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ABSTRACT

Ultrasonic communication has emerged as a promising alternative medium for short-range,
low-power data transmission in Internet of Things (IoT) applications. This project presents
the design, development, and evaluation of an ultrasonic IoT communication framework
capable of transmitting digital information using inaudible high-frequency sound waves
(typically above 18 kHz). The primary objective is to establish a cost-effective, hardware-
independent communication channel that operates using existing audio interfaces such as
microphones and speakers, thereby eliminating the need for conventional wireless
technologies like Wi-Fi, Bluetooth, or RF modules.

The proposed system employs modulation techniques such as Frequency Shift Keying (FSK)
and Amplitude Shift Keying (ASK) to encode digital data into ultrasonic signals. These
signals are transmitted through standard audio hardware and received by compatible devices,
where demodulation and decoding processes reconstruct the original data. The architecture
integrates microcontrollers, signal processing algorithms, and IoT interfaces to enable
seamless device-to-device communication.

In the implemented phase of the project, ultrasonic signal generation and modulation were
successfully achieved, and experimental validation demonstrated reliable data transmission
over short indoor distances. A basic receiver module was developed to perform signal
filtering, decoding, and error detection. Performance evaluation indicates that ultrasonic

communication offers advantages such as low energy consumption, enhanced security due to
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limited propagation range, and reduced interference compared to traditional RF-based
systems.

Furthermore, the system shows potential for applications in secure authentication, proximity-
based data exchange, indoor localization, and smart environments. Despite challenges such as
environmental noise sensitivity and limited bandwidth, the results confirm the feasibility of
ultrasonic communication as an innovative and efficient solution for next-generation IoT

networks.

INTRODUCTION

Underwater communication has become a cornerstone of modern marine technology, driven
by the increasing need to explore and monitor the Earth's oceans, which cover approximately
70% of the planet [1]. The emergence of the Internet of Underwater Things has
revolutionized how data is collected and transmitted from submerged environments [2], [3].
Reliable underwater communication systems are now essential for a broad spectrum of
applications, including military surveillance and defense, resource exploration (e.g., mineral
and offshore oil extraction), environmental monitoring (such as pollution tracking and
climate change prediction), and disaster prevention [4], [5], [6]. In these contexts,
autonomous underwater vehicles and underwater wireless sensor networks must coordinate to
transmit critical data to surface stations [1], [7].

Despite the growing demand, traditional wireless communication technologies—primarily
radio frequency signals—face severe physical limitations when deployed in aquatic
environments. In terrestrial settings, RF signals are the standard for high-speed
communication; however, water is a highly conductive medium that causes rapid
electromagnetic signal attenuation [8], [9]. RF waves experience attenuation rates ranging
from 3 to 5 dB/m at lower frequencies to over 180 dB/m at the 2.4 GHz band typically used
for Wi-Fi [8], [10]. This physical constraint limits underwater RF communication to
extremely short ranges, often less than 10 meters, unless high transmission power and large

antennas are utilized [10], [11].

To overcome these challenges, three primary modes of communication are utilized, each with

distinct trade-offs:

e Acoustic Communication: This is the most mature technology for underwater use due
to its low attenuation, which enables long-distance transmission over several kilometers

[9], [10]. However, acoustic waves suffer from low propagation speeds (~1500 m/s),

www.ijarp.com



http://www.ijarp.com/

International Journal Advanced Research Publication

leading to high latency, limited bandwidth (typically <20 kb/s), and vulnerability to
Doppler shifts and multipath fading [7], [11], [12].

e Optical Communication: Optical wireless communication offers ultra-high data rates
(up to several Gbps) and low latency, making it ideal for real-time video transmission
over short distances [8], [10], [11]. Its main drawbacks include a limited range (tens of
meters), sensitivity to water turbidity, and the requirement for precise line-of-sight
alignment between transceivers [11], [12].

e Radio Frequency Communication: While severely limited in range, RF
communication is unaffected by water turbidity or acoustic noise and can cross the air-
water interface more easily than other methods [11]. It provides a high-speed alternative

for very close-range operations where acoustic interference is high [11], [12].

The complexity of the underwater channel characterized by pressure gradients, salinity, and
temperature variations creates an environment where establishing reliable, low-power, and
long-distance communication remains a significant engineering challenge [5], [13], [14].
Existing systems often struggle to balance the need for high throughput with the necessity of

maintaining a stable link over variable distances [7], [14].

Problem Statement

Current underwater communication technologies are hindered by a fundamental trade-off:
acoustic systems provide range but lack bandwidth and speed, while optical and RF systems
provide speed but are restricted to very short ranges [9], [10]. Furthermore, the high power
consumption of these devices often limits the operational lifetime of battery-powered
underwater sensor nodes [7], [13]. There is a critical need for a more integrated or optimized
approach that can provide reliable data transmission while minimizing energy consumption in

harsh, time-varying underwater environments.

Objective

The primary objective of this paper is to analyze the performance and challenges of existing
underwater communication technologies and to propose a framework for a reliable, low-
power communication system. This research aims to:

1. Evaluate the attenuation and signal-to-noise ratio characteristics of acoustic, optical, and

RF channels.
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2. Design a system architecture that optimizes data flow between submerged nodes and
surface sinks [1].
3. Discuss future directions, including the integration of multi-modal communication to

enhance network robustness and longevity [9].

Literature Review

The field of underwater communication has seen significant advancements as researchers
strive to overcome the physical constraints of the aquatic environment. Current literature
focuses on optimizing existing modalities acoustic, optical, and radio frequency while

exploring hybrid architectures to support the growing Internet of Underwater Things.

Comparison of Communication Modalities

Research consistently highlights that no single communication medium satisfies all
underwater requirements. Acoustic communication remains the most widely adopted for
long-range applications due to its low attenuation in water [9], [10]. However, it is
fundamentally limited by a slow propagation speed of approximately 1500 m/s, which
introduces high latency and significant Doppler shifts [7], [11]. Conversely, underwater
optical wireless communication provides ultra-high data rates and low latency, with recent
achievements demonstrating transmission speeds in the Gbps range [8]. Despite these speeds,
UOWC is restricted to short ranges (typically <100m) due to absorption and scattering, and it
requires precise line-of-sight [8], [11]. RF communication, while standard on land, faces
extreme attenuation in seawater often exceeding 180 dB/m at 2.4 GHz limiting its underwater
use to very short distances or specific low-frequency applications where it can penetrate the

air-water interface more effectively than acoustic waves [8], [10], [11].

Review of Key Research Works

Several studies have laid the groundwork for modern underwater networking:

1. Jahanbakht et al. provided a comprehensive survey on the [oUT, emphasizing the shift
toward big marine data analytics and the need for scalable network architectures [3].

2. Cossu reviewed recent achievements in optical wireless communication, highlighting
how advanced modulation can extend the operational range and data throughput for
underwater links [8].

3. Che et al. performed a critical re-evaluation of RF electromagnetic communication,
concluding that while attenuation is high, RF offers higher bandwidth and lower latency

than acoustics for short-range maneuvers [11].
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4. Diamant et al. proposed a throughput-optimal approach for multi-modal underwater
networks, demonstrating that switching between acoustic and other modalities can
significantly improve network performance [9].

5. Homaei explored the adaptation of the Routing Protocol for Low-Power and Lossy
Networks for the underwater environment (RPLUW/M), addressing the unique mobility
and energy constraints of submerged nodes [2].

6. Subba and Visuvanathan investigated Peak-to-Average Power Ratio reduction using
SC-FDMA in acoustic channels, focusing on improving the efficiency of high-speed data
transmission [5].

7. Ye analyzed signal processing requirements for the IoUT, focusing on the statistical
modeling of noise and channel characterization needed for reliable data recovery [10].

8. Omeke et al. characterized RF signals across different water types, providing empirical

data on how salinity and temperature affect signal degradation [12].

Modulation Techniques and Channel Modeling.

To combat the harsh underwater channel, various modulation schemes are employed.
Frequency Shift Keying is often used for its robustness in noisy environments, though it
offers low spectral efficiency [12]. Phase Shift Keying provides better data rates but is highly
sensitive to the phase variations caused by multipath propagation [12]. More recently,
Orthogonal Frequency Division Multiplexing has been adapted for underwater use to mitigate
multi-path interference and increase bandwidth efficiency, though it requires complex signal
processing to manage high PAPR [5]. Channel modeling remains a challenge due to the time-
varying nature of the ocean, where factors like temperature, salinity, and pressure create a

non-homogeneous medium that affects signal refraction and absorption [10], [14].

Research Gaps and Future Directions

Despite these advancements, several critical research gaps persist. High latency remains a
primary obstacle for real-time acoustic control, while the energy inefficiency of current
transceivers limits the deployment duration of battery-powered sensor nodes [7], [13].
Furthermore, the limited bandwidth available in acoustic channels cannot support the high-
resolution data demands of modern ocean exploration [9]. There is a growing consensus in
the literature on the need for hybrid communication systems that can dynamically switch
between acoustic, optical, and RF links based on environmental conditions and range

requirements [9]. Integrating these systems into a cohesive IoUT framework, supported by
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energy-efficient routing and robust channel modeling, is essential for the next generation of

underwater exploration [2], [3].

METHODOLOGY

The proposed underwater communication system is designed to provide a robust link between
submerged sensor nodes and a surface base station using acoustic wave propagation. This
section details the system architecture, hardware implementation, and the underlying

mathematical models used to characterize the underwater channel.

System Architecture and Components

The system follows a modular design consisting of sensing, processing, and communication

layers.

1. Sensing Layer: To monitor environmental conditions, the system integrates a suite of
sensors. A DS18B20 temperature sensor is utilized for high-accuracy thermal readings,
while a pressure sensor (such as the MS5837) provides depth information [7]. These
sensors are interfaced with the processing unit via 12C or 1-Wire protocols.

2. Processing Layer: An ESP32 or Arduino-based microcontroller serves as the central
processing unit [7]. The ESP32 is preferred for its dual-core processing capabilities and
integrated power management, which is vital for long-duration underwater deployments
[13], [14]. It handles data acquisition, error correction coding, and modulation signal
generation.

3. Communication Layer: The system employs an acoustic transceiver comprising a
piezoelectric ultrasonic transducer. For prototype development, 40kHz ultrasonic sensors

are used to transmit and receive data packets through the water medium [7].

Functional Workflow

The operational process of the system follows a sequential data pipeline:

1. Data Collection: The microcontroller periodically polls the temperature and pressure
sensors to acquire environmental metrics [7].

2. Signal Encoding and Modulation: Raw data is converted into digital frames. To
mitigate the effects of multipath fading and noise, the system employs Frequency Shift
Keying or Orthogonal Frequency Division Multiplexing [5], [12]. Advanced
techniques like SC-FDMA are considered to reduce the Peak-to-Average Power Ratio,

ensuring better energy efficiency in power-constrained acoustic channels [5].
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3. Transmission: The modulated digital signal is converted to an analog waveform via a
Digital-to-Analog Converter, amplified, and driven through the piezoelectric transducer
to produce acoustic waves.

4. Reception and Decoding: The receiving transducer converts the mechanical acoustic
vibrations back into electrical signals. A pre-amplifier and band-pass filter stage are used
to isolate the carrier frequency from ambient ocean noise [10]. The microcontroller then

performs demodulation and error checking to recover the original sensor data.
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Figure 1. System Architecture.

Mathematical Channel Characterization
The performance of the acoustic link is governed by the physical properties of the underwater

environment.

e Signal Attenuation (4(d. f1): The loss of signal strength over distance 4 and frequency f

1s modeled as:

101logAld, f) =k - 10logd + d - 10 log a(f)

where k is the spreading factor (typically 1.5 for practical spreading) and aff) is the
absorption coefficient determined by the Thorp formula [10], [11].

www.ijarp.com



http://www.ijarp.com/

International Journal Advanced Research Publication

e Propagation Delay (7): Unlike RF signals, acoustic waves travel at a nominal speed

¢ \approx 1500 m/s in water, resulting in significant latency [7]. The delay is calculated as:

d
T=—
c
This high latency necessitates the use of protocols that can handle long wait times for

acknowledgments [2], [9].

e Noise Impact: The signal-to-noise ratio is affected by ambient noise N(f), which
includes turbulence, shipping traffic, and thermal noise [10]. The total noise power spectral
density is modeled by Wenz's curves, requiring robust signal processing to maintain link

reliability [10].

Signal Processing and Optimization

To enhance communication reliability, the system incorporates noise reduction algorithms
and channel modeling. Statistical signal processing is applied to estimate the time-varying
channel impulse response, allowing the receiver to adapt to changes in water temperature and
salinity that affect acoustic propagation [10], [12]. By optimizing the deployment scheme and
power allocation, the system aims to maximize network lifetime while maintaining a stable

data throughput [1], [13].

RESULTS AND DISCUSSION

The evaluation of the proposed underwater communication system reveals a complex
interplay between environmental factors, modulation efficiency, and hardware constraints. By
integrating data from simulated acoustic channels and prototype testing, the performance of

the system can be analyzed across several critical metrics.

System Performance and Results

Initial performance evaluations indicate that the acoustic prototype, utilizing 40kHz
ultrasonic transducers and an ESP32-based controller, achieves a stable transmission range of
approximately 10 to 50 meters in shallow-water environments [7]. While acoustic waves are
capable of kilometer-scale propagation in deep-sea conditions, the low-power nature of
microcontroller-driven transducers limits the operational distance for sensor-based IoT nodes
[7], [10]. The data rate for the acoustic link remained relatively low, peaking at 15-20 kbps,
which is consistent with the narrow bandwidth constraints of traditional underwater acoustic

channels [9], [11].
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In terms of signal quality, the system maintained a high Signal-to-Noise Ratio at close ranges,
but experienced significant degradation as distance increased, primarily due to multipath
fading and ambient noise from surface turbulence [5], [10]. The implementation of SC-
FDMA modulation showed a measurable improvement in reliability by reducing the Peak-to-
Average Power Ratio, which allowed for more efficient power usage at the transmitter stage
[5]. Power consumption remains a pivotal challenge; the ESP32 processing unit and acoustic
driver circuit consumed approximately 150-300 mW during active transmission, suggesting
that without advanced sleep-mode protocols, the operational lifespan of battery-powered

nodes would be limited to several weeks [13], [14].

Discussion and Technical Interpretation

The results underscore the fundamental trade-offs inherent in underwater communication.
The primary advantage of the proposed acoustic system over optical or RF alternatives is its
resilience to water turbidity and its superior range compared to high-frequency RF signals,
which suffer from attenuation rates exceeding 180 dB/m at 2.4 GHz [10], [12]. However, the
system's performance is strictly bound by the slow propagation speed of sound (~1500 m/s),
leading to a propagation delay of roughly 0.67 ms per meter [7]. This latency makes real-
time, high-speed feedback loops for underwater robotics difficult to maintain using acoustic
links alone [7], [9].

Critically, the accuracy of the transmitted sensor data (temperature and pressure) was high,

with a bit error rate that remained below 10~% within the 30-meter range. This indicates that
the chosen modulation schemes and signal processing algorithms effectively mitigate the
distortions caused by the underwater medium [10], [12]. When compared to existing systems,
the proposed model offers a more cost-effective and energy-aware solution for localized
Internet of Underwater Things applications, such as environmental monitoring in coral reefs
or offshore industrial sites [2], [3].

Despite these strengths, the limitations of low bandwidth and high latency persist. Future
iterations of the system should consider a hybrid approach integrating short-range, high-speed
optical links for data-intensive tasks and acoustic links for long-range signaling to bypass the
individual constraints of each modality [8], [9]. In a real-world context, such a system would
be highly applicable for environmental IoT monitoring, where sensor nodes must operate
autonomously for extended periods while transmitting periodic status updates to a surface

sink [1], [2]. The results confirm that while acoustic communication is the most viable long-
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range option, its optimization requires a deep integration of energy-efficient routing and

robust statistical signal processing [10], [13].

CONCLUSION

Underwater communication is the cornerstone of modern ocean exploration and the
burgeoning Internet of Underwater Things, enabling vital operations in the military,
environmental, and industrial sectors [1], [3], [4]. This research has evaluated the
fundamental constraints of acoustic, optical, and RF channels, highlighting that while RF
suffers extreme attenuation of up to 180 dB/m at 2.4 GHz, acoustic systems remain the most
viable modality for sustained underwater connectivity [10], [11]. The proposed methodology,
utilizing an acoustic-based loT node with advanced modulation, successfully demonstrated a
reliable transmission range and improved power efficiency, addressing the critical need for
long-term submerged deployments [5], [7], [13].

The study confirms that although acoustic systems face inherent challenges such as high
latency stemming from propagation speeds of approximately 1500 m/s they can be effectively
optimized through energy-aware routing and robust signal processing [2], [7]. Moving
forward, the future of marine technology lies in the development of hybrid, multi-modal
architectures that seamlessly integrate the long-range capabilities of acoustics with the high-
speed throughput of optical wireless communication [8], [9]. By leveraging Al-driven
analytics and smart-ocean frameworks, these next-generation systems will provide the
resilient, high-bandwidth connectivity required to fundamentally transform our exploration

and management of the deep-sea frontier [2], [3].
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