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@ ABSTRACT
= Intelligent shipping is a crucial part of the transportation system, while inland river intelligent

This work is licensed shipping is a major safeguard of intelligent transportation. Compared with the studies of
under a Creative mobile fading channels in land-based environments, less current research has focused on
Commons Attribution 4.0 channel measurements and modeling for inland waterway bridge environments. In this paper,
International License. a segmenting radio channel model is proposed for inland highway and railway combined
Publisher: bridges. The ship's path under the bridge was divided into three phases, and the attenuation
Faculty of Transport of signal strength was modelled separately for each. Hence, it shows ship-to-ship wireless
and Traffic Sciences, channels in different areas and path loss on inland navigation bridges. A segmented model,

University of Zagreb instead of a basic path loss model, can accurately forecast path loss and provide a practical

approach in ship-to-ship wireless channel transmission scenarios over bridges. Consequently,
the channel measurements and modeling in the typical inland waterway are of great
significance for establishing a reliable inland navigation broadband radio communication
system.

KEYWORDS
ship-to-ship; wireless communication; inland waterway; wireless channel property; wireless
channel modeling.

1. INTRODUCTION

Ship-to-ship (S2S) wireless communication systems are crucial for supporting the development of
intelligent transport in inland waterways. Inland waterway intelligent transport system (IWITS) uses
information, communication and control technology to improve interaction and collaboration between
inland and land transport. IWITS's primary objective is to enhance navigation safety, efficiency and
environmental sustainability.

In recent years, plenty of research on wireless S2S communication systems has been carried out and has
received much attention [1-3]. The purpose of these measurements is to acquire a better understanding of the
statistical properties of the S2S propagation channel. Papers [4-6] provided extensive propagation properties
of water surfaces, particularly under non-line-of-sight (NLOS). Loss, Doppler spread analysis and small-scale
fading distributions on suspension and beam bridge conditions can be found in paper [7]. However, channel
characteristics that are suitable for IWITS environments are still lacking. Previous inland waterway channel
measurements have mainly focused on fixed ship-to-land performance. Paper [8] presents a measurement
analysis of the wireless propagation channel near the Amazon River at a frequency of 5.21 GHz. The coherence
of wave propagation in the transition region is comparatively examined. Paper [9] discusses the loss of signal
strength in the wireless channel when transmitting at various distances. There is a 19 dB difference between
different propagation modes in the VHF band of radio waves. These measurements were taken in urban, inland
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waterway and forest environments. Paper [10] examines the channel eigenvalues and compares them to the

observed channel eigenvalues using the Okumura-Hata model theory. This analysis determines the measured

distance cut-off point for inland waterways, which helps differentiate between LOS and NLOS scenarios.

Although these studies exist, researchers must thoroughly treat inland waterway bridge wireless (IWBW)
channel measurements. Accurate IWBW measurements are crucial in analysing IWITS [11-12]. Nevertheless,
IWBW demonstrates notable distinctions compared to traditional networks. Hence, various inland waterway
environments and navigational circumstances on radio wave propagation significantly contribute to developing
the IWBW network. This work has revealed several factors responsible for multipath propagation, antenna
characteristics, surface reflections and various inter-vessel navigation scenarios [13-14]. Therefore, within the
realm of inland navigation, conducting thorough IWBW measurements is essential.

To research the path loss modelling of IWBW, dividing the S2S communication links into three distinct
classes is essential. So, the IWBW path loss model should be thoroughly analysed.

1) Free-space region (FS): It is the situation when the ship approaches the bridge. The IWBW demonstrates
that the ship-bridge distance influences free space path loss characteristics.

2) Bridge-hole region (BH): It is the situation when the ship passes under the bridge. Multipath propagation
issues predominantly impact the IWBW in a specific location. Different environmental entities, such as
bridge structures, lead to signal and path loss fluctuations due to multiple reflection, diffraction and
scattering events.

3) Distant-space region (DS): It is the situation where the ship continues sailing after crossing the bridge.
Examining the IWBW path loss as a distinct entity is imperative to ascertain the diffraction loss in DS.
Hence, comprehensive research of the IWBW path loss model can be performed by dividing the S2S
communication links into these three categories and accounting for the unique features of each group.

The main contribution of this paper lies in enhancing the wireless channel model situated in various shaded
regions, using the deterministic modelling method and segmented architecture. The IWBW model for inland
waterway bridge scenarios is proposed and the effect of the wireless propagation channel is investigated in
conjunction with bridge shadow fading. The methodological approach in this research is a modelling
methodology based on the radio wave propagation mechanisms to various geographical areas. This IWBW
model takes into account the bridge box area and the distant area, and more fully reflects the prediction of
radio wave transmission loss of inland waterway shipping in the bridge scene. The rest of the paper is organised
as below. Section 2 presents a concise overview of the IWBW path loss measurements. This step defines the
preliminary stage in formulating a wireless channel model tailored explicitly for IWBW. Section 3 elaborates
on the channel model. The examination and analysis of the validation outcomes of the model are shown in
Section 4, employing the root mean square error algorithm. Section 5 concludes the paper.

2. CHANNEL MEASUREMENTS

2.1 Measurement equipment

The measurement system mainly contained the transmitter (TX) part, receiver (RX) part, a wireless channel
measuring device, a time-division multiplexing (TDM) channel detector, laptops, power supplies, a marine
speedboat, a landing stage, automatic identification system (AIS) and global positioning system (GPS).
Measurements were obtained using a time-division multiplexing (TDM) channel sounder provided by the
Norwegian Institute to test the IWITS channel characteristics. The TDM operates at a central frequency of 5.9
GHz and employs a linear frequency modulation signal with a bandwidth of 100 MHz, repeated at a specific
rate. The equipment transmits a specified signal level and acquires channel data by analysing the signals
received from RX. The channel sounder mainly consisted of the TX and RX. An omnidirectional vertical
antenna for TX antenna and a directional vertical antenna for RX antenna is used, as shown in Figure 1b and
Figure 1d. According to traditional wireless propagation channels research for S2S communication in IWITS
[2], TX and RX antennas tend to be higher than bridges. However, the current paper adopts that the TX and
RX antennas have a lower height than the bridges.

TX platform: It employs a marine speedboat, as shown in Figure 1a. The vertical distance between the
antenna platform and the water's surface is about 4 m, while the TX antenna is about 4.6 m above the water's
level. TX emits 100 MHz bandwidth chirp signal with 10 ns delay resolution and 16 dBm TX power. The
ship's position and radio signal data are linked to the transmitter's portable computer via RJ45 port.
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Figure 1 — Types and installation of antennas: TX antenna: (a) ship platform installation (b) omnidirectional vertical antenna;
RX antenna: (c) pontoon platform installation (d) directional vertical antenna

RX platform: It employs a landing stage anchored at the bank of an inland waterway. The RX antenna is
positioned on this platform, as shown in Figure 1c. It is a vessel that lacks propulsion capabilities and is
commonly found in the harbours of cities located along inland waterway. A vertical directional receiving
antenna with 16 dBi gain (3 m height) has a receiving antenna lobe width azimuth angle of +45°. The RX
antenna is linked to a computer to record all measurement data via RJ45 port.

TX X
TRC-1 TRC-2
— —lp
move move
TX
RX

Figure 2 — The structure of the measurement scenario and TX and RX predefined positions

Three distinct wireless transmission channel measurement scenarios were devised, namely TX-RX wireless
channel measurement scenery 1(TRC-1), TRC-2 and TRC-3, shown in Figure 2, to evaluate the influence of
bridges on IWBW. All three scenario partitions are made with the bridge S2S in different locations using the
bridge as a reference. TRC-1 includes the absence of bridges and the vessel operating under standard
navigation conditions. To examine the impact of the bridges on wireless signal transmission, TRC-1
is established as the baseline scenario for comparison with TRC-2 and TRC-3 to assess the level of signal
degradation in the IWITS system. The crossing of the bridge involves two scenarios: TRC-2 and TRC-3. In
TRC-2, the TX ship moves away from the RX ship. In TRC-3, the TX ship travels toward the RX ship. The
TX with an omnidirectional antenna mounted on the ship moved at a uniform speed. The RX ship is stationary
on the waterway shoreline, with zero velocity. All of the measurement parameters are presented in Table 1.
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Table 1 — Measurement system parameters

Parameters TRC-1 TRC-2 TRC-3
Carrier frequency 5.9 GHz 5.9 GHz 5.9 GHz
Delay resolution 10 ns 10 ns 10 ns
Sample number 2560/chirp 2560/chirp 2560/chirp

TX antenna type

Omni-directional vertical

Omni-directional vertical

Omni-directional vertical

RX antenna type Directional vertical Directional vertical Directional vertical
RX antenna Igrt:gl\évidth azimuth +45° +45° +45°
RX height 5.0525 m 5.0525 m 5.0525m
TX height 4.61m 4.61m 4.61m
TX power 16 dBm 16 dBm 16 dBm
TX gain 10 dBi 10 dBi 10 dBi
RX gain 16 dBi 16 dBi 16 dBi
Measuring time 8s 8s 9s
TX sailing distance 110 m 110 m 110 m
TX-RX distance 840-760 m 760-840 m 770-695 m

2.2 Other structural paper elements

The 5.9 GHz measurement campaign was conducted in a highway and railway combined bridge in the
Wuhan section of the Yangtze River. The bridge structure features a double-deck design, with the lower chord
beams of the main truss serving as the railway deck and the upper chord beams as the road deck. It was noted
that the lowermost point of the bridge exhibited an approximate vertical distance of 20 meters from the sea
surface. In comparison, the horizontal span between the piers was estimated to be around 128 meters. To
enhance our comprehension of ship traversal across a bridge, we studied the cross-sectional illustration of a
ship's passage through a bridge, as shown in Figure 3.

The system for measuring IWBW used for S2S communication is shown in Figure 4. The radio wave
propagation on the water surface of the inland waterway is influenced by several factors, including the
curvature of the Earth, the distance between the TX and RX antennas and the reflection from the water surface
(as shown in Figure 5 and Table 2) when the TX ship passes under the bridge. As shown in Figure 5, many signal
transmission pathways exist between the TX and RX when a vessel traverses a bridge aperture. In addition to
the primary trajectory of the beam, notable reflections take place within a brief timeframe, encompassing
reflections between piers and the water surface, as well as reflections involving bridge piers and the water
surface. Hence, we designated the bridge, the bottom section of the dock and the horizontal plane as a spatial
enclosure resembling a tunnel, denoted as the bridge box.

Bridge deck
width:22m

T

Bridge pier
water
clearance:20m

1

TX

Figure 3 — Inland bridge scene cross-section and TX travelling downstream across the bridge hole.
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A multipath effect affecting the RX signal is subject to several factors, including reflections from the ocean
surface, reflections from the bridge pier and the bridge surface, shadowing effects within the bridge box, and
repeated reflections. Shadowing effects within the bridge box further contribute to the overall impact on
IWBW. Repeated reflections result in energy losses for radio waves. Reflections originating from the water
surface can lead to substantial fluctuations in the IWBW path loss.
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Figure 4 — Test system and measurement scenario for inland waterway
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1: Direct path 5: Bridge bottom - water surface specular
2: Bridge pier reflection reflection
3: Abutment - water surface specular  6: Bridge bottom - abutment reflection
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4: Water surface reflection surface reflection

Water surface

Figure 5 — Measurement route and propagation path loss analysis
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Table 2 — Bridge scene ship-ship radio wave main propagation mechanisms

Radio wave main propagation mechanisms Number of reflections*
1 Direct path -
2 Bridge pier reflection 1
3 Abutment - water surface specular reflection 2
4 Water surface reflection 1
5 Bridge bottom - water surface specular reflection 2
6 Bridge bottom - abutment reflection 2
7 Bridge bottom - abutment - water surface reflection 3

* Number of reflections is the number of reflections this propagation mechanism experiences.

3. MEASUREMENT RESULTS

This section will measure and analyse the path loss versus the TX-RX separation distance for IWBW, as
shown in Figure 2, Figure 6, Table 3 and Table 4. The TRC-1 wireless channel transmission without any bridge
interference can be shown in Figure 6a. Table 3 presents the summary statistics for the rise of signal attenuation
with the expanding TX-RX separation distance and some obstacles. The signal power for TRC-1 ranged from
87.34 t0 92.29 dB, and the mean value was 89.96 dB. There was a significant positive correlation between
path loss and distance for the LOS case.

Nevertheless, a notable disparity in the TRC-2 and TRC-3 path loss is shown in Figures 6b and 6¢c when a TX
vessel traverses a bridge, compared to TRC-1. In the TRC-2, the IWBW path loss remains consistent as the
TX-RX separation distance increases. According to Figure 6b, there is a clear trend of decreasing from 92.28
dB to 91.03 dB when the TX ships cross the bridge. However, the signal steady attenuation escalates from
91.03 dB to 92 dB with the increasing TX-RX separation distance as a vessel traverses a bridge. Therefore,
large obstacles in the inland waterway have a notable influence on the IWBW parameters, with the constant
TX-RX distance, comparing the path loss between TRC-1 and TRC-2. Furthermore, TRC-3 dramatically
fluctuated data, indicating that the BH region and bridge abutments caused strong reflections on the radio
propagation channel, resulting in a multipath effect on the RX antenna.
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Figure 6 — Path loss analysis of bridge scene
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Table 3 — Path loss measurement in bridge scenario

. Standard
Min (dB) Max (dB) Mean (dB) deviation (dB)
TRC-1 87.34 92.29 89.96 1.66
TRC-2 90.17 93.48 91.64 0.73
TRC-3 83.20 85.00 84.37 0.62
Table 4 — Path loss measurement under bridge
Min (dB) Max (dB) Mean (dB) Sta“dar(‘;g)e‘”a“°”
TRC-2 90.17 91.79 91.63 0.37
TRC-3 83.20 84.23 83.64 0.30

Figure 6b, Figure 6¢, Table 3, and Table 4 show apparent changes when the TX ship traverses the bridge in
different directions relative to the RX ship. The average path loss of TRC-2 is approximately 7.27 dB higher
than that of TRC-3, shown in Table 3. These path-loss changes imply that the TX ship orientation significantly
impacts the wireless channel parameters, direct path and strongly reflected components between the TX and
RX antennas.

In addition, TRC-1 has an average path loss of roughly 1.95 dB lower than TRC-2, and TRC-1 has an
approximately 5.59 dB higher path loss than TRC-3. Hence, there are still some disparities in wireless
communication between ships. Table 4 shows that the difference between the pass-through loss of TRC-2 and
TRC-3 under the bridge is about 8db. So, when the boat passes through the bridge, in addition to the TX-RX
spacing and the influence of water surface reflections, the internal reflections of the BH region strongly
influence RX.

The path loss remains essentially constant regardless of the TX-RX separation distance in the bottom space
of the bridge. There is a vast reflective space inside the bridge box to form a scatterer, which significantly
impacts the radio wave transmission. The simple path loss model cannot meet the transmission of radio waves
in the bridge scenario and the prediction of the bridge scenario.

Consequently, typical geometric space-based exponential models do not apply to IWBW. Three stages must
be made: the ship approaches the bridge, passes under it and continues after crossing it. Therefore, inland
waterway bridge scenario models must consider the effects of water surface reflections, abutment reflections
and shadow decay under bridges.

4. PATH-LOSS CHANNEL MODELLING
Many reflection considerations must be addressed when traversing a bridge obstacle in an inland canal.

Based on the earlier analysis and extensive measured data, the propagation path of a ship via a bridge hole has

been separated into three sections, namely the free-space region (FS), bridge-hole region (BH), and distant-

space region (DS), as shown in Figure 7 as follows:

1) FS: The IWBW generally consists of LOS paths, where the transmission path loss is impacted by water
surface reflection and changes in the TX-RX separation distance. A IR model in paper [15] can be
effectively applied to the FS region section of our report. Compared with the REL model, this model shows
three improvements from inland river scenario differences.

2) BH: Radio waves are reflected more than once in a bridge box, leading to superposition and multi-path
effects. The radio wave transmission also varies significantly due to changes in the TX-RX separation
distance and reflection off the water's surface. From Figures 3 and 4, ships moving through the bridge are
regarded as travelling through a short tunnel in a short time. As a result, the radio wave transmission
between ships and the attenuation of multiple radio wave reflections need to be considered.

M Ni
i
PLpy,=32.44dB + 201gPL + 201gF (MHz) — 101g(GtGr) — 201g |1 + 1_[ TiP, kelA®iPL 1)
k=1
i=1 Py

Here, PLgy; represents the BHL model. i reflects the number of the type of reflections it undergoes, with
a total of M reflections. F denotes the center frequency in 5.9 GHz. PL represents the radio wave reflection
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paths, with N; paths for each reflection, and the total length of each propagation path is Zlea. k reflects the
a=1

traits of reflections on each path, I'i P, k denotes the reflection coefficient of each radio wave inflection, and
Ag;;,_represents the phase difference between the direct path and the P,, path of the radio wave reflection. The

PLpy = RyPLyyr,, — KZ(Tdi —Ty,) @)

model for the BH region is derived as follows:

PLgy represents the wireless propagation channel loss model in the BH region. R, is the freshwater
reflection coefficient of inland waterways [16-17]. PLgy, r,, represents the TX radio wave path loss at the
turning point Ty, , and T, is the TX-RX separation distance when the ship is within the bridge hole.
K represents the attenuation factor of wireless radio waves in the bridge hole space in dBm.

Lo "“"‘g‘ A highway-railway
— — combined bridge

Turning points Ty, Turning points T,
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E Land part  PL, i :PL,W _3:;|g|+ZEnw iy kel MEL E S —.
! o 1 =R k=l ! +
! P SN 1
+ i i BO part PLy, i
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Figure 7 — The structure of the inland waterway bridge wireless channel model
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Figure 8 — Analysis of wireless signal diffraction propagation path above the bridge
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Therefore, this experiment adopts geometrical analysis to analyse the radio wave reflected inside the bridge
box to reach the RX antenna shown in Figures 3 and 5. Direct and multiple reflection paths exist between the
TX and RX antennas. So, the Bridge Hole Loss model (BHL) is expressed as follows below.

By geometric theory [18], the following physical equation can be used to represent the attenuation factor
for scenarios involving bridges and tunnels in urban settings;

cosy —+/eg — sin?y
K= (©))
cosy ++[eg — sinZy

eg represents the relative permittivity of the bridge piers and structures, y is the angle of radio wave
incidence.

(3) DS: Ty, denotes the second turning point after the ship traverses the bridge hole shown in Figure 7. TX-
RX wireless propagation channel analysis needs to consider direct radio wave emission through the BH region,
reflections from inside the bridge box, reflections from the water surface, radio waves circling above the bridge
because of the TX-bridge-RX position relationship.

Significant signal attenuation happens because bridge obstructions impede the ability to transmit signals
when ships navigate into the DS region. Nevertheless, the RX antenna can still capture radio waves due to the
diffraction phenomenon. Because the TX and RX antennas have a lower height than the bridges, the
propagation channel situation above the bridge should be computed to obtain the IWBW diffraction loss as
shown in Figure 8. This paper investigates diffraction losses in radio propagation channels within the inland
waterway FS region, drawing upon the Deygout calculation method [19].

It is worth noting that the impact of the bridge surface and pier thickness on radio wave propagation is
disregarded. "1" and "2" represent the diffracted rays generated on the edge cross-section of the bridge at Ty,

and Ty, shown in Figure 8, respectively. According to the Deygout calculation method, PLyg, of radio wave
diffraction loss over bridges can be expressed as:

1 ej%
PLps, = =20lg 7 E'Fp(v) (4)

where v represents the Fresnel parameter. According to the Deygout method, F, (v) can be defined as:
v . (t?
BW) = f (7 ac ®)
0

Fresnel parameter V can be expressed as:
2
A (d;;_ + wB‘l)

Or 4, "epresents the diffraction radio wave angle at T,;, when radio waves travel from TX to the edge angle
T,, of the bridge. Bleis given by:

U=9Td1

(6)

T Ty,
Ble =5~ arctan H, = Hoy (7

Hp denotes the height of the bridge piers (20 m), and Hy is the height of the TX ship (4.61 m).

Inland navigation wireless communication has three propagation regions, FS, BH, DS, and other multiple
reflection and scattering situations. Therefore, the effects caused by multiple reflections and attenuation of the
increased radio waves on the receiving antenna are neglected. In the IWBW research, the propagation paths
are mainly considered free-space propagation, reflection from the bridge box, and diffraction over the bridge.
Therefore, the model should be appropriately corrected according to the diffraction loss of the wireless
propagation channel in the actual DS region, and the wireless propagation channel attenuation model can be
expressed as follows:

PLps=PLig + PLgy+PLps, (8)

PLps represents the loss model for wireless propagation channels in the bridge scenario DS region.
By combining Equations 1-8, the segmented IWBW model can be summarised as follows:
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n
PLiypw = { PLpy = RyPLlpur,, — KZ(Td,- —Ta,) 9
=1

\PLps=PLig + PLyy+PLps,

5. MEASUREMENT RESULTS

Root-mean-square error arithmetic is used to verify the model. The experiment assumes that the TX ship
sails along the centre line of the bridge hole. The incident angle of the radio wave on the pier and the water
surface is 45°. When the TX ship sails in TRC-2, the reflection number of the radio wave propagation
mechanisms undergoing inside the bridge box is assumed to be 0-10. When sailing in TRC-3, the reflection
number of the radio wave propagation mechanisms undergoing inside the bridge box is considered 0-2.

Satellite pictures and path loss models are provided as shown in Figure 9. In Figure 9a, the red dots show route
loss measurements for TRC-2, the blue line represents the PL;z model, the pink line represents the
PLgy model, and the black line is the PLyg, model. In Figure 9b, the red dots show route loss measurements
for TRC-3, the blue line represents the PL;, model, the pink line represents the PLg;model, and the black line
is the PLpg, model.

All three models can match the actual IWBW path loss, as shown in Figure 9. As a ship navigates in TRC-
2, there is a significant difference between the IWBW path loss model and the free space propagation model.
The wireless propagation channel characteristics tend to be within an oscillating interval because of the
superposition of solid reflections caused by the BH region. The reflection impact from the bridge box is small
when TX sails in TRC-3. Path loss and antenna spacing are the main factors. According to Tables 5 and 6, the
mean error of the two models approaches 0, and the root mean square error is lower than 5. Further analysis
showed that the segmentation model could generate large-scale path loss prediction for inland waterway
bridges because the design of this model was based on bridge box reflections and the Deygout approach.
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Figure 9 — A segmented model of large-scale path loss for ships sailing through different areas of bridges

Table 5 — Comparison of TRC-2 measured values with model values

Model BH loss model BD loss model
Error
Mean error (dB) 0.2 0.35
RMS error (dB) 3.73 4.42
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Table 6 — Comparison of TRC-3 measured values with model values

Model BH loss model BD loss model
Error
Mean error (dB) 0.32 0.26
RMS error (dB) 5.0 2.52

6. MEASUREMENT RESULTS

This paper offers a segmented wireless channel propagation model in an inland waterway, which
incorporates a separation between free space region, bridge tunnel area and remote area. The verification of
our model through a comparison with our measurement data shows its capacity to reflect the actual S2S
wireless channel characteristics in different regions and anticipate the radio wave path loss in the inland
waterway bridge scene. In the past, despite most studies in path loss models having only focused on the
terrestrial environment, the influence of the inland waterway bridge environment on S2S wireless channels has
largely been disregarded. Thus, a segmented model can provide a practical approach in ship-to-ship wireless
communication in a bridge environment and it paves the way for designing better S2S wireless communication
systems for next-generation IWITS applications.
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W BF R R LR BB AT
WE:

B RENIE & 20l IS T A G I HE B RS 2y, T P9 VAR REATLIZ DU R e AT G 1) EE AR
b, SRR T IR SRV E BT FOMEL,  H AT P TR SE R 5 45 2 A
FERE FURL D o ASCHR I T —FhBt Xt TR 2 8k AR (0 0 Be e 2 e (S B AR AR . s
ROCEME T BB AR N =BG A BUE SRR Bl . Hik, EE
7 AN DX S A e 2 (5 T8 DA S NI RTTE M 22 B RO BR AR B ME . A L T 2R AR
R, 7y BOBI R T DAAERA PO B AR 05008, 9MF R 5% N A i o 2k A5 T8 1%
WAkt T SERITTE . PRIk, TR P TR A5 TE DN R A B A ST AT EE K N T TS
T HIEE ARG AR EEE L.
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