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Abstract: With the advancement of artificial intelligence, the inference capabilities of Au-
tonomous Underwater Vehicles (AUVs) have significantly improved, leading to growing
interest in AUV applications. To ensure reliable operations, the field of underwater commu-
nications demands robust schemes that account for AUV mobility and enable the formation
of underwater cellular networks. Conventional approaches using Linear Frequency Modu-
lation (LFM) and Zadoff-Chu sequence (ZCS) sequences for frame detection and Cell ID
(CID) assignment degrade substantially under severe Doppler conditions. In particular,
AUVs experience pronounced Doppler shifts due to their mobility in underwater channels.
In this study, we propose a methodology in which distinct Superimposed Adjusted-HFM
(SA-HFM) signals are assigned to multiple buoys, allowing AUVs to jointly perform frame
detection, CID assignment, and Doppler estimation in challenging underwater environ-
ments. To validate the proposed scheme, an ocean experiment was conducted in the East
Sea of the Republic of Korea. The results demonstrate that the SA-HFM-based signals
successfully achieved frame detection, CID assignment, and Doppler estimation at dis-
tances ranging from 500 m to approximately 2 km, even when the AUV moved at speeds
of 1.02-1.54 m/s. The experimental results indicate that the proposed approach can offer
robust underwater communication and facilitate the deployment of underwater cellular
networks for mobile AUV operations.

Keywords: adjusted hyperbolic frequency modulation (A-HFM); CID assignment; Doppler
estimation; autonomous underwater vehicles (AUVs); underwater cellular networks

1. Introduction

Recent advancements in artificial intelligence have significantly enhanced the in-
ferential capabilities of unmanned systems. Consequently, research on the technologies
required for constructing unmanned systems is actively progressing. In particular, studies
on Unmanned Aerial Vehicles (UAVs) and autonomous vehicles on land and Autonomous
Underwater Vehicles (AUVs) and Unmanned Surface Vehicles (USVs) in underwater en-
vironments are gaining attention. AUVs and USVs have the advantage of performing
military operations or exploration activities underwater without human intervention [1-3].

Underwater acoustic research related to AUVs can be broadly categorized into naviga-
tion systems and communication systems. For navigation systems, since Global Positioning
Systems (GPS) used on land cannot be utilized underwater, research is being conducted on

Electronics 2025, 14, 938

https://doi.org/10.3390/ electronics14050938


https://doi.org/10.3390/electronics14050938
https://doi.org/10.3390/electronics14050938
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/electronics
https://www.mdpi.com
https://orcid.org/0000-0003-4934-3939
https://orcid.org/0000-0003-1232-7409
https://doi.org/10.3390/electronics14050938
https://www.mdpi.com/article/10.3390/electronics14050938?type=check_update&version=1

Electronics 2025, 14, 938

2 of 15

operating self-contained navigation systems using methods such as Ultra-short Baseline
(USBL) or Doppler Velocity Log (DVL) [4]. In communication systems, research is focusing
on network configuration and low-latency and high-reliability communication in under-
water environments characterized by limited power supply and harsh communication
conditions [5-7]. One of the crucial challenges is establishing a stable underwater cellular
network that considers the mobility of AUVs [8]. However, the use of acoustics instead
of electromagnetic waves in underwater environments presents various difficulties. The
slow speed of sound in water (approximately 1500 m/s) constrains high-speed commu-
nication, and the variation in sound velocity with water temperature is also problematic.
Additionally, multipath phenomena due to the sea surface and seabed, the resulting narrow
coherence bandwidth, and Doppler effects caused by current direction and velocity pose
challenges in underwater channels [9]. Designing signals that can overcome these harsh
underwater channel conditions is essential for constructing underwater cellular networks.

In terrestrial mobile communications, Long-Term Evolution (LTE) uses about
200 Zadoff-Chu sequences (ZCSs) with excellent autocorrelation properties to assign
CIDs [10,11]. However, ZCSs have the disadvantage of performance degradation in envi-
ronments with severe Doppler effects [12]. In contrast, non-terrestrial communications,
proposed as a new methodology for 6G, use base stations such as satellites or UAVs that
move at high speeds, resulting in severe Doppler effects. To address this, methodologies
using chirp signals with robust characteristics against external interference, such as Lin-
ear Frequency Modulation (LFM), have been proposed [13]. In the underwater domain,
Generalized-ZCS (G-ZCS) has been proposed to address implementation complexity and
reduce signal processing latency [14], while other work has employed multiple LFM chirps
(featuring distinct chirp rates or up/down sweeps) to assign multiple CIDs [15].

In underwater acoustic communication, Hyperbolic Frequency Modulation (HFM)
signals, similar to LFM, are used. HFM signals have a characteristic where the frequency
increases hyperbolically over time, and previous studies have confirmed that HFM is more
robust against external interference in underwater acoustic channels compared to LEM.
Recent research also includes studies on estimating Doppler effects by concatenating HFM
signals [16,17]. Joint techniques that compose signals by superimposing LFM and HFM to
perform multiple functions with a single signal are being proposed. The joint technique
using LFM and HFM demonstrates robust characteristics in time- and frequency-variant
channel environments by superimposing up-sweep and down-sweep signals, enabling
frame detection, frame timing synchronization, and Doppler shift estimation [12,18-21].

This paper proposes a method for assigning CIDs by introducing Adjusted-HFM
(A-HFM), which adds to the existing functions of Superimposed HFM (frame detection,
frame synchronization, and Doppler shift estimation). This method utilizes the ability to
assign two-bit information (four cases in total) through the results of each matched filter in
frame detection. To verify this, experiments were conducted in the East Sea of South Korea,
confirming that CIDs could be distinguished even at a separation distance of about 2 km
with the transmitting vessel moving at 1.02-1.54 m/s.

Through this research, we confirmed the performance of the CID assignment method
in underwater cellular networks using Superimposed HFM, which is expected to play a
crucial role in constructing mobile cellular networks for AUVs in the future. The structure of
the paper is as follows: Section 2 describes the methodology and preamble for constructing
underwater cellular networks, Section 3 explains the proposed A-HFM, Section 4 details
the signal configuration, experimental process, and results of the experiments conducted in
the East Sea of South Korea, and Section 5 concludes the paper.
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2. Preliminaries
2.1. Underwater Acoustic Channel

Underwater communication can be realized through optical, electromagnetic (radio-
frequency), or acoustic modalities [22]. Among these, underwater acoustic communication—
examined in this study—has been widely adopted in various applications compared with
other approaches. Nevertheless, the underwater channel imposes extremely challenging
conditions for data transmission. First, because the absorption coefficient is frequency-
dependent, the feasible communication range differs across frequency bands [9]. This
frequency dependence can be empirically characterized by Thorp’s formula. Another
notable attribute of the underwater channel is the slow acoustic propagation speed (ap-
proximately 1500 m/s), which gives rise to significant delay spreads; importantly, these
delay spreads exhibit time-varying behavior. Furthermore, even a stationary transceiver
can experience Doppler shifts owing to ocean currents, necessitating Doppler estimation
and compensation at the receiver. As a result, the underwater channel is both time- and
frequency-varying, preventing the establishment of standardized channel models akin to
those defined by 3GPP (e.g., Extended Pedestrian A [EPA], Extended Vehicular A [EVA],
Extended Urban A [EUA]) [23]. To address this lack of representative models, researchers
have undertaken ocean experiments under specific conditions to collect channel data. In ad-
dition, ray-tracing techniques, such as Bellhop, have been explored to construct underwater
channel models.

2.2. Methodology for Underwater Cellular Network Configuration

In underwater environments, acoustic waves are utilized instead of radio waves,
necessitating the adaptation of terrestrial network algorithms and topologies to suit the
unique characteristics of underwater channels [24]. Underwater acoustic communication
networks are primarily categorized into centralized networks and sensor-network-based
structures such as ad hoc networks.

Centralized network configurations, often employed in fixed-base networks like under-
water seismic and environmental sensor systems, obviate the need for routing technologies,
as all communication resources are managed by a central base station. This approach
significantly reduces implementation complexity and software requirements at the user
equipment (UE) level [25]. Conversely, ad hoc or distributed network topologies present
considerable challenges in practical implementation, particularly in the construction of
routing tables essential for establishing ad hoc communication structures [26-28].

We assume that the surface buoys maintain connectivity with terrestrial base stations
and can accurately estimate synchronization, analogous to the 1 PPS (pulse per second)
signal from GPS satellites. Furthermore, we consider a situation akin to terrestrial cellular
networks, where frequency resources and cell coverage are configured with distance-
dependent power assignment to minimize signal interference (Figure 1).

While terrestrial cellular networks often employ Zadoff-Chu sequences (ZCSs) for
their superior autocorrelation properties, it is important to note that their performance
degrades in channels affected by Doppler shift, a common phenomenon in underwater
environments.
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Figure 1. Cellular network using buoys.

2.3. Underwater Communication Preamble

Preambles play a crucial role in underwater acoustic wireless communication by
performing pre-synchronization procedures before transmitting data packets. Underwater
sensor nodes, being power-sensitive systems, perform preamble detection in the IDLE
mode and prepare for reception through frame synchronization detection based on the
preamble only when a signal assigned to the sensor node is detected. This addition of
preambles to data packets (PDUs) enables smooth communication [29].

The detection probability of preamble signals is critical in the frame synchronization
process. Consequently, in harsh underwater channel environments, Linear Frequency
Modulation (LFM) and Hyperbolic Frequency Modulation (HFM) are used as preambles
due to their robustness against external noise. LFM signals increase frequency linearly over
time, while HFM signals have a frequency that increases hyperbolically. In underwater
channels, noise effects are typically localized in specific frequency domains. Therefore,
LFM and HFM signals, which use a wide frequency range, are less susceptible to noise
interference, making them robust in underwater environments [30]. These characteristics
also make them suitable for use in side-scan sonar [31-33].

From a communication perspective, LFM and HFM are used as preambles for signal
synchronization estimation and Doppler estimation [17,34,35]. Another characteristic of
LFM and HFM is that longer signal lengths provide better Signal-to-Noise Ratio (SNR),
with HFM exhibiting superior Doppler invariance compared to LEM [36].

Orthogonal Frequency Division Multiplexing (OFDM), which has advantages in high-
speed communication and is used as a modulation technique in the physical layer of
communication, tends to be sensitive to center frequency offset (CFO) and Synchronization
Timing Offset (STO) due to its use of subcarriers [37]. However, in underwater chan-
nels, smooth communication throughput performance is challenging due to multipath
effects, water currents, and various factors causing Doppler effects. Therefore, if multiple
estimations can be made through a single signal, underwater acoustic communication per-
formance can be improved. One technique to enhance this performance is the joint method,
which uses Superimposed LFM/HFM to enable frame detection, frame synchronization
estimation, and Doppler effect estimation [18,20].

In this paper, we propose an Adjusted-HFM (A-HFM) method by modifying the
HEFM signal that constitutes the Superimposed HFM, which can improve communication
throughput performance. We aim to create a signal that can distinguish CIDs in construct-
ing a cellular network in underwater channel environments by combining this A-HFM
with conventional HFM. This approach enables frame detection, frame synchronization
estimation, Doppler effect estimation, and CID assignment through the preamble.
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3. Superimposed Hyperbolic Frequency Modulation
3.1. Proposed A-HFM

In this paper, we propose an Adjusted-HFM (A-HFM) method, which is a modification
of conventional Hyperbolic Frequency Modulation (HFM) known for its robustness against

external noise. Conventional HFM, in the case of a down-sweep, refers to a signal that starts
at the highest frequency and decreases with a constant chirp rate. This can be expressed as

follows: 95 1
Saem(t) = cos( In (bt—!—fmax)) (1)
_ 1
frarm(t) = W (2)

In the case of an up-sweep, the signal starts at the minimum frequency and increases
with a constant chirp rate until it reaches the maximum frequency. This can be expressed
as follows:

Shn(t) = cos(z—ln(at + fl ) 3)
1
fiem(t) = m (4)
_ fmin _fmax o fmax _fmin
= TrrM frmin fmax b= TrEM fonin fmax ©)

where Sy ), represents the down-sweep HFM signal in the time domain, fy;,;, denotes
the frequency component of the down-sweep HFM signal over time, Sj;r,, represents the
up-sweep HFM signal in the time domain, f}}5,, denotes the frequency component of the
up-sweep HFM signal over time, fin is the lowest frequency of the HFM signal, fmax is the
highest frequency of the HFM signal, and a, b represent the chirp rate of the HFM signal

In this paper, we generate two types of A-HFM signals by applying symmetry and
frequency translation to both the down-sweep and up-sweep signals. For the A-HFM
down-sweep, we create it by first applying frequency-axis symmetry to the existing up-
sweep HFM signal and then translating it parallel by fiin + fmax. The equations for the
time and frequency domain signals of the generated down-sweep A-HFM are given in
Equations (6) and (7), and spectrograms are illustrated in Figure 2a.

Sa_npm(t) = cos(~ T In(at + fmm> (fmin + frnan)1) ©)
szfHFM(t) = fmml—O—lZf + (fmin +fmax) (7)

where S _ ), represents the down-sweep A-HFM signal in the time domain, f,_ -y,
denotes the frequency component of the down-sweep A-HFM signal over time, and a, b
represent the chirp rate of the A-HFM signal. The second proposed signal, the up-sweep
A-HFM, is created by applying y-axis symmetry to the existing down-sweep HFM signal
and then translating it parallel by fmin + fmax-

The other generated signal, the A-HFM up-sweep, is created by applying y-axis
symmetry to the existing down-sweep HFM signal and then translating it parallel by
fmin + fmax- The equations for the time and frequency domain signals of the generated
up-sweep A-HFM are given in Equations (8) and (9), and spectrograms are illustrated in
Figure 2b.

SX—HFM(t):COS( 2 l(bt+ ) + (fmin + fmax)t) (8)

1
f max
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fX—HFM(t) = _]ﬁ + (fmin +fmax)‘ (9)

x10* Spectrogram of A-HFM Down Sweep x10* Spectrogram of A-HFM Up Sweep
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Figure 2. Time domain signal and spectrogram of the down- and up-sweep A-HFM signals: (a) spec-
trogram of the down-sweep A-HFM signal, showing the frequency decreasing from 100 kHz to
80 kHz over time; (b) spectrogram of the up-sweep A-HFM signal, showing the frequency increasing
from 80 kHz to 100 kHz over time.

3.2. Proposed Adjusted-HFM Based on the Superimposed HFM Method

In this paper, we propose the Adjusted-HFM (A-HFM) method based on the Super-
imposed HFM technique, which is a modification of the conventional HFM known for its
robustness against external noise. The Superimposed HFM is an algorithm that enables
frame synchronization estimation and Doppler estimation by overlapping different HFM
signals. This technique secures time resources for transmitting data packets in unstable
environments where high-speed communication is impossible due to the low acoustic wave
shear velocity, multipath effects, and physical characteristics of underwater environments.

To generate the A-HFM-based Superimposed HFM signal (SA-HFM) proposed in this
paper, we use the following equations:

_ Suem () + SHem(®)

Ssa—nrmi () = 7 (10)
Ssa-Hrma(t) = Saneu?) er Shnrm(!) (11)
Ssa-nrms(t) = Sarm) +ZSZHFM(t) (12)
Ssa-nrma(t) = SZ_HPM(t);L SEPM(t)- (13)

The spectrograms of each superimposed signal are shown in Figure 3.

In this paper, we propose transmitting the SA-HFM signal generated as described
above as a preamble signal, attached to the front of the data packet. This approach en-
ables frame detection, frame synchronization estimation, Doppler estimation, and CID
assignment, which are inherent capabilities of the Superimposed HFM technique. Frame
detection is achieved by selecting the sample point where the autocorrelation of each signal
is maximized, as shown in Equations (14) and (15):

Trrm
t] = arg rnax/o r(t+T)ST(t)dt (14)

T
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Thrm _
t) = arg max/0 r(t+7)S(t)dt. (15)
T
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Figure 3. Spectrograms of SA-HFM signals: (a) spectrogram of Ssa_pra; (b) spectrogram of
Ssa-Hem2; (€) spectrogram of Ssa— grms; (d) spectrogram of Ssa— HFma-

Based on the peak indices detected through Equations (16) and (17), we calculate #;
and ¢, which represent the differences between the reference peak t, (the case without
any Doppler effect) and the actual HFM signal. The reference peak ¢, is the expected peak
position in the absence of a Doppler effect. One reason for performing this operation is
that HFM signals exhibit a Doppler-invariant property; even if Doppler effects are present,
they manifest solely as a shift in the cross-correlation index. For instance, in the case of a
down-sweep HFM, a positive Doppler shift causes the correlation peak to appear to the left
of the peak for the Doppler-free signal, whereas in an up-sweep HFM, the peak appears
to the right of the reference. Equations (16) and (17) leverage this property by computing
the difference from the reference peak. The calculations for Aty and AT, are expressed in
Equations (16) and (17):

THFMfmax“
(fmax - fmin)(l + DC) (16)

Aletp—tlz
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—THEM fmin®
. 17
e — fmin) (1 8) o
Subsequently, we determine the number of different samples using ¢; and ¢, through
Equation (18):

ATZItp—tzz

fsTHFM“(fmax +fmin)
AN = fs(th —t]) = . 18
fol =) = = fuum) (1) 19)
The Doppler coefficient can be estimated by substituting t1, t», and AA, which are
calculated through Equations (12)—(16), into Equation (19):

(fmin — fmax)A)L
fsTHFM(fmax + fmj_n) - (fmax - fmin)A)L' (19)

[)2:

Subsequently, we can estimate the frame synchronization that shows a discrepancy
due to the Doppler effect using Equation (20):

t1+ AT+t + A

5 + &ThEm- (20)

ty =

Using the above equation, it becomes possible to estimate both the Doppler shift
magnitude and the frame synchronization point through cross-correlation of HFM signals
that have different sweep directions.

4. Ocean Experiments
4.1. Ocean Experiment Design

In this chapter, we evaluate the performance of frame detection, Doppler estimation,
and CID assignment based on sea trials of the proposed Superimposed HFM method.
The transmitted signals consisted of four types: tone, LFM, dual HFM, dual A-HFM, and
the proposed SA-HFM. The tone signal alone had a duration of 2 s, while the remaining
signals each had a duration of 125 ms. In addition, a 500 ms guard interval was inserted
between consecutive signals to prevent interference caused by Doppler shifts and multipath
propagation.

The inclusion of the tone signal was motivated by the fact that in real maritime
environments, velocity estimation errors inevitably arise due to waves, even if the vessel
is assumed to move at a constant speed. Since tone signals are extensively employed
to estimate Doppler shift and spread, they were used here as a reference for Doppler
estimation. We employed the root-mean-square error (RMSE) relative to the tone signal
as a performance indicator. Furthermore, to evaluate the CID assignment performance,
we compared the CID values assigned to the SA-HFM region using the LEM signal in the
collected data as a reference. Furthermore, because the underwater channel environment in
question is a doubly dispersive channel—varying over both time and frequency—signals
with a center frequency of 15, 20, or 25 kHz and a bandwidth of 4 kHz were transmitted
to evaluate the performance across different frequencies. A summary of the remaining
experimental signal parameters can be found in Table 1.
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Table 1. Ocean experiment signal parameters.

Parameter Value
Sampling Frequency 200 kHz
Center Frequency 15,20, 25 kHz
Bandwidth 4kHz
Signal Duration 125 ms
Guard Interval 500 ms

For the tone signals identified at the receiver, the Doppler shift and Doppler spread
were examined using the Fourier transform. In the case of the dual HFM signals created
by concatenating HFMs with different sweep directions, we applied the cross-correlation
method to detect the peak in the received signal and then performed Doppler estimation.
For the proposed SA-HFM, we conducted cross-correlation on the received signal to identify
the dominant peaks, after which we assessed the performance of CID assignment by
comparing CIDs according to the positions of the designed signals. The transmission
procedure is illustrated in Figure 4.

Signal
Generation

1 DAC 1 Amplifier MH Transducer

UWA
Channel

<SA-HFM >

Doppler | | Synchronization| | CrOSS_
Estimation & CIDs Search Correlation

<Tone>

Doppler
Estimation

Figure 4. Block diagram of the transmit-receive process used in the ocean experiment.

To evaluate the performance of the preamble between a surface buoy and an AUV
in motion, as described in Section 2, we conducted experiments in ocean conditions near
36°28'15.2" N, 129°35'28.9" E in the East Sea of the Republic of Korea. In this experimental
setup, the vessel serving as the surface buoy was kept stationary, whereas another vessel,
acting as the AUV, transmitted signals from sensors positioned at a depth of 100 m. The
transmitting vessel traveled at speeds of 1.02-1.54 m/s, and the separation distance between
vessels was tracked using a GARMIN GPS 64s (GARMIN, Olathe, KS, USA) under a
positioning error of approximately 3 m. The experiments took place over three days, from
24 September to 26 September 2024. We employed a Neptune Sonar D/17/BB transceiver,
(Neptune Sonar Ltd., Kelk, UK) for these trials. Because the speed of sound in water
is temperature-dependent, which influences the propagation of acoustic rays and can
induce multipath effects, we conducted the measurements of the sound speed twice using a
Valeport Sound Velocity Profiler (SVP) (TELEDYNE VALEPORT Ltd., Totnes, UK). Figure 5
presents the GPS positions for both the transmitting and receiving vessels, the SVP data
obtained, and the instruments employed in the experiment.
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Figure 5. GPS positions of transmitting and receiving vessels, sound velocity profiles, and transceiver

sensors on the day of the experiment: (a) GPS coordinates of the transmitting vessel. The path
diverging into three branches at the 5 o’clock position represents the routes for collecting results at
each center frequency; (b) GPS coordinates of the receiving vessel, which was anchored during the
experiment; (c) sound velocity profile at 14:00 on the day of the mobile experiment; (d) sound velocity
profile at 16:00 on the day of the mobile experiment; (e) transceiver sensor 1; (f) transceiver sensor 2.

4.2. Result of Ocean Experiment

Unlike simulations, where the channel model is predetermined, this study employed
actual ocean experiments in an underwater channel environment that exhibits distinct
time- and frequency-varying characteristics, as mentioned in Section 2. To analyze these
characteristics, we examined the maximum delay spread induced by the multipath using
the power delay profile (PDP) of the HFM signal, and we determined the Doppler shift
and spread using both the tone and SA-HFM signals.

First, in the scenario where both the transmitter and receiver vessels were stationary—
with the transmitter’s transducer at a depth of 100 m and the receiver’s hydrophone at a
depth of 5 m—the tone-based Doppler shift was estimated to be 0.08 Hz, the SA-HFM-based
Doppler shift was 1 Hz, and the maximum delay spread derived from the HFM signal
was 4.16 ms. This indicates that even in a stationary underwater channel, Doppler effects
do occur, and the 4.16 ms maximum delay spread confirms the influence of the multipath
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Power Delay Profile

in the underwater environment. Figure 6a presents the power delay profile (PDP) of the
collected signals under the fixed condition, as well as the results for Doppler shift and
spread, which are shown in Figure 6.

Tone Signal Doppler Spread
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Figure 6. Channel characteristics at 15,000 Hz center frequency, 100 m separation distance, transmit-
ting sensor depth of 100 m, and receiving sensor depth of 5 m: (a) power delay profile under these
conditions; (b) Doppler spread based on tone signal.

Next, considering a mobile setting, both the transmitter and receiver sensors were
placed at a depth of 100 m. The initial inter-vessel distance of 500 m was extended up to
2200 m, with vessel speeds ranging from 1.02 to 1.54 m/s. For a center frequency of 20 kHz,
the average maximum delay spread was estimated at 7.91 ms, while the tone-based Doppler
effect was measured at 13.8 Hz and the SA-HFM-based Doppler effect at 12.8 Hz. Com-
paring these results with the theoretical Doppler shift values in Table 2 indicates that the
estimated performance was consistent with vessel speeds of approximately 1.02-1.54 m/s.
The close agreement between the Doppler shift estimates using the tone and SA-HFM
signals reinforces their reliability. However, in terms of the CID assignment performance of
the SA-HFM, three missed detections occurred at 15 kHz, likely due to a low SNR during
data collection, as shown in Figure 7e. Specifically, when the SNR dropped below —10 dB,
the SA-HFM signal could not be detected.

Table 2. Theoretical Doppler shift values for different center frequencies according to move-

ment speed.
wo ke Dol Dy Dol Dopple
(15 kHz) (20 kHz) (25 kHz)
0 0 0 0 0 0
0.51 1.85 0.000342 5.13 6.84 8.55
1.02 3.70 0.000685 10.27 1370 17.12
1.54 5.55 0.001028 15.42 20.56 25.70
2.05 7.40 0.001371 20.56 27.42 34.27
2.57 9.23 0.001714 25.71 34.28 42.85
3.08 11.11 0.002057 30.85 41.14 51.42
3.60 12.96 0.002407 36.10 48.14 60.17
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Figure 7. Channel characteristics and CID assignment performance in mobile experiment simulation:
(a) measured SNR; (b) maximum delay spread (c) Doppler estimation performance based on SA-
HFM; (d) Doppler estimation performance based on tone signal; (e) CID assignment performance;
(f) time-dependent separation distance between transmitting and receiving vessels.

The number of collected data points varied for each signal type due to the different
experimental conditions. For the mobile experiments, data were collected up to approxi-
mately 2 km from the receiving vessel’s GPS position, resulting in a larger dataset compared
to the other collection scenarios.

Table 3 summarizes the tone-signal-based RMSE for the SA-HFM under the aforemen-
tioned conditions. In calculating the RMSE, intervals pertaining to both the tone-based
and SA-HFM Doppler shifts were excluded because frame detection was not performed.
The results indicate that the RMSE relative to the tone signal used for Doppler estimation
remained below approximately 7 Hz and that the CID assignment performance exceeded
90% for all tested signals, except for the 20 kHz signal.
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Table 3. Underwater channel characteristics and CID assignment performance results for different
center frequencies.

Center Frequency CID A?(s)/lg);nment RMSE of Do(p}ll)zl;er Estimation
(1]
15 kHz 93 2.54
20 kHz 75 7.5
25 kHz 100 2.2

5. Conclusions

In this study, we proposed a novel approach for establishing cellular networks in
underwater environments using the Superimposed Adjusted-HFM (SA-HEM) technique.
While conventional HFM signals are robust against external interference in underwater
acoustic communication, they have limitations in performing additional functions such as
CID assignment in channels with severe time—frequency variations, like Doppler effects.
Our proposed method uses modified HFM signals (A-HFM) superimposed to simultane-
ously perform frame detection, frame synchronization estimation, Doppler effect estimation,
and CID assignment. The proposed A-HFM-based SA-HFM technique can allocate two-bit
information through preamble signal combinations, enabling CID distinction from each
matched filter result. This facilitates a stable network configuration in underwater com-
munication and improves communication efficiency for mobile Autonomous Underwater
Vehicles (AUVs). To validate our approach, we conducted field experiments in the East Sea
of South Korea. The experiments considered various depths (5 m and 100 m) and separa-
tion distances (100 m to 2200 m), with the transmitting vessel moving at 1.02-1.54 m/s to
simulate Doppler effects in mobile communication environments. The results showed an
average SNR above 11 dB, with maximum delay spreads ranging from 0.4 ms to 9.4 ms.
The CID assignment performance using the proposed SA-HFM technique achieved over a
93% success rate at separation distances up to 2 km. The Doppler estimation results were
consistent with the tone-signal-based estimates, confirming the accuracy of our method.
This study demonstrates the possibility of simultaneously performing frame synchroniza-
tion estimation, Doppler effect estimation, and CID assignment using preamble signals
in underwater acoustic communication. The proposed method is highly practical, as it
performs multiple functions by modifying existing preamble structures without additional
signals or complex algorithms. Future research should focus on the following: Applying the
proposed technique in multi-AUV environments to evaluate network scalability. Validating
the performance of the method in diverse underwater conditions (e.g., depth variations,
currents, noise). Incorporating machine learning and Al algorithms to improve the Doppler
effect and channel estimation accuracy. These advancements could enhance the reliability
and efficiency of underwater acoustic communication for various applications, including
marine exploration, defense, and environmental monitoring. Our results provide new
directions for underwater communication system design and implementation, contribut-
ing significantly to underwater cellular network development. Continued research and
experimentation will further advance underwater acoustic communication technology and
expand its applications in marine fields.
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