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Abstract

Tsunamis and submarine earthquakes pose severe risks to coastal regions, demanding
rapid and reliable monitoring systems. While the Deep-ocean Assessment and Reporting of
Tsunamis (DART) system has been globally deployed, its dependence on pressure sensors
and one-to-one communication limits its applicability to the Korean East Sea. This paper
introduces the Korean Tsunami and Earthquake Monitoring System, which integrates
seafloor seismometers and proposes a dedicated Medium Access Control (MAC) protocol
optimized for multi-node underwater acoustic communication. The study performs a
comprehensive analytical derivation of closed-form expressions for channel utilization
and energy consumption under diverse node configurations and acoustic conditions. The
analytical results confirm that the proposed MAC protocol maintains stable performance,
supports multi-node operation, and enables long-term monitoring within the limited
energy budget of underwater devices. The derived results also provide practical design
implications for underwater network planning, including guidelines on node placement,
frame duration, and control packet timing for efficient data delivery. Although empirical
validation remains as future work, the findings establish theoretical benchmarks and
engineering insights for the design of next-generation underwater monitoring systems
tailored to Korean coastal environments.

Keywords: battery life analysis; earthquake monitoring system; MAC protocol; tsunami
early warning; tsunami monitoring system; underwater acoustic networks

1. Introduction
Tsunamis are among the most devastating natural disasters faced by humankind.

The 2004 Indian Ocean tsunami and the 2011 Great East Japan tsunami are representative
examples, both of which resulted in catastrophic losses. These two events are among the
most destructive in history, yet tsunamis of varying scales continue to occur worldwide [1].
Although various causes such as submarine volcanic eruptions and submarine landslides
may trigger tsunamis, undersea earthquakes account for approximately 80% of tsunami
occurrences [2]. Consequently, while the development of tsunami early warning systems is
critical, the monitoring and prediction of submarine earthquakes are equally important for
enhancing tsunami forecasting capabilities.

In addition to deep-ocean pressure sensors, several complementary sensing tech-
nologies have been investigated for tsunami-related ocean monitoring. Among them,
high-frequency surface wave radars (HFSWRs) deployed along coastlines can observe
large-scale variations in sea surface conditions by analyzing Bragg line characteristics in
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range–Doppler maps. Owing to surface wave propagation, such radar systems are capable
of monitoring ocean areas extending over several hundred kilometers from the coast, and
thus may contribute to the early detection of abnormal sea states associated with tsunami
events [3–5]. Nevertheless, HFSWRs primarily provide indirect surface observations and
cannot replace direct deep-ocean measurements for tsunami confirmation. Recent studies
on high-resolution HFSWRs have shown that, due to their improved range–Doppler reso-
lution, Bragg lines can be detected at greater distances compared to conventional HFSWR
systems, which represents a key advantage in wide-area ocean monitoring.

The Deep-ocean Assessment and Reporting of Tsunamis (DART) system, originally
developed by the National Oceanic and Atmospheric Administration (NOAA), has become
the most widely adopted tsunami early warning system worldwide. As illustrated in
Figure 1, the DART system consists of a buoy and a tsunameter [6], which employs
underwater acoustic wireless communication between them. It has evolved through four
generations: the initial versions were primarily deployed in the Pacific Ocean, including
Alaska and Hawaii, with the primary objective of detecting tsunamis at long distances and
issuing early warnings. With the introduction of DART II, the system was extended to
mid-range coastal regions such as the Indian Ocean and South America, thereby serving as
a critical component of the international tsunami warning infrastructure. DART stations are
strategically located along the “Ring of Fire,” where earthquakes occur most frequently [7].

 

Figure 1. The DART II system consists of a surface buoy and a bottom pressure recorder (tsunameter),
connected through acoustic wireless communication and relaying data via satellite to a tsunami
warning center [6].

However, no DART stations are deployed in the seas surrounding the Korean
Peninsula [7]. This absence is primarily due to the relatively low frequency and smaller
magnitude of tsunamis in Korea compared with countries located along the Ring of Fire.
In South Korea, only three tsunami events have been recorded—occurring in 1983, 1993,
and 2024—since systematic observations began. Among them, one fatality occurred in
1983, caused by an earthquake in the Sea of Japan [8]. Although the impact of tsunamis in
Korea has been relatively minor compared with that in Ring of Fire countries, the region
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remains within the potential tsunami-affected zone. More critically, both the frequency and
magnitude of earthquakes occurring in the East Sea have shown an increasing trend [9].

Accordingly, the Korean government has deployed 137 seismic observation stations
nationwide, including three dedicated tsunami observation stations [10]. All of these
stations rely on cable-based (wired) communication. As a result, due to the physical
distance limitations of wired connections, the stations are installed exclusively along
the coasts of the mainland and islands. The disadvantages of cable-based deployment
extend beyond distance limitations to include high installation costs (e.g., cable burial)
and substantial maintenance requirements. These limitations highlight the necessity of
establishing a new, wireless-based observation and warning infrastructure.

To address these limitations, the Korea Institute of Geoscience and Mineral Resources
(KIGAM) [11] has initiated a national project to develop and deploy an indigenous tsunami
early warning system in Korean waters. The project is entitled “Real-Time Monitoring
Technology for Submarine Disasters” [12]. In this paper, we propose a higher layer protocol
tailored to the requirements of this new project and analyze its performance in compari-
son with the existing DART system. Similarly to DART, the system is designed to operate
through an acoustic wireless network while simultaneously serving as an integrated seismic
and tsunami observation platform. This study focuses exclusively on contrasting the pro-
posed system with the well-established DART system as a baseline, in order to demonstrate
its applicability to the Korean East Sea. The contributions of this paper are threefold:

• System proposal: This study proposes the Korean Tsunami and Earthquake Monitor-
ing System (KTEMS), a buoy-centered 1:3 acoustic wireless communication system
designed to establish a national-scale tsunami and earthquake monitoring infrastruc-
ture optimized for the Korean East Sea.

• Protocol design: A dedicated Medium Access Control (MAC) protocol is proposed
to enable efficient and reliable communication among multiple underwater nodes,
overcoming the one-to-one communication limitation of the DART system.

• Theoretical evaluation: The proposed MAC protocol is analytically evaluated with
respect to channel utilization and energy consumption. These results establish theoret-
ical benchmarks for long-term deployment and provide a foundation for future sea
trial validation.

The remainder of this paper is organized as follows. Section 2 provides the necessary
information on the DART system. Section 3 defines the system requirements, and Section 4
presents the system design. Section 5 analyzes the predicted theoretical performance of the
proposed system. Finally, Section 6 concludes the paper.

2. DART System Overview
The DART system has evolved through four generations [13]. The first generation

was designed for long-range communication, primarily targeting early warnings for dis-
tances greater than 1000 km [14]. Beginning with the second generation, the system was
extended to cover mid-range distances of less than 1000 km [14], thereby enabling both
mid- and long-range coverage. The third generation introduced a simplified version with
easier installation, while the fourth generation incorporated comprehensive upgrades in
algorithms, functionality, hardware, modems, and batteries.

As shown in Figure 1, the DART system employs a one-to-one communication scheme
in which a single buoy is wirelessly connected to a single tsunameter. The tsunameter,
as illustrated in Figure 2, consists of a pressure sensor, modem, battery, and onboard
computer [15]. It is anchored flat on the seafloor, and the embedded pressure sensor
measures the water pressure, i.e., the weight of the overlying water column. The measured
signal is output from the pressure sensor as a square wave, which is then counted by a
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frequency counter. The counter samples the data once every 15 s [15–18] and transfers
the values to the onboard computer, where an algorithm converts the measurements into
sea-level height and stores the results. In the DART system, this sampling interval reflects
a design trade-off between temporal resolution, signal stability, data volume, and power
consumption for long-term deep-ocean monitoring, and is not a parameter defined in
this study.

 

Figure 2. Block diagram of the tsunameter illustrating its main components, including pressure
sensor, tilt sensor, onboard computer, modem, acoustic transducer, and batteries [15].

The recorded pressure measurements are converted into equivalent sea-level height,
also referred to as water-column height information, by assuming a constant linear relation-
ship between pressure and water height (1 psi = 670 mm of water) [15]. For the purposes
of tsunami detection, the errors introduced by neglecting variations in water density and
gravitational acceleration are not significant, since the analysis relies on relatively small
pressure changes associated with tsunami waves rather than absolute water depth.

The onboard computer transmits the stored information to the buoy via wireless
communication. Because the buoy and tsunameter operate in a one-to-one communication
scheme, higher layer multifunction protocols are not required. Instead, the system utilizes
the XMODEM protocol to transmit data at predetermined intervals.

3. System Requirements
The project initiated by KIGAM is divided into four research units. KIGAM defines

the project scope and oversees project management. The other three groups are respon-
sible for different technical domains: one develops underwater seismometers capable of
measuring earthquakes; another addresses the physical layer and communication aspects.
The last group—corresponding to the focus of this paper—handles higher layer protocol
design. Section 3 reviews the requirements of each group and discusses their impact on the
proposed protocol design.

3.1. Project Requirements (1:3 Communication)

The NOAA tsunami early warning system, as illustrated in Figure 3, requires not only
the information transmitted from the DART system but also data collected from a variety of
other sensors [15]. NOAA operates 1142 buoys [7], including DART stations as well as other
environmental monitoring stations deployed across the oceans and along coastlines, some
of which are cable-connected coastal observatories. The primary motivation for collecting
such extensive environmental data is to reduce the probability of false tsunami warnings.
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False alarms not only degrade system credibility but also impose significant economic and
physical risks during evacuations. For example, a false tsunami warning issued in Hawaii
in 1986 caused the dismissal of all state employees and triggered massive traffic congestion,
leaving cars gridlocked in evacuation zones. The State of Hawaii estimated that this false
alarm cost approximately 41 million USD [19].

Figure 3. System configuration of the NOAA tsunami early warning system, integrating data from
DART systems and other sensors for centralized processing at the Tsunami Warning Center [15].

However, the sea area surrounding the Korean Peninsula is relatively limited, making
a DART-style deployment of widely separated, independent environmental observation
stations inefficient. Therefore, KIGAM proposes KTEMS supporting a 1:3 acoustic wireless
communication scheme, in which a single buoy communicates with three nodes. Among
these, one node is a seismometer, while the remaining two nodes are environmental sensors.
This feature represents the key distinction between the DART system and KTEMS, and
constitutes the central focus of this paper. The use of multiple nodes necessitates the
development of a protocol design more advanced than XMODEM.

As shown in Figure 1, the DART system employs a one-to-one communication scheme
in which a single buoy is wirelessly connected to a single tsunameter. The rationale for
defining DART as a 1:1 communication system is to ensure robust data transmission [20].
Due to considerations such as energy consumption, system complexity, and maintenance,
NOAA does not employ one-to-multiple DART configurations for operational deployment,
restricting them to research purposes only. In KTEMS, however, a one-to-three commu-
nication scheme is adopted, enabling a single buoy to manage multiple seafloor nodes
within its coverage area. To guarantee timely and reliable data transmission under this
configuration, the buoy is equipped with two independent receivers, each operating at a
different frequency.

The DART system is designed as a medium- to long-range early warning system,
and its objective is to ensure that an alert reaches the data center within three minutes
of tsunami detection [21]. In contrast, KTEMS targets a relatively smaller body of water;
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therefore, the first alert must reach the data center within several tens of seconds, as the
exact timing requirement is currently under determination by KIGAM. The details of this
requirement are closely related to the type of data generated by the seismometer, which
will be further explained in the following sections.

3.2. Seismometer Requirements

In the DART system, tsunami early warning relies on a seafloor tsunameter equipped
with a pressure sensor. The sensor measures the weight of the overlying water column
and converts it into the corresponding water column height. This data is then wirelessly
transmitted to the surface buoy and relayed to the onshore data center. Because tsunami
waves travel more slowly than seismic waves, they arrive at the tsunameter later; how-
ever, the exact time gap varies with the instrument’s location. For example, during the
Ms 7.6 earthquake in the Gulf of Alaska on 6 March 1988, the tsunami waves were recorded
approximately one hour after the seismic waves [14].

In contrast, KTEMS replaces the pressure-based tsunameter of the DART system with
a seismometer to achieve faster alerts. Because KTEMS targets short-range early warnings,
it requires significantly lower latency. Seismometers can detect seismic waves that arrive
much earlier than tsunami waves; therefore, they are particularly suitable for rapid tsunami
detection. Accordingly, KTEMS installs seismometers on the seafloor to minimize alert
latency and enable prompt responses.

Unlike DART, which transmits only water-column height information, KTEMS seis-
mometers record three-axis (x, y, and z) ground motion across a wide frequency band [22].
They capture various phenomena ranging from tides and earthquake-induced motion to
ambient biological and anthropogenic noise [23]. The seismometer response is represented
by one real and several complex components, numerically expressed as a combination of
multiple real values [24]. Consequently, each seismometer generates substantially larger
data volumes than the DART tsunameter. For this project, the raw data generated by the
seismometer can reach up to 4096 bits per second, resulting in a packet size of approxi-
mately 5000 bits when redundant bits are included. Accordingly, this large data volume
imposes critical constraints on both physical-layer design and protocol development.

3.3. Physical Layer Requirements

Underwater acoustic wireless communication is fundamentally limited by distance-
dependent bandwidth, which reduces the achievable channel capacity. This characteristic
imposes a critical constraint on the design of underwater communication ranges.

In this project, the deployment geometry, including the buoy-to-node distances, was
specified in advance by the Korea Institute of Geoscience and Mineral Resources (KIGAM)
based on the bathymetric characteristics of the Korean East Sea and the spatial distribution
of historically observed submarine earthquakes. Accordingly, the communication system
was designed to satisfy these predetermined distance requirements rather than being
optimized to maximize transmission range.

To satisfy the 5000 bps data rate requirement specified in Section 3.2, the research group
responsible for the physical layer and underwater communication conducted extensive
sea experiments [25–30]. The experimental results indicate that the channel carrying
seismometer data must utilize a 16 kHz bandwidth in the 12–28 kHz frequency range, with
a maximum buoy-to-node transmission distance of 200 m to ensure stable communication.
This distance should therefore be interpreted as a deployment-driven design constraint
rather than a fundamental communication limit. Communication at greater distances is
not excluded in principle but is outside the scope of the targeted system configuration
considered in this study. In contrast, environmental data are assumed to have relatively
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smaller volume requirements, and thus can be transmitted over a 4 kHz bandwidth in
the 32–36 kHz frequency range, allowing buoy-to-node communication distances of up to
2000 m.

Sensor Node 1 (SN1) indicates the node located closer to the buoy, whereas Sensor
Node 2 (SN2) is positioned farther away. As shown in Figure 4a, each node communicates
with the buoy in a single-hop configuration. Considering that the DART system operates in
the 15–18 kHz frequency band [14], it is evident that KTEMS exploits a comparatively wider
bandwidth to accommodate large-volume data transmission. As illustrated in Figure 4b,
two separate receiver configurations necessitate the use of two independent receivers in
KTEMS to ensure robust delivery of high-volume data.

   
(a)  (b) 

Figure 4. KTEMS physical layer requirements: (a) Deployment range of the buoy, seismometer, and
sensor nodes (SN1 within 200 m and SN2 within 2000 m from the buoy); (b) Frequency allocation
for underwater communications: seismometer data transmitted in the 12–28 kHz band (16 kHz
bandwidth) and environmental data transmitted in the 32–36 kHz band (4 kHz bandwidth).

To ensure reliable transmission, network-wide time synchronization and initialization
must be performed in advance. In the proposed system, all underwater nodes, including the
seismometer, SN1, and SN2, are fixed and bottom-mounted, and their deployment locations
are predetermined. Prior to deployment, time synchronization is performed onshore using
wired connections and GPS-based references as part of the installation procedure, allowing
all nodes to start operation with a common initial time reference. During data transmission,
slot-level time alignment among the buoy, seismometer, SN1, and SN2 is assumed for MAC
operation. To assist in maintaining this alignment after deployment, the buoy periodically
transmits control packets at the beginning of each frame, which provide a timing reference
for the underwater nodes and help compensate for gradual clock drift. Furthermore, it is
assumed that the buoy and all nodes share the same positional information.

4. KTEMS Protocol Design
The requirements presented in Section 3 have an impact on the protocol design of

KTEMS. For example, one critical requirement is that the communication distance from the
seismometer to the buoy (max 200 m) differs by more than an order of magnitude compared
with that from the environmental sensors to the buoy (max 2000 m). When nodes with
significantly different communication ranges coexist within the same underwater network,
the inherently slow propagation delay of acoustic signals must be carefully addressed at
the protocol layer to ensure efficient channel utilization. Based on these requirements,
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Section 4 presents the detailed design of KTEMS. To translate the physical-layer constraints
identified in Section 3 into MAC-level timing rules, we first establish a simplified signal
and channel model.

4.1. Signal Channel Model

This subsection presents a simplified signal and channel model for the underwater
acoustic network considered in this study. The objective of this model is not to optimize
physical-layer signal processing, but to identify the dominant physical constraints that
directly affect MAC-level timing design and performance analysis.

A key distinguishing characteristic of underwater acoustic communication is the low
propagation speed of sound in water. Unlike terrestrial radio systems, where propagation
delay is typically negligible, acoustic signals propagate at approximately c ≈ 1500 m/s,
resulting in substantial and distance-dependent propagation delays. The one-way propagation
delay between a transmitter and receiver separated by distance d is therefore expressed as

Propagation delay = d/c. (1)

As a consequence, even moderate communication distances introduce significant
delays, leading to long round-trip times. This property makes instantaneous collision
detection impractical and fundamentally limits the applicability of contention-based MAC
protocols that rely on carrier sensing or rapid feedback.

In a multi-node underwater acoustic network, these effects are further amplified when
multiple sensor nodes communicate with a common buoy from different distances. Packets
transmitted at different times may arrive at the receiver simultaneously due to unequal
propagation delays, causing collisions that depend not only on transmission timing but
also on node geometry. This distance-dependent arrival uncertainty significantly increases
the complexity of MAC design.

Moreover, the combination of long propagation delays and limited available band-
width results in high retransmission overhead, as acknowledgment signals also suffer from
long delays. Frequent retransmissions therefore incur substantial energy consumption,
which is particularly critical for battery-powered underwater nodes intended for long-term
autonomous operation.

These characteristics imply that MAC protocols designed for terrestrial wireless net-
works cannot be directly applied to underwater acoustic environments. Instead, the MAC
protocol must explicitly account for propagation-delay differences among nodes to ensure
non-overlapping packet arrivals at the buoy. Consequently, the MAC design problem
is transformed into a delay-constrained scheduling problem rather than a conventional
random-access problem.

Based on these signal and channel characteristics, this study adopts a packet-level
abstraction for MAC analysis. Detailed physical-layer processes, such as modulation,
coding, and channel estimation, are not explicitly modeled. Instead, the channel model
is used to justify MAC-level assumptions related to long propagation delay, distance-
dependent arrival timing, and the necessity of scheduled transmissions.

Accordingly, the core challenge addressed in this study lies not in physical-layer signal
processing, but in coordinating transmission timing among multiple nodes under severe
and distance-dependent propagation delays. Based on these channel characteristics, the
MAC design problem reduces to determining appropriate frame duration and inter-node
waiting time such that packets transmitted from nodes at different distances arrive at the
buoy without temporal overlap. The following section formulates these timing constraints
and derives the corresponding MAC parameters in closed form.
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4.2. Mode Definition

KTEMS benchmarks the DART system, adopting its terminology and parameter
settings as references. Table 1 aligns the operation modes of the DART system with similar
modes of KTEMS.

Table 1. Modes defined in each system.

DART KTEMS

Standard mode Standard mode
Event mode Report mode

Extended report mode Data-collecting mode

Figure 5 illustrates the mode transitions between the DART system and KTEMS.
Figure 5a shows the DART operation mode. When the event mode is initiated, the extended
reporting mode simultaneously starts, during which the system transmits two hours of
averaged water-height measurements (i.e., 120 values). The reporting duration of two
hours is fixed and cannot be reconfigured. Once the event mode terminates, the extended
reporting mode returns to the standard mode. Figure 5b illustrates the mode transition in
KTEMS. Each mode will be explained in the following subsections.

   
(a)  (b) 

Figure 5. The mode transitions between the DART system and KTEMS: (a) DART operation modes,
including standard, event, and extended reporting. (b) KTEMS operation modes, including standard,
data-collecting, and report.

The mode transition of KTEMS is managed through a 4-byte control packet, and the
detailed 4-byte bitmap structure is shown in Table 2. The mode indicator field consists of
two bits: 00 indicates the standard mode, 11 the report mode, and 01 the data-collecting
mode, with 10 reserved for future use. In addition, the data type field, defined by two bits,
specifies the source of seismic data: 00 represents seismic data only, 01 indicates seismic
data combined with SN1, 10 with SN2, and 11 with both SN1 and SN2. A mode change
indicator bit is used to specify whether a mode transition has occurred. In addition, the
data-collecting duration field is defined by three bits, allowing the selection of eight options
in 15 min increments (i.e., 15, 30, 45, . . . 120 min) for the data-collecting duration. This
duration is intentionally set shorter than that of the DART extended report mode to reduce
power consumption. The detailed ARQ process is currently under investigation and will
be addressed in future work.
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Table 2. Control packet structure.

Bit Value Definition

1–2 Mode indicator

00: standard mode
01: data-collecting mode

10: reserved
11: report mode

3–4 Data type

00: seismic data
01: seismic data + SN1
10: seismic data + SN2

11: Seismic data + SN1 + SN2

5 Mode change 1: changed
0: continued

6–8 Data-collecting duration 000-111: 15 min increments

9–16 ARQ ARQ information for seismometer

17–27 ARQ ARQ information for SN1

28–32 ARQ ARQ information for SN2

In the DART system, DART I supported only one-way communication from the
tsunameter to the buoy and subsequently to the data center. Beginning with DART II,
bidirectional communication was introduced, enabling the data center to trigger the event
mode remotely. Although publicly available technical documents do not specify the
detailed timing process for this operation, it can be reasonably inferred that the tsunameter
must periodically remain in a listen state to receive such commands.

Similarly, KTEMS incorporates a listen state at each node (seismometer, SN1, and SN2).
With this fixed network configuration, the locations of the nodes are preconfigured prior to
deployment. Consequently, the seismometer, SN1, and SN2 can calculate the timing of the
control packets and enter the listen state whenever control packets are expected.

The required duration for which the seismometer must remain in the listen state can be
calculated as follows: for example, assuming a control packet size of 32 bits and a channel
data rate of 1250 bps, the corresponding listen state period is (32/1250) = 25.6 ms. Because
underwater network protocols must minimize energy consumption, a smaller control
packet size is advantageous. Conversely, the buoy, having sufficient power through solar
charging, is assumed to remain in the listen state when not transmitting or receiving. More
details will be discussed in Section 5.2.

From a usability perspective, the proposed system is designed to operate in real time
in the context of tsunami early warning. The system continuously monitors seismic and
pressure data and supports event-driven reporting, in which abnormal measurements
immediately trigger data transmission to the surface buoy and onward to the warning
center. The proposed MAC protocol is frame-based and delay-aware, providing bounded
and predictable communication latency rather than best-effort delivery. While the system
does not aim at hard real-time guarantees at the physical layer, the end-to-end latency is
well within the time scale required for tsunami early warning, which typically ranges from
several seconds to a few minutes.

4.3. Report Mode

In the DART I system, the occurrence of an event mode is determined by the tsuname-
ter. When the difference between the predicted water column height from the algorithm
and the observed water column height exceeds a predefined threshold (typically in the
range of 30–90 mm), an alert signal is promptly transmitted. Because the tsunameter
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samples the water height at 15 s intervals, the data from the immediately preceding 15 s
are transmitted upon event detection as an alert signal. The generated alert signal activates
the modem installed on the buoy, thereby establishing immediate communication between
the tsunameter and the data center. The requirement of the DART system is that the alert
is delivered to the data center within three minutes [21]; once the tsunameter transmits
an alert, the event mode is activated. During this mode, the data sampled over a 15 min
interval are aggregated and continuously transmitted.

A distinctive feature of the DART system is the concurrent initiation of the extended-
reporting mode together with the event mode. The two modes operate independently in
parallel: the event mode reports short-term (15 min) data, whereas the extended-reporting
mode transmits one-minute averaged values over a longer period (120 min) to continuously
monitor tsunami wave propagation. Both modes are terminated immediately once the
difference between the predicted and observed water column height values decreases
below the predefined threshold, at which point the system returns to the standard mode.
During this process, the transmitted data contain overlapping information across the two
modes, introducing redundancy.

This limitation arises from the absence of higher layer control for transmission schedul-
ing, because nodes transmit data only according to predefined fixed rules. While this
approach is structurally simple, it can result in data remaining queued before transmission,
thereby increasing latency. To address this limitation, the MAC protocol of KTEMS has
been designed such that the two modes do not operate simultaneously but are activated
at different times as needed. In KTEMS, a report mode is initiated upon the occurrence of
an earthquake, and the initial design of this mode was presented in [31]. This subsection
provides a summary of its operation.

Figure 6 illustrates the periodically repeated data transmission procedure of the report
mode with the network configuration shown in Figure 4. The diagonal lines represent the
propagation of packets in Figure 6 and each node can predict the control packet arrival
time since the nodes are fixed and synchronized. All parameters used in Figure 6 are listed
in Table 3. In the figure, the buoy and the seismometer communicate simultaneously using
Frequency Division Duplexing (FDD) because KTEMS employs a buoy equipped with
dual receivers. In particular, the seismometer transmits in the dedicated frequency band
highlighted in red as in Figure 4, reflecting the higher importance and real-time nature of
seismometer data. In contrast, environmental data are transmitted sequentially using Time
Division Duplexing (TDD) with the buoy during data transmission.

 

Figure 6. Data transmission procedure in KTEMS during report mode. The seismometer commu-
nicates with the buoy using FDD, while environmental nodes (SN1 and SN2) transmit sequentially
using TDD after receiving control packets from the buoy.
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Table 3. Parameter definitions and units.

Symbols Definitions

Tf Frame duration in seconds
Te Environmental packet duration in seconds
Ts Seismometer packet duration in seconds
Tc Control packet duration in seconds
Be Environmental packet size in bits
Bs Seismometer packet size in bits
Bc Control packet size in bits
Rs Channel data rate in bps at 16 kHz bandwidth
Re Channel data rate in bps at 4 kHz bandwidth
ds Distance from the buoy to the seismometer in meters

de1 Distance from the buoy to SN1 in meters
de2 Distance from the buoy to SN2 in meters

i Slot number (i = 0, 1, 2, . . .)
τ SN2 waiting time in seconds
M Number of packets (slots) in a frame
λ Rounding up time in Tf for the periodicity

This hybrid duplexing strategy allows KTEMS to efficiently support heterogeneous
traffic with different priority levels. While the seismometer benefits from frequency-
separated reception to ensure timely delivery of seismic data, the environmental sensor
nodes share a single acoustic channel and access the buoy in a time-division manner. Since
all underwater nodes operate with half-duplex acoustic modems and the buoy employs a
single transmission path for control and feedback signals, a frame-based TDD structure
is required to coordinate channel access and prevent collisions among multiple nodes.
As the number of participating nodes increases, this shared-channel operation inevitably
introduces waiting periods at the buoy, during which no active transmission or reception
occurs. Consequently, the design of an efficient MAC protocol becomes critical to minimize
channel idle time at the buoy and to maintain high channel utilization, which motivates
the advanced protocol design presented in this paper.

As described in Section 3.2, the size of a single seismometer packet is 5000 bits, and each
packet is transmitted within a one-second time slot. To improve underwater communication
efficiency, M slots are grouped into a single frame. This approach is consistent with the
DART system, which employs the XMODEM protocol, where a single packet is divided into
multiple blocks. Once M slots are received at the buoy, a control packet is sent, containing
both operational information and ARQ information as shown in Table 2. A frame consists
of M slots, and its duration is expressed as

Tf = MTs (2)

where Ts = Bs/Rs.
The seismometer can transmit data immediately upon the occurrence of an earthquake,

whereas the environmental nodes must first receive a control packet from the buoy before
initiating transmission. In this context, the control packet serves as a trigger for data
transmission from the environmental nodes. The sensor node closest to the buoy transmits
its data immediately after receiving the control packet, while the second sensor node
transmits after a predefined delay time, denoted as τ. This delay τ is computed by the
protocol as a function of the node locations, as shown in (3), ensuring that the data from the
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two nodes do not overlap when arriving at the buoy and can be received efficiently. Here, c
denotes the acoustic-wave propagation speed, approximately 1500 m/s.

τ = Te − 2((de2 − de1)/c) (3)

where de2 ≥ de1, Te = Be/Re, and 0 ≤ τ.
In addition, λ denotes the rounding-up time used to align the frame duration (Tf )

with the control message periodicity at the buoy. The value of λ is as shown in (4). In each
frame, a control packet is transmitted containing operational information and ARQ fields
for SN1 and SN2.

λ = M·Ts − (Tc + τ +Te + 2(de2/c)) (4)

According to (3) and (4), (2) can also be expressed as (5). The frame duration (Tf )
must encompass the control packet, waiting delay, environmental packet transmission, and
propagation delay, and is therefore defined as given in (5).

Tf = Tc + τ +Te + 2(de2/c) + λ (5)

Furthermore, the number of slots (M) is defined using the ceiling operation, as given
by (6). This operation determines the number of slots required for the slot-based frame
structure based on the minimum frame duration.

M = ceil (Tf /Ts) (6)

To improve the overall channel utilization of the network, [31] investigated the opti-
mization of the packet size generated by the environmental sensor nodes. The optimization
of the environmental packet size is defined as given in (7) and directly affects the selection
of the frame size (M) in KTEMS. When this optimization is applied to the network configu-
ration shown in Figure 4, the values of M are determined according to the node locations
relative to the buoy, with typical values of 4, 5, and 6 [31].

|de2 − de1| = 0.6Be (7)

It is worth noting that the number of slots in a frame is not fixed and that the frame
structure illustrated in Figure 6 serves as a representative example for explanatory purposes.
Even when the optimal value of M is determined to be 4 for a given network geometry,
the protocol can still operate correctly with a larger frame size, such as M = 5 or M = 6.
However, using a frame size larger than the optimal value does not improve performance
and instead results in reduced channel utilization. This reduction is not caused by the
presence of explicit idle slots in the frame, since all slots remain allocated, but rather by
increased idle time of the acoustic channel at the buoy. As the frame length exceeds the
optimal point, the buoy experiences longer waiting periods without active transmission
or reception, resulting in inefficient use of the available channel resources. (The optimal
number of slots as a function of SN1 distance can be observed in Section 5.1).

4.4. Standard Mode

The standard mode refers to the normal operating mode when no earthquake occurs.
In the DART system, the tsunameter transmits the data stored in its onboard computer to the
buoy every six hours. Because data collected during non-tsunami periods are relatively less
important for early warning, only the data from the final one-hour interval are transmitted
to improve energy efficiency (four 15 min-average values). This reporting procedure also
serves to verify the proper operation of the system.
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KTEMS is designed with a structure fundamentally similar to that of the DART system,
but with additional requirements considered as discussed in Section 3. The protocol
operation of KTEMS in the standard mode is illustrated in Figure 7. The seismometer
transmits three frames every six hours and the buoy transmits a control packet after
each frame. Because the buoy remains in an active state at all times, both transmission
and reception are always available. The seismometer transitions to the active state once
every six hours to transmit three frames while simultaneously receiving the corresponding
control packets. SN1 and SN2 enter the listen state once per frame. Upon receiving
three consecutive control packets, the final control packet in the sequence initiates data
transmission from SN1 and SN2.

 

Figure 7. Protocol operation of KTEMS in standard mode. The seismometer transmits three frames
every six hours, with the buoy transmitting a control packet after each frame. SN1 and SN2 enter
the listen state once per frame after receiving three consecutive control packets; the final packet then
triggers environmental data transmission.

Unlike DART, which transmits water column height information, KTEMS transmits
raw seismometer data. Therefore, instead of transmitting one hour of data, the system
must account for the characteristics of seismic waves. One characteristic of the waves
is the short detection window required for earthquake identification, which is typically
achieved using the Short-Term Average/Long-Term Average (STA/LTA) algorithm [32].
In this method, the STA window is generally set to approximately 2–3 s, while the LTA
window is set to approximately 5–10 s [33–35]. In this study, the STA/LTA algorithm is
referenced solely as a representative example to illustrate the typical time scale required for
seismic event detection, rather than as a detection method implemented or optimized in
the proposed system. Accordingly, KTEMS operates in a three-frame transmission mode
to provide a sufficient temporal span for representative short-window seismic detection
schemes. If a longer observation window is required by a specific detection algorithm or
operational policy at the data center, the system can accommodate this by transmitting
additional frames without modifying the underlying MAC design.

The environmental data from SN1 and SN2 are also delivered to the buoy once every
six hours. This design choice follows the DART system, in which reporting periodicities
are aligned across different data types. In DART-based tsunami early warning systems,
tidal information is sampled at 15 min intervals and reported to the warning center at the
same periodicity as water column height measurements. Although the official literature
does not explicitly state the rationale for this interval, it is generally inferred that aligning
the two reporting periodicities facilitates direct comparison between tidal variations and
observed water column data. Such alignment not only simplifies data interpretation but
also enhances the reliability of anomaly detection during non-tsunami periods.
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4.5. Transition from Standard Mode to Report Mode

The seismometer can initiate a transition to the report mode at any time, as illustrated
in Figure 8. To signal this transition, a 0.5 s packet (equivalent to a half-slot), similar to the
alert signal in DART, is transmitted to the buoy. Because the buoy remains active at all
times, it can receive alert signals at any moment. As soon as the buoy receives the alert,
it sends an out-of-schedule control packet, whose propagation is indicated as the dotted
diagonal line in Figure 8. This control packet contains the mode field set to 11, but SN1
and SN2 cannot switch to the report mode because they are not in the listen state. At this
stage, the system remains in the standard mode, and the mode change bit is set to 0. The
seismometer continues transmitting data in the next slot, while the buoy sends regular
control packets at the frame timing. The control packet transmitted after the current frame
triggers the mode changes for SN1 and SN2; therefore, the mode change bit is set to 1 to
indicate that the entire system is now in the report mode. Once this packet is received, SN1
and SN2 begin transmitting one data packet per frame. When the report mode terminates,
the seismometer automatically reverts to the standard mode. If no packets are received,
the buoy also returns to the standard mode, resets the mode field to 00, and sets the mode
change bit accordingly. Upon receiving this control packet, SN1 and SN2 revert to the
standard mode and transmit one data packet every six hours.

 

Figure 8. Transition from standard mode to report mode in KTEMS. The seismometer initiates the
transition by transmitting a half-slot alert packet, after which the buoy begins sending control packets
with mode field 11. SN1 and SN2 switch modes only after receiving the control packet with the mode
change bit set to 1. When the report mode terminates, the system returns to the standard mode.

4.6. Data-Collecting Mode

The data-collecting mode is designed to acquire long-term datasets from the seis-
mometer and SNs. This mode is inspired by the extended-reporting mode of the DART
system, which enables prolonged data collection. The DART system defines its upper-layer
protocol using a modified XMODEM and therefore offers fixed 120 min data collection
intervals. In contrast, KTEMS employs a more versatile protocol that allows the selection of
both data type and collection duration using two fields in the control packet.

Figure 9 illustrates the operation of the data-collecting mode. When the data type field
is set to 11, all three nodes transmit data packets in the same manner as in the report mode.
In this example, the data-collecting duration field is configured to 00, corresponding to
15 min of continuous transmission. After the operation completes, the buoy determines
whether to remain in the data-collecting mode or to switch to the standard mode. In the case
shown in Figure 9, the buoy remains in the same mode with the mode-change bit set to 0.
However, the data type field is changed to 10, causing SN1 to stop transmitting data packets
while SN2 continues transmission. During the operation, the buoy can dynamically update
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the data type; for instance, when the data type is changed to 01, SN1 begins transmission
whereas SN2 ceases.

 

Figure 9. Data-collecting mode of KTEMS. The buoy initiates the mode by sending a control packet
that specifies both the data type and the collection duration. Nodes then transmit data accordingly.

In KTEMS, the data-collecting mode operates independently rather than in parallel with
the report mode. This separation is necessary because, in the report mode, alert messages
must reach the data center much faster than the maximum three-minute latency guaranteed
by DART. By decoupling the data-collecting mode from the report mode, KTEMS minimizes
queuing delays and thereby reduces the latency of urgent data transmissions.

Energy consumption is also managed through the data-collecting duration field spec-
ified in the control packet. This field allows for a significantly shorter collection period
compared with that of the DART system. Nevertheless, KTEMS supports consecutive
data-collecting operations, enabling continuous data transmission for durations exceeding
two hours when required.

4.7. Transition from Standard Mode to Data-Collecting Mode

The transition from the standard mode to the data-collecting mode is initiated by the
data center rather than by the seismometer. When additional measurements are required,
the data center activates the data-collecting mode through the buoy. Figure 10 illustrates
this transition process. When the buoy transmits a control packet with the mode field
set to “10” and the mode-change bit set to 1, all three nodes in the listen state receive the
packet. This control packet also includes information on the data type and data-collecting
duration, based on which the nodes adjust their operation. The seismometer data are
always collected, whereas SN1 and SN2 can be selectively activated (SN1 only, SN2 only,
both, or neither). Once the data-collecting duration expires, all nodes automatically revert
to the standard mode if no further request is received from the data center.

 

Figure 10. Transition from standard mode to data-collecting mode in KTEMS. The buoy initiates the
mode by transmitting a control packet with mode field 10, mode change bit 1, and data type and
duration fields. During data-collecting mode, seismometer and selected SNs transmit data for the
specified duration, after which the system automatically reverts to the standard mode.
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4.8. Transition from Data-Collecting Mode to Report Mode

If an earthquake occurs during the data-collecting mode, the seismometer immediately
triggers a transition to the report mode. Figure 11 illustrates this mode transition, which
follows a procedure similar to that described in Section 4.5. The seismometer generates
a half-slot alert packet, and the buoy responds with an out-of-schedule control packet.
Although collisions may occur between the data transmitted by SN1 and SN2 and the
out-of-schedule control packet, such collisions are disregarded because the control packet
is given priority in subsequent scheduling. In the next regular control packet, the buoy
updates the mode indicator and mode change bit fields to reflect the transition to the report
mode and then broadcasts this packet. Upon receiving this packet, SN1 and SN2 recognize
the report condition and consequently switch to the report mode.

 

Figure 11. Transition from data-collecting mode to report mode in KTEMS. When an earthquake is
detected during data collection, the seismometer transmits a half-slot alert packet. After the ongoing
frame ends, the buoy updates the control packet with mode field 11, prompting SN1 and SN2 to
recognize the report condition and switch to the report mode.

5. Theoretical Performance Analysis
This section presents the theoretical performance analysis of KTEMS by comparing it

with the DART system under different operational modes. Channel utilization and energy
consumption are analytically evaluated and discussed. The parameter values used for
evaluating KTEMS are listed in Table 4. As illustrated in Figure 4a, the seismometer is
positioned 200 m from the buoy, whereas SN2 is located 2000 m from the buoy. The position
of SN1 varies from 200 m to 1040 m [31], and the corresponding channel utilization and
energy consumption are calculated accordingly. Tables 3–5 collectively summarize the
parameter definitions, analysis settings, and power consumption values used throughout
the theoretical evaluation in this study. All performance results presented in the following
sections are derived under these parameter assumptions.

Table 4. Analysis parameters used for theoretical evaluation.

Symbol Parameter Values

Rs 5000 bps
Re 1250 bps
ds 200 m

de1 200 to 1040 m
de2 2000 m
N The number of received packets from SNs at the buoy
Bs 5000 bits
Bc 32 bits
c 1500 m/s
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5.1. Channel Utilization

Channel utilization, measured at the buoy, is defined as the ratio of the time used
for receiving valid data within a frame duration, as given in (8). Because the seismome-
ter continuously transmits data packets in both the report and data-collecting modes, it
always achieves the maximum channel utilization. In contrast, since transmissions in the
standard mode occur only once every six hours, the channel utilization becomes negligibly
small. Therefore, the channel utilization in the standard mode is not further discussed in
this paper.

Channel utilization (η) = N(Te/Tf ) (8)

In the previous study [31], the channel utilization of KTEMS in the report mode was
investigated under packet-size optimization; the corresponding results are illustrated in
Figure 12a. By applying the packet size optimization defined in (7), the number of slots
per frame (M) followed the step pattern shown in Figure 12b. The frame size determines
the packet latency from SN1 and SN2. The channel utilization (η) exhibits a zig-zag
pattern owing to the optimized packet size and the corresponding frame size. The channel
utilization in the report mode was predicted to be 0.912 when SN1 was located 290 m from
the buoy and 0.64 at 1040 m.

   
(a)  (b) 

Figure 12. Performance of KTEMS in report mode: (a) Frame size (M) as a function of the distance
between SN1 and the buoy when the packet size optimization is applied; (b) Corresponding predicted
channel utilization at the buoy from SN1 and SN2 according to the distance between SN1 and the
buoy in the report mode.

Figure 13 illustrates the predicted channel utilization (η) as a function of the distance
between the buoy and SN1 (de1) under the data-collecting mode. The utilization exhibits a
zig-zag pattern similar to that observed in the report mode of KTEMS. In the data-collecting
mode, when both SN1 and SN2 transmit data, the same channel utilization as that of the
report mode is achieved. When only SN1 or SN2 transmits, the utilization is identical
in both cases and equals one-half of the utilization obtained when both nodes transmit.
Therefore, when both SN1 and SN2 are active, the data-collecting mode achieves the same
channel utilization as the report mode, representing the maximum attainable performance
in the network.
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Figure 13. Channel utilization in the data-collecting mode of KTEMS according to the distance
between the buoy and SN1, when the data are transmitted by SN1, SN2, or both SN1 and SN2.

5.2. Energy Consumption

In the DART system, detailed power consumption data are not publicly available.
Although the specifications of the Benthos ATM-880 acoustic modem (Teledyne Benthos,
North Falmouth, MA, USA) [36]—the device used in the tsunameter—were reviewed,
state-dependent power figures were not disclosed. Furthermore, the seismometer’s exact
power characteristics are still under study by the development team (Section 3.2). Therefore,
this study refers to [37] and adopts the median values for the KTEMS energy analysis. To
minimize distortion caused by skewed data distributions and to better represent typical
operating conditions, the median values are used instead of the mean. For example,
transmission power consumption ranges from 6 to 975 W, with a median of 11.5 W and a
mean of 180 W. The adopted values are summarized in Table 5. These values are intended
to provide a reasonable approximation for analyzing energy consumption trends in terms
of long-term average behavior and relative performance under typical KTEMS operating
conditions, rather than exact absolute power consumption.

Table 5. Power parameters used for energy analysis.

State Parameter Values

TX 11.5 W
RX 0.6 W

Listen 0.1 W
Sleep 0.01 W

The listen state duration is applicable only in the standard mode, where each node
enters the listen state once per frame to receive the control packet from the buoy. Owing
to the use of different communication channels, the listen state duration differs between
the seismometer and the SNs. Specifically, the listen duration of the seismometer, which
operates over a dedicated channel, and that of the SNs, which operate over a shared channel,
are given in (9) and (10), respectively:

T(listen, seismometer) = Bc/Rs (9)

T(listen, SN) = Bc/Re (10)
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To clearly distinguish the energy-consumption characteristics associated with different
operational modes and node types, the power analysis is presented separately for the
standard mode and the data-collecting/report modes, as well as for sensor nodes and the
seismometer. Figures 14–17 therefore emphasize complementary, rather than redundant,
aspects of KTEMS energy behavior.

5.2.1. Power Consumption in Standard Mode

In the standard mode, as illustrated earlier in Figure 7, all nodes enter the RX state
three times to receive control packets from the buoy and switch to the TX state once every
six hours for data transmission. Each node enters the listen state once per frame to detect
control packets and remains in the sleep state for the remainder of the time.

Figure 14 presents the average power consumption of SN1 over a six-hour cycle,
normalized to the hourly average power (mW). The results indicate that SN1 consumes
approximately 11 mW on a continuous basis.

   
(a)  (b) 

Figure 14. The average power consumption of SNs in standard mode: (a) Average power consumption
of SN1 in the standard mode of KTEMS over a six-hour operational cycle, normalized to an hourly
average power.; (b) Energy consumption of SN1 in the standard mode of KTEMS, decomposed by
operational states.

Figure 14b further decomposes the average power shown in Figure 14a into the energy
consumption associated with each operational state—TX, RX, listen, and sleep. The values
are expressed in mW, illustrating the relative contribution of each state to the total average
power. Both SN nodes spend the majority of their time in the sleep state, which dominates
their overall energy usage profile. Although the nodes periodically enter the listen state,
the corresponding energy consumption remains negligible because, in KTEMS, the control
packet is designed with minimal functionality and a compact packet size. Because the RX
state occurs only three times during a six-hour cycle, its contribution is extremely small
and therefore not visible in the figure. By contrast, the TX state, although triggered only
once per cycle, accounts for approximately 6.1–11% of the total energy consumption. This
relatively higher fraction arises because the data transmission involves several thousand
bits, depending on the distance.

For the seismometer, as shown in Figure 7, three frames are transmitted and three
control packets are received within each six-hour cycle. In every frame, the seismometer
switches to the listen state to confirm control packet reception. Although only three packets
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are transmitted during this interval, each packet contains 5000 bits, resulting in significant
power consumption in the TX state, as illustrated in Figure 15.

The power consumption in the listen state is identical to that shown in Figure 15b.
As illustrated in Figure 4b, the seismometer employs separate transmitter and receiver
modules. The TX link operates at a data rate of 5000 bps, whereas the RX link operates at
1250 bps, identical to that of the SNs. Because of this configuration, the power consumption
in the RX state remains the same.

(a)  (b) 

Figure 15. The average power consumption of the seismometer in standard mode: (a) Average power
consumption of the seismometer in the standard mode of KTEMS over a six-hour operational cycle,
normalized to an hourly average power; (b) Energy consumption of the seismometer in the standard
mode of KTEMS, decomposed by operational states.

5.2.2. Power Consumption in Data-Collecting Mode and Report Mode

During the data-collecting mode, SN1 and SN2 each transmit one data packet and
receive one control packet in every frame, remaining in the sleep state for the rest of the
time. The listen state is not used in this mode because both SNs are scheduled to transmit
data packets. Since the operations of SN1 in the data-collecting and report modes are
identical, their energy consumption is analyzed together. Figure 16 presents the power
consumption of SN1 when operating in the data-collecting mode for two hours, which is
equivalent to a two-hour report-mode operation. The y-axis unit is expressed in watts (W).

The results indicate that most of the energy is consumed in the TX state, whereas the
energy consumed in the RX and sleep states is barely visible. When SN1 is located 200 m
away from the buoy, two hours of operation in the data-collecting mode correspond to
approximately 48 min in tx, 0.5 min in rx, and 71.5 min in sleep. However, because the
power consumption in the sleep state is extremely low, it accounts for only about 0.13% of
the total energy consumption, which is practically negligible.

The seismometer continuously transmits data packets while simultaneously receiv-
ing control packets within each frame duration. Figure 17 illustrates the average power
consumption of the seismometer operating in the data-collecting mode. In this mode, only
the TX and RX states are active, whereas the sleep and listen states are inactive. Because
the control packet is designed with minimal functionality, the power consumption in the
RX state remains very low. Although Figure 17a shows slight variations in average power,
Figure 17b demonstrates that the overall trend remains nearly constant. This behavior
occurs because the seismometer continuously transmits data packets and receives control
packets throughout both the report and data-collecting modes.
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(a)  (b) 

Figure 16. The average power consumption of SNs in data-collecting mode: (a) Average power con-
sumption of SN1 in the data-collecting mode or report mode of KTEMS over two hours, normalized
to an hourly average power; (b) Energy consumption of the SN1 in the data-collecting mode or report
mode, decomposed by operational states expressed in W.

In the DART tsunameter shown in Figure 2, the modem is powered by an 1800 Wh
battery [36], while the remaining components are supplied by a separate alkaline D-cell
battery rated at 1560 Wh [36]. The theoretical battery life of the tsunameter is defined as a
target specification rather than a strict operational requirement, with an intended duration
exceeding four years. Accordingly, the modem is also assumed to operate for four years.
However, the publicly available DART system documentation does not provide detailed
information on the modem’s state-dependent power consumption. Furthermore, although
the Benthos ATM-880 Telesonar modem is reported to be used in the DART system, its
product specifications omit such details. Therefore, by dividing the total energy capacity
of 1800 Wh by four years, the modem’s average power consumption can be theoretically
estimated as approximately 51.4 mW.

   
(a)  (b) 

Figure 17. The average power consumption of the seismometer operating in data-collecting mode:
(a) Average power consumption of the seismometer in the report mode of KTEMS over a two-hour op-
erational cycle, normalized to an hourly average power; (b) Energy consumption of the seismometer
in the report mode of KTEMS, decomposed by operational states.
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If KTEMS employs the same 1800 Wh battery, the estimated lifetime of the
seismometer operating in the standard mode can reach approximately 11.3 years
(1800 Wh/18 mW ≈ 100,000 h) when SN1 is located 600 m from the buoy. Compared with
the DART tsunameter, KTEMS reduces the average power consumption to roughly 18 mW
through dynamic duty cycling, resulting in a theoretical lifetime nearly three times longer
under the same battery capacity.

Considering that major tsunamigenic earthquakes (magnitude ≥ 7) occur less than
once per decade in the Korean East Sea, the active-reporting period accounts for less
than 0.1% of the total operational time. Hence, the estimated lifetime based on standard-
mode operation remains practically valid. Because tsunamis are typically generated by
earthquakes of magnitude 7 or higher, the probability of issuing a tsunami early warning is
relatively low. Therefore, KTEMS is expected to maintain stable operation for well over
four years, which further confirms the feasibility of long-term autonomous operation.

All numerical calculations in Figures 12–17 were performed using MATLAB (R2020b,
MathWorks, Natick, MA, USA), based on the analytical equations provided in Section 5
The source code used for the calculations is available upon request.

This study focuses on theoretical MAC-level analysis under nominal operating con-
ditions and does not explicitly model environmental effects such as varying sea states
or harsh weather conditions. In practice, severe sea states may affect acoustic channel
quality, sensor stability, and surface buoy motion, potentially degrading link reliability and
increasing packet error rates. Nevertheless, the proposed MAC protocol is designed as
a scheduled and delay-aware scheme, which is inherently more robust to long propaga-
tion delays and intermittent link degradations than contention-based approaches. While
extreme conditions may reduce throughput or increase latency, the fundamental oper-
ation of the protocol is expected to remain valid. A detailed evaluation incorporating
sea-state-dependent channel models and sea trial measurements is left for future work.

6. Conclusions
This paper presented a theoretical analysis of a MAC protocol designed for KTEMS.

Motivated by the limitations of the DART system—which relies on pressure sensors and
a one-to-one communication configuration—the proposed protocol integrates seafloor
seismometers and supports multi-node acoustic communication tailored to the Korean East
Sea environment.

Analytical evaluations were performed in terms of channel utilization and energy
consumption. All analytical expressions were verified for internal consistency across
operational modes and parameter settings, confirming the theoretical soundness of the
proposed framework. The results demonstrate that the KTEMS MAC protocol can sustain
multi-year operation with stable performance under underwater acoustic constraints while
achieving efficient channel utilization and energy conservation.

Beyond the numerical results, the analysis provides practical engineering insights
for the design of underwater networks, particularly in determining optimal node spacing,
frame duration, and control packet scheduling to achieve reliability and low latency in
coastal monitoring environments. These implications offer valuable guidance for the future
implementation of national-scale tsunami and earthquake monitoring infrastructures.

Future work will focus on the following directions: (1) Sea trial measurements will be
conducted in the Korean East Sea as part of the ongoing national KIGAM project to collect
real underwater acoustic channel data and actual seismometer outputs. These datasets
will be used to validate the proposed theoretical model and to confirm latency and energy-
consumption predictions under realistic operating conditions. (2) Based on the collected
measurements, the behavior of the proposed MAC protocol, including ARQ operation and
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retransmission dynamics, will be evaluated and refined to better capture practical under-
water channel impairments. (3) The protocol will be further extended by incorporating
advanced error-control and adaptive retransmission mechanisms to enhance robustness
and reliability for long-term, real-world deployment of the KTEMS. (4) Environmental
effects, including varying sea states and harsh weather conditions, will be explicitly incor-
porated into the analysis by adopting sea-state-dependent underwater acoustic channel
models and buoy-motion-aware system modeling. This extension will enable a more realis-
tic assessment of MAC-level performance degradation, including packet error behavior,
latency variation, and throughput reduction under adverse operating conditions.
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