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Abstract: The growing demand for communication technology capable of providing high transmis-
sion rates in maritime environments has led to the exploration of the very high frequency (VHF)
data exchange system (VDES) as a promising solution. The VDES, the integration of an automatic
identification system (AIS), application-specific messaging (ASM), and VHF data exchange (VDE),
offers improved transmission rates and stable connections compared with existing technologies. Al-
though the VDES supports high transmission rates through various modulation and coding scheme
(MCS) technologies, it lacks a standardized mechanism for controlling MCS parameters and relies on
user algorithms for operation. In this paper, we introduce the maritime auto-rate fall-back (mARF)
technology, designed to effectively address the challenges of maritime communication scenarios
using the MCS framework provided by the VDES. mARF technology incorporates fast drop-out and
recovery mechanisms to swiftly adapt to changing MCS types in the presence of deep nulls, a common
occurrence in maritime communication environments. These adaptive thresholds for fast drop-out
and recovery operations are dynamically learned using historical communication data. Through
extensive simulations, we demonstrate the effectiveness of mARF in enhancing the MCS control
capabilities of the VDES. Our results show a significant performance improvement of 18% compared
to the existing model, validating the potential of mARF in optimizing maritime communication
channels and supporting a high transmission rate.

Keywords: link adaptation; VDES; maritime communication; auto-rate fall-back; modulation and coding

1. Introduction

With the proliferation of Internet-of-Things (IoT) technology, there has been increasing
demand for technologies that support communication connectivity in the maritime sec-
tor. In particular, the activation of maritime communication is essential for autonomous
navigation, intelligent vessel, vessel tracking, and maritime information entertainment
systems [1-3]. Various attempts have been made to address this issue using wireless
communication. Traditional maritime communication relies on automatic identification
system (AIS) technology to exchange navigational information [4]. However, the AIS has
several limitations as it operates unidirectionally, making it difficult to confirm whether the
receiving vessel has received the information. In addition, it is not mandatory for small
ships to have AIS equipment, resulting in frequent communication gaps. Furthermore, the
AIS must always be powered on, but it can be turned off, making it difficult to detect the
location of a vessel. Moreover, the range for receiving signals from coastal infrastructure is
limited to approximately 50 km, and the low transmission speed imposes constraints on
applications beyond vessel positioning.
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To overcome these limitations, various efforts have been made to leverage existing
cellular mobile communication or Wi-Fi technologies for maritime communication. For
example, Anwar et al. proposed maritime communication using LTE to provide coastal
users with wide coverage and high data transmission rates [5]. Xu applied 5G technology to
maritime communication to support higher data rates [6]. By contrast, Lopes et al. proposed
maritime communication that achieved a communication range of 7 km at 1 Mbps using
802.11n-based Wi-Fi technology [7]. Campos et al. utilized the TV white space (TVWS) spec-
trum at 700 MHz to propose cost-effective and wide-bandwidth communication between
ships and coastal infrastructure, while Teixeira et al. suggested long-range communication
technology of up to 100 km using the TV spectrum [8,9]. However, these efforts have
primarily applied existing cellular and WLAN technologies to the maritime communica-
tion environment and still have limitations regarding their widespread adoption in real
maritime communication scenarios.

The VHF data exchange system (VDES) is a standard technology developed for next-
generation maritime communication [10]. Through an amendment to the Safety of Life at
Sea (SOLAS) convention, the International Maritime Organization (IMO) has mandated
the incorporation of VDES technology for all passenger vessels, vessels over 300 tons
engaged in international voyages, and vessels over 500 tons not engaged in international
voyages. The VDES integrates an AIS, application-specific messaging (ASM), VHF data
exchange—terrestrial (VDE-TER), and VHF data exchange—satellite (VDE-SAT), offering
support for various applications compared to existing maritime communication technolo-
gies. It also supports link adaptation (LA) to achieve high-throughput link speeds, and the
physical layer supported for link adaptation in the VDES has been presented in several
studies [11,12]. However, while the VDES defines multiple modulation and coding scheme
(MCS) technologies for LA operation, it does not provide definitions for algorithms on how
to utilize these MCS technologies for LA operation. Additionally, there have been attempts
to optimize link adaptation in the mmWave and Ka bands by expanding the frequency
range. Representatively, Cao, Yuwen et al. and Echigo, Haruhi et al. tried to analyze signal
quality using deep learning technology in the mmWave spectrum [13,14]. Also, Rinaldo,
De Gaudenzi attempted to optimize channel capacity through MCS control in a satellite
communications link [15-17]. Moreover, there is prominent research focused on enhanc-
ing channel capacity through the use of emerging technologies, including reconfigurable
intelligent surfaces (RISs) technology and the optimization of orthogonal time—frequency
space (OTFS) modulation for RISs [18]. However, there is still a lack of link adaptation
techniques that can be used in the VDES, a maritime communication standard. In particular,
despite the spread of the VDES through IMO regulations and the expansion of applications
requiring high throughput using the VDES, there is a lack of research on link adaptation
that optimizes VDES performance for the maritime communication environment.

In this study, we propose a new LA technique for optimizing throughput in a maritime
communication environment using the VDES, referred to as the maritime auto-rate fall-back
(mAREF) technique. The mARF technique adapts MCS techniques based on communication
success history, considering the characteristics of maritime communication environments.
The proposed mARF supports fast recovery and a fast drop-out scheme, significantly
enhances the channel utility, and achieves nearly 18% better performance than the existing
LA technique. The remainder of this paper is organized as follows: Section 2 provides an
explanation of the VDES and the maritime communication environment; Section 3 presents
the proposed mARF technique; Section 4 offers performance evaluations; and Section 5
concludes the paper.

2. VDES and Maritime Wireless Channel
2.1. VHF Data Exchange System
The VDES contains four sub-systems: AIS, ASM, VDE-TER, and VDE-SAT. Each

system has an identified purpose, and is designed based on its target applications. The
AIS provides broadcasting communication for the vessel position, course, and speed to
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avoid collisions. The AIS has the highest priority in the VDES, and other subsystems
are meticulously structured to prevent adverse impacts on the AIS operation. The ASM
offers robust message delivery reliability and comprehensive message acknowledgement
support, including satellite up-link capability. Two dedicated 25 kHz simplex channels are
allocated for both existing and defined automatic systems for maritime safety, outlined by
the International Association of Marine Aids to Navigation and Lighthouse Authorities
(IALA) and the IMO. The VDE-TER encompasses a 100 kHz duplex channel designed to
accommodate data exchange needs that require a greater capacity than that provided by
the ASM.

Figure 1 depicts a VDES functions and the frequency use case [19]. In Figure 1, the
numbers 75, 76, 1024, etc., on the x-axis represent channel numbers in the VDES, and
there is a 4.6 MHz gap between channels 1086 and 2024. The vessels can fully harness
the potential of this duplex channel when communicating with coastal stations. VDE-SAT
incorporates a satellite designed to facilitate bidirectional communication in high seas and
remote areas where shore station coverage is lacking. The VDES concept was originally
proposed to address emerging indications of overload of the VHF data link (VDL) of the
AIS and simultaneously enable wider seamless data exchange for e-navigation, potentially
supporting the modernization of the global maritime distress and safety system (GMDSS).
The VDES can support the increasing communication requirements identified through the
development of e-navigation, as documented in the e-navigation strategic implementation
plan (SIP) IMO MSC.1/Circ.1595 [20]. E-navigation aims to enhance pier navigation and
related services for safety and security at sea and to protect the marine environment. E-
navigation seeks to enhance maritime safety by simplifying and harmonizing information.
Additionally, e-navigation seeks to facilitate and increase the efficiency of maritime trade
and transport by improving information exchange. The VDES concept recognizes the
parallel work being carried out related to maritime services in the context of e-navigation,
formerly known as the maritime service portfolio (MSP).
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Figure 1. VDES functions and frequency use case.

2.2. Maritime Wireless Channel

As a traditional logarithmic path loss model for wireless communication such as LTE,
Wi-Fi cannot represent the local oscillations owing to the rays reflected from the sea surface
and extra refraction owing to the evaporation duct in the maritime wireless channel. As
shown in Figure 2, RF propagation in the maritime environment is affected by various
factors, such as antenna height changes due to waves and effects from evaporation ducts.
Therefore, several studies have been conducted on wireless channel models for over-the-sea
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communication [21-25]. YH Lee et al. focused on the evaporation duct phenomenon, which
occurs owing to variations in humidity across the air-sea boundary. Moreover, channel
modeling was performed in such an environment; special attention was paid to refraction
caused by a possible evaporation duct as well as direct rays and sea surface-reflected
rays [21]. K. S. Zaidi et al. established the statistical distribution of path loss based on
varying distances from those in the literature, proposed a 2-P probability distribution
model, and proved that it fits well in marine communication channel modeling [25]. J.
Wang et al. proposed a practically usable deterministic path loss model, demonstrating
its ability to sufficiently simulate the maritime wireless channel environment [26,27]. In
this study, we utilize the two-ray path loss and three-ray path loss models proposed and
validated in [26,27], which are expressed in Equations (1)-(3).

AN . (2rhh
-l (5) o

In Equation (1), /; and h, denote the heights of the transmitter and receiver antennas,
respectively. Moreover, A indicates the wavelength of the carrier signal, and d indicates the
distance between the transmitter and receiver.

A 2
PLayay(ht, hy, he, d) = —101log ( (m) 2(1+ @)2> 2)

In Equation (2), /. denotes the height of the effective evaporation duct, and @ is
calculated as follows:

oo () (M)
Refraction

Direct path

Figure 2. RF propagation in the maritime environment.

Figure 3 illustrates the signal path loss as a function of distance, utilizing both the
two-ray and three-ray models, and allows us to observe the phenomenon of a deep null
(sudden signal drop).
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Figure 3. Two-ray and three-ray signal path loss characteristics in marine wireless channel.

3. New Link Adaption Technique in Maritime Environment
3.1. Link Adaptation

The VDES provides additional support for adaptive modulation and coding (AMC)
techniques. In addition, the LA technique involves the selection of appropriate modulation
and coding rates based on the prevailing channel conditions using AMC algorithms. For
instance, communication errors will occur in scenarios where a ship is located a considerable
distance from the coastline and consequently experiences weakened signal reception from
a coastal station. When communication errors occur, the LA technique in the VDES should
change the AMC profile to guarantee reliable communication. However, if a ship is close to
a coastal station, the AMC profile must be changed to increase channel efficiency. In other
words, proper selection of the AMC profile in the LA technique is crucial for increasing
channel efficiency based on appropriate channel estimation.

The LA technique should be operated based on appropriate channel estimation. There-
fore, a channel estimation technology that can represent the channel conditions under
which the LA technique operates is vital. The representative channel estimation method for
the LA technique utilizes a channel reference metric, such as the received signal strength
indicator (RSSI) [28]. However, it cannot accurately predict the channel capacity for immi-
nent transmission in maritime communication environments. This is because the maritime
communication environment, unlike the general land communication environment, is a
channel environment in which periodic RSSI detection is difficult, and special phenomena
(deep nulls) occur. Figure 3 shows the modeling of the maritime communication channel
environment based on the distance. As shown in Figure 3, the signal is attenuated with
distance, but it can be observed that the signal is rapidly lowered owing to rays reflected
from the sea surface and extra reactions by the evaporation duct. In other words, in a
situation where signal attenuation occurs rapidly, it is difficult to acquire the RSSI in a short
period; therefore, a new LA technique is needed.

3.2. Maritime Auto-Rate Fall-Back

Two approaches to LA techniques can be used to adjust the MCS: the auto-rate fall-back
(ARF) technique, which adjusts the MCS profile based on the historical communication
success record, and the receiver-based auto-rate (RBAR) technique, which measures the
actual received signal strength to adjust the MCS profile [28,29]. The RBAR technique
has an advantage over ARF in that it determines the MCS profile based on the actual
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received signal strength, providing a more accurate channel condition-based MCS profile
decision. However, it incurs overheads because it involves measuring the signal strength
of the MCS profile for each communication instance. Additionally, it has limitations, as it
may inaccurately interpret channel conditions owing to momentary fading phenomena
that occur during signal measurements. Therefore, in environments such as maritime
communication, where continuous communication is not maintained and deep nulls are
present, utilizing the ARF based on historical communication records may be a more
efficient approach.

The existing ARF technique considers the current channel condition to be excellent if
ACK signals for the transmitted data are received within the timeout period; otherwise,
it is assumed that the channel condition is not excellent. In other words, when acknowl-
edgments of multiple data transmissions are received, the channel condition is deemed to
be sufficiently excellent, prompting a change in the MCS profile. However, existing ARF
techniques are designed for terrestrial communication; therefore, they are ineffective in
maritime environments. In maritime communication, which is characterized by significant
signal distortion, particularly deep null path loss, as opposed to terrestrial wireless com-
munication, it is imperative to introduce an optimized LA technique. Thus, we propose a
new ARF technique capable of addressing deep nulls, called the mARF technique.

The mARF technique was applied to the VDE-TER in the VDES, and the MCS profiles
used in the VDES-TER are listed in Table 1. As indicated in Table 1, the VDE-TER provides
nine different MCS profiles, and each profile is identified through the link configuration ID.
In addition, each MCS technique has a different packet error rate (PER), and an appropriate
link configuration ID must be set based on the channel situation. The PER for each link
configuration ID is defined as follows.

ES Nsymbul
PER=1- <1—5ER<)> (4)
No

where Nyyp0 denotes the symbol length and SER (5—2) denotes the symbol error rate,

which is determined by the modulation and coding rates. Table 2 describes the SER
function as modulation scheme.

Table 1. VDE-TER configuration parameters.

Link Config ID 11 12 13 14 15 16 17 18 19
Channel BW (kHz) 25 25 25 50 50 50 100 100 100
Symbol rate (ksps) 19.2 19.2 19.2 38.4 38.4 38.4 76.8 76.8 76.8

FEC rate 1/2 3/4 3/4 1/2 3/4 3/4 1/2 3/4 3/4
. /4 8 /4 8 /4 8
Modulation QPSK PSK 16 QAM QPSK PSK 16 QAM QPSK PSK 16 QAM

Table 2. SER function as modulation scheme.

Modulation SER
7t/4 QPSK Q( 2L )
8 PSK 20(y/%sing)
16 QAM 3Q( gﬁ )

Consequently, we can derive the throughput using

Throughput = (1 — PER) - Rs - log, M- r - TC (5)
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where R; indicates the symbol rate; log, M indicates the number of bits in each modulation
symbol; r indicates the channel coding efficiency; L indicates the total data length of each
packet; and C indicates the data overhead, such as the header packet of each packet [30,31].

One critical consideration for the design of mAREF is the occurrence of a phenomenon
known as “deep null” in maritime communication channels, where signal attenuation
occurs rapidly, and then, suddenly disappears. In other words, a technique that can address
the deep null phenomenon is required. When experiencing a deep null, there is sharp
signal attenuation; therefore, the most reliable communication technique must be used.
Thus, mAREF first determines that communication errors occur because of signal attenuation
caused by the deep null phenomenon, not by data collision. Consequently, even if a single
communication error occurs, mARF performs a fast drop-out operation. For example, when
a communication error occurs once in link ID 19, it immediately switches to the lowest
MCS profile—link ID 13—to ensure stable communication. The mARF technique increases
the MCS profile as the channel conditions improve to enhance the channel utilization. As
described earlier, communication situations deteriorate rapidly in maritime communication
channels because of the deep null phenomenon; however, paradoxically, they can also
improve dramatically. Thus, when using the most reliable MCS profile for communication
and observing n consecutive successful communications, the algorithm switches to the next
profile for high-throughput communication. In addition, after achieving |n/2] consecutive
successful communications in the current MCS profile, it changes to the next higher MCS
profile. We define the process of increasing the MCS profile as fast recovery. Algorithm 1
shows the pseudocode of the algorithm used in mAREF to direct the rate of increase in the
transmitter rate with fast recovery.

Algorithm 1. Pseudocode for MCS adaptation procedure in mARF.

MCSyext:= MCScurrent;

MCSh,-gh:: the MCS type higher than MCScyrrent;

MCSy,:= the lowest MICS type among MCS profile;

MCSy= MCSyype3

attempt_success:= 0;

while (MCSyext:= MCScyrrent | | attempt_success == 0)

{

if (xmit_success(MCSyext) == 0)

then MCS,ex:= MCS)yy, /rate decreasing attempt by fast drop-out/
else {

attempt_success:= attempt_success + 1;
if (attempt_success > n)
then {
MCSyext:= MCSpigp, /rate increasing attempt by fast recovery/
break;
i
if (MCSpext == MCSy,)
then attempt_success:= attempt_success/2;
else attempt_success:= attempt_success;

}

In addition, n, which is an MCS-changing counter, can be adaptively updated based
on previous communication history. When updated adaptively, it can be updated through
the weight relationship between the previous n values, as shown in Equation (6):

np=a-nq+(1—a) no (6)

where « is a weighted factor and ranges between 0 and 1. To determine the « value, we
performed the simulation by changing « from 0 to 1 in 0.1 increments, and confirmed that
giving 70% weight to the immediately previous value had the best performance. Thus, the
mARF technique uses a default « value of 0.7. Additionally, the « value can be changed by
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the user. In addition, the mARF technique determines the MCS profile based on existing
communication history and adjusts the MCS change threshold, so it is very efficient as it
can greatly reduce the computational complexity for MCS change in systems such as the
VDES with a limited number of usable MCS profiles.

4. Performance Evaluation

In this section, we evaluate the mARF technique for various maritime channels. For
this purpose, we developed a VDE-TER simulator using MATLAB and implemented mARF
and existing ARF techniques. The existing ARF technique was used to increase the MCS
profile when communication was successful 10 times and to lower the MCS profile when
communication failed 2 times continuously. The PHY layer parameters for the VDE-TER,
which were employed in constructing the simulator, are listed in Table 3.

Table 3. Simulation parameters for VDE-TER.

Parameter Value
Carrier frequency (MHz) fe 160
TX power (EIRP) (W) Pe1rp 12.5
Height of effective evaporation (m) he 12
Channel BW (kHz) B 100
Receiver antenna gain (dB) Grx 0
Receiver noise power spectral density (dBm/Hz) N —150
Receiver noise figure (dB) F 7

First, we simulated the performance of the VDE-TER system while changing the
physical layer parameters to verify the performance of the VDE-TER in an ideal envi-
ronment which is the AWGN case without a deep null phenomenon. Figure 4 shows
the system throughput of the VDE-TER. As shown in Figure 4, it can be verified that a
higher throughput can be obtained using higher ID numbers in the channel environment,
primarily because higher ID numbers have a higher channel bandwidth (BW), FEC rate,
and modulation degree. It is confirmed that the optimal ID number depends on the channel
environment represented by the SNR. That is, when using a BW fixed at 100 kHz, it can be
confirmed that IDs 17, 18, and 19 must be changed based on the signal-to-noise ratio (SNR).

250 i ; : . : :
—D 11
—D 12
200 ID 13 ]
— ID 14
2 ID 15
=R -
E. e |D 18
'§-, ID 19
2 100 .
™
<=
|—
50 |
W
D 1 1 1 }Ir -I 1
0 2 4 6 8 10 12 14

SNR [dB]

Figure 4. VDE-TER throughput vs. SNR.
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For comparison under identical conditions, we evaluated mARF performance in
an environment in which the bandwidth was fixed at 100 kHz. At this time, to apply
the phenomenon of rapid signal attenuation in the maritime environment, the random
deterioration phenomenon of SNR was applied in the performance evaluation based on
Equations (1)—(3). First, a performance evaluation was performed in a two-ray channel
model environment, and the throughputs of the ideal case, traditional ARF, and mARF
were evaluated. As shown in Figure 5, it can be confirmed that mARF has a performance
closer to the ideal case than ARF, even when a deep null phenomenon occurs that results in
a rapid SNR change.

250 v T T T T T
= |deal case o
200 =~ ARF
=== mARF
) :
. 5
2150 ! l. y
5 H
£ I
D 'K
= | ’ }
o 100 M
=
= I
50
0 ] | { ! ] !
0 2 4 6 8 10 12 14
SNR [dB]

Figure 5. Comparison of throughputs in two-ray channel model.

Figure 6 shows the results that represent the throughput of the ideal case and the
techniques compared with the SNR in a three-ray channel environment. As shown in
Figure 6, mARF follows the channel capacity in response to the channel capacity of the
ideal case, and it can be confirmed that it has a performance close to that of the ideal case,
even if a deep null phenomenon occurs and rapid signal attenuation occurs. However, it
can be confirmed that the ARF experiences a deterioration of approximately 1 dB or more
compared with the ideal case owing to the deep null phenomenon.

We also optimized the performance of mARF by dynamically adjusting the threshold
instead of using a fixed MCS profile change threshold. To achieve this, simulations were
conducted to assess the performance of mARF by incrementally increasing the x value,
which determines the MCS-changing counter, from 0 to 1 in intervals of 0.1. The simulation
results, as depicted in Figure 7, confirmed that the optimal performance was achieved
when o had a value of 0.7. As a result, the default value for o« was set to 0.7.
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Figure 6. Comparison of throughput in three-ray channel model.
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Figure 7. Comparison of normalized throughput as a weighted factor.

Finally, we simulated the average throughput of the fixed MCS case, traditional ARF
techniques, and mARF, as shown in Figure 8. We confirmed that, on average, the mARF
technique improves the performance by 14% compared to the traditional ARF technique
because the mARF technique can respond appropriately to the maritime environment. In
addition, we proved that the mARF technique can enhance VDE-TER performance: when
the mARF technique is applied with an adaptive threshold. The mARF technique with
an adaptive threshold can increase the throughput by 18% compared with the traditional
ARF technique.



Electronics 2024, 13, 323

11 0f 13

—

I Fixed MCS
I ARF 1
I mARF

S
w
T

[==]
T

Adaptivetr,
Threshold

= =
lq‘
T

h
Fixed
Threshold

Normalized Throughput
© © 9 o5 ©o ©
—_ [[%] [ ] - (5] (=]

0

Figure 8. Normalized throughput comparison between mARF and existing technique.

5. Conclusions

Communication technology in the maritime domain has seen slower evolution than
terrestrial communication. However, the advent of various marine applications has trig-
gered a growing need for communication that can ensure stability and high transmission
rates in marine environments. In this paper, we introduce the mARF technique, which
is designed to enhance transmission rates while maintaining reliable communication by
effectively addressing the challenges of the marine communication environment. The
mAREF technique handles the deep null phenomenon, which is a prevalent problem in
marine communication, through the implementation of fast drop-out and fast recovery
mechanisms. Furthermore, we demonstrate that the threshold for a fast recovery opera-
tion can be dynamically updated by leveraging existing communication success records.
Through simulations, we provide empirical evidence of the ability of this technique to
efficiently regulate transmission rates to meet the demands of marine communication
environments. However, mARF has a limitation whereby the communication history is not
updated when the VDES enters sleep status and does not transmit data. mARF operates
based on previous communication history, which is not representative of the current chan-
nel state in VDES sleep status. To address these limitations, the mARF technique can be
combined with intelligent algorithms in the future. The proposed mARF technology is not
only implementable and operational within a real VDES, but also possesses the potential
for expansion into an intelligent algorithm. This algorithm can collaborate with the VDES
internal scheduler to control the transmission cycles by considering data transmission
delays, thereby further enhancing its adaptability to real-world maritime communication
scenarios. Additionally, innovative technologies such as stacked intelligent metasurface
(SIM)-aided communications will also be applied to maritime communications in the future.
When technologies such as SIM are applied in the future, research on channel capacity
optimization in the maritime environment is essential and needs to be conducted.
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