLcable is the loss of the cable from the RX antenna
to the LNA of the RX equipment. TheGTX and GRX are
the antenna gains at the TX and RX side, respectively. The
PTX represents the TX transmitted power from the antenna
port. TheLpathloss denotes the predicted path loss in dB by
different path-loss models where the model parameter values
are set according to TABLE I. The Root Mean Square Error
(RMSE) as a low-complexity comparison metric for model
selection [17], [18] is used to evaluate the difference between
the theoretical model and the measured data. It can be found
in TABLE II that the RMSE value of the REL model is
the smallest, which means it matches the measurements best
at 5.9 GHz. This conclusion is consistent with the similar
comparisons at 1.4 GHz [19] and 2.1 GHz [10].

IV. POWER-DELAY PROFILE, MEAN DELAY AND RMS
DELAY SPREAD

Power delay profile (PDP) is defined as power spectral
density in delay domain, which shows the power distribution
from different delay bins and can be obtained from the channel
impulse response (CIR)h(t, τ) expressed by using:

h(t, τ) =
∑

k

αk(t)δ(τ − τk) (2)

where αk(t) denotes the time-varying complex coefficients
for each delay path andτk represents the delay time ofkth
delay path. The instantaneous PDPP (t, τ) can be expressed
by using:

P (t, τ) = |h(t, τ)|2 =
∑

k

|αk(t)|
2δ(τ − τk) (3)

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 channel
is stationary in both time and frequency domain. For the
maritime environment, a 10 wavelength window is considered
to fulfill the requirements of the WSSUS assumption, since
the maritime environment is relatively stable compared to the
dense urban areas. The PDPs within these regions (windows)
are averaged to reduce the noise and measurement errors
and the averaged PDP (APDP) for each WSS region can be
calculated as follows:

P (τ) = E{P (t, τ)} (4)

where E· is the average operator overt, which is the 10
wavelength window. The averaged PDP for the whole route
is shown in Fig.4, from which it can be found that the
Line-of-sight (LOS) domains in the delay domain during the
whole route and some reflections are shown at short TX-
RX distances. There are also some reflectors at the TX-RX
distances between 700 m and 1500 m, and between 2200 m
and 2400 m, which are due to the passing-by boats.

Fig. 4. The averaged PDP for the whole route.

The normalized first-order moment of PDP, the mean delay
and the normalized second-order moment of PDP, the RMS
delay spread can be expressed by using equation (5) and (6),
respectively.

Tm =

∫

∞

−∞
P (τ)τdτ

∫

∞

−∞
P (τ)dτ

(5)

Sτ =

√

√

√

√

∫

∞

−∞
P (τ)τ2dτ

∫

∞

−∞
P (τ)dτ

− T 2
m (6)

Since the error probability due to delay dispersion is propor-
tional to the rms delay spread [20], the mean excess delay
and RMS delay spread can be regarded as a measurement of
system performance degradation due to inter-symbol interfer-
ence (ISI). The RMS delay spread can also be used for system
design in terms of the employment of a proper OFDM symbol
duration (typically about five time larger than the average RMS
delay spread) to avoid the influence of system performance
due to the ISI [21]. The statistical properties of the measured
mean delay and RMS delay spread are shown by using CDFs



in Fig. 5 and Fig. 6, respectively. From Fig. 5 and Fig. 6, it
can be found that the90% mean excess delay is within 4.3
ns (red circle) and the90% RMS delay spread (red circle) is
within 113.3 ns. These reflections are mainly caused by the
surroundings and passing-by boats. It needs to be pointed out
that the mean excess delay (up to 1300 ns) and RMS delay (up
to 1400 ns) increase dramatically between the range of 2100
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 channel
frequency selective.
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Fig. 5. CDF of mean excess delay.
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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
GHz [4], respectively, which are essential for system design
in terms of adaption of modulation scheme, dynamic range,
diversity and error-correction coding [22], [23]. Since the radio
channel is concluded to be frequency non-selective in the
previous section (same conclusion is given at 2.1 GHz in [24]),
the amplitude probability density function (PDF) of flat fading
is studied based on our measurement data in this section.

A PDF distribution model selection method introduced in
[25], [26] is implemented. This model selection method is to
select the best functional form based on the Akaike Informa-
tion Criterion (AIC), whose parameterizations are estimated
by maximum-likelihood estimation to match the measured
data best. For maritime environments, 6 common distributions

TABLE III
THE PERCENTAGE OF BEST-FIT DISTRIBUTION

TWDP distribution 90.66 %
Rayleigh distribution 9.23 %
Weibull distribution 0.11 %
Normal distribution 0 %

Lognormal distribution 0 %
Rician distribution 0 %

including Normal distribution, Rician distribution, Lognormal
distribution, Two-Wave with Diffuse power (TWDP) distri-
bution [27], Rayleigh distribution and Weibull distribution,
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
selected due to the ray-tracing geometry and the possible
radio link blockages (shadowing) by the passing-by boats,
respectively. To filter out the ‘large-scale’ effect from the
original measured data, a window of 10 wavelengths is used
for averaging. The best-fit amplitude PDF is estimated from
the envelope of the normalized measurements and shown in
Fig. 7, where the color-coded gives the best-fit distribution
at corresponding TX-RX distances and the overall estimated
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 percentages
can be found in TABLE III, from which it can be concluded
that the TWDP can be used as the best-fit amplitude PDF
due to more than 90% incident rate. However, it is difficult
to find the correlation between the TX-RX distances and
other distributions (Rayleigh and Weibull). Therefore, further
analysis is needed.
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Fig. 7. Overall estimated best-fit distribution.

VI. CONCLUSIONS

A channel measurement campaign at 5.9 GHz within a
total distance of 2.6 km has been carried out for harbor
environments in China. A detailed measurement description
is given, which includes the sounder configurations, measure-
ment setups and antenna characteristics. Several ‘large-scale’
fading dips at short TX-RX distances (within 500 m) and
Small RSL variations (up to 5dB) caused by the antenna
mismatch due to the boat movement are found in the measured
RSL. The measured RSLs are compared to the predicted RSLs



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 spread
are extracted. It can be found that the90% mean excess delay
and the90% RMS delay spread are within 4.3 ns and 113.3
ns, respectively. Some significant reflections can be introduced
by the surroundings and nearby boat traffics in the harbor and
bay areas. The AIC model selection method is implemented
to estimate the best-fit amplitude PDF among the proposed 6
common distributions. Only the TWDP, Rayleigh and Weibul
model turn out to be the best-fit distribution according to the
estimated results, among which the best-fit incident percentage
of the TWDP model is the highest (over90%). There is no
clear relation between the positions and the incidence of the
distribution models. For simplification, the TWDP model can
be used as the amplitude PDF model for the whole route.
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