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Abstract: Underwater communication for Underwater Wireless Sensor Networks (UWSNs) faces challenges 

due to the unique underwater environment. This review explores these challenges (attenuation, multipath 

propagation, limited bandwidth) across acoustic, optical, and radio frequency (RF) communication channels. 

It highlights how innovative antenna designs are crucial to mitigate these limitations and enable efficient data 

transmission. The review analyzes monopole, dipole, and helical antennas, discussing their trade-offs in 

radiation pattern, efficiency, and mitigating multipath effects. Advancements in materials, metamaterials, and 

reconfigurable antennas offer promising solutions for improved signal propagation, reduced attenuation, and 

better environmental adaptability. Research gaps include material exploration for low-conductivity antennas 

and optimizing antenna designs. Rigorous performance evaluation remains essential. Overall, advancements 

in underwater antenna technology are key to unlocking the full potential of UWSNs and enabling 

breakthroughs in marine applications. 
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1. Introduction 

The vast underwater environment, covering over 70% of the Earth's surface, holds immense 

potential for scientific discovery, resource exploration, and environmental monitoring [4]. 

Underwater Wireless Sensor Networks (UWSNs) have emerged as a key technology to unlock this 

potential by enabling the deployment of networks of autonomous sensors that can collect and 

transmit valuable data [1, 3]. These sensor networks find applications in diverse fields, including 

oceanographic data collection, pollution monitoring, underwater target detection, and underwater 

communication for autonomous vehicles [2, 3]. 

However, underwater communication presents unique challenges compared to terrestrial 

environments. Electromagnetic and acoustic waves, the two primary communication methods in 

UWSNs, experience significant signal attenuation due to factors like salinity, pressure, and 

absorption by water molecules [1, 5]. This attenuation limits the communication range and data 

transmission rates achievable in underwater sensor networks [4]. 

This literature review focuses on reviewing the key challenges of underwater communication 

that impact the performance and reliability of UWSNs. We will explore how these challenges related 

to signal propagation, noise, the channel environment, and others necessitate innovative solutions in 

areas like antenna design, signal processing, and communication protocols to enable effective 

underwater wireless communications. 
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2. Underwater Communication Channels 

2.1. Acoustic Communication 

Acoustic waves are a prevalent method for underwater communication in UWSNs due to their 

efficient propagation over long distances compared to electromagnetic waves. However, underwater 

acoustic communication channels present unique challenges. The propagation characteristics of 

acoustic waves are significantly dependent on factors like salinity, pressure, and temperature, which 

influence the speed of sound underwater, leading to refraction and absorption effects that distort the 

signal [10, 12]. A major challenge is signal attenuation, where the signal strength weakens as it travels 

through the water, primarily caused by absorption, scattering, and spreading losses [7, 8]. 

Additionally, underwater acoustic channels have a much narrower bandwidth compared to 

terrestrial channels, limiting the achievable data rate [6, 11]. Underwater acoustic communication is 

also susceptible to various noise sources, including ambient noise (e.g., wave breaking, biological 

sounds) and man-made noise (e.g., ship traffic), which can further degrade the received signal [9, 13]. 

These challenges necessitate careful antenna design considerations to optimize communication 

performance in underwater acoustic channels. 

2.2. Optical Communication 

Underwater communication presents unique challenges compared to terrestrial communication 

due to the properties of the underwater environment, with acoustic waves traditionally used for their 

efficient propagation over long distances but suffering from limitations in bandwidth and data rate 

[15, 19]. Optical communication offers a promising alternative for UWSNs, particularly for short-

range, high-bandwidth applications [14, 16, 18], but unlike acoustic waves, light experiences 

attenuation and scattering in water depending on factors like wavelength, water clarity, and 

scattering particles [14, 16, 18]. Selecting the optimal wavelength is crucial as blue and green 

wavelengths experience lower attenuation compared to red and infrared, although blue and green 

LEDs have lower power output [14, 16, 18]. Beam pointing and link misalignment due to turbulence 

and movement must be considered for reliable communication [17, 20], and due to attenuation and 

background noise, UOWC systems require high sensitivity antennas to effectively receive weak 

optical signals [16, 18]. Recent advancements address these challenges through techniques like 

directional antennas reducing scattered power [16], advanced modulation like OFDM mitigating 

channel distortion [16], and selecting materials resistant to biofouling preventing signal degradation 

over time [16, 18], enabling UOWC's potential for high-bandwidth, short-range data transmission in 

UWSNs with careful antenna design considering wavelength, beam pointing, signal detection, and 

material selection [14, 16, 17, 18, 20]. 

2.3. Radio Frequency (RF) Communication 

Underwater communication for Underwater Wireless Sensor Networks (UWSNs) presents 

unique challenges compared to terrestrial environments. While RF communication offers high 

bandwidth and low latency, its propagation characteristics in water are significantly different from 

air [25, 26, 28]. A key challenge is the rapid attenuation of electromagnetic waves, as seawater is a 

highly conductive medium that quickly absorbs signal strength, particularly at higher frequencies 

[27, 32, 21]. Studies explore low-loss and high-speed seabed propagation models [24] and emphasize 

the importance of underwater channel characterization for effective links [22]. Due to signal 

attenuation, RF communication in UWSNs typically suffers from limited range compared to 

terrestrial applications [28], with research investigating RF multicarrier signaling and antenna 

systems for low SNR and broadband underwater communication [23].  

The selection of optimal RF frequency involves a trade-off between attenuation and achievable 

data rates, as lower frequencies experience less attenuation but offer lower bandwidths, while higher 

frequencies provide wider bandwidths but greater signal loss [29, 21]. Recent advancements like 

superlensing propose potential solutions to improve signal propagation and range. Further research 
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analyzes antennas specifically designed for underwater environments [30] and the influence of 

temperature and salinity variations on signal attenuation [31]. In conclusion, while offering high 

bandwidth and low latency benefits, significant challenges exist for RF communication in UWSNs 

due to the unique underwater channel properties, necessitating optimized antenna design, frequency 

selection, and exploration of emerging technologies to mitigate signal attenuation. 

3. Challenges of Underwater Communication 

While underwater wireless sensor networks (UWSNs) hold immense potential for various 

marine applications, underwater communication presents significant challenges compared to 

terrestrial environments [33, 34]. Unlike radio waves used on land, underwater communication 

primarily relies on acoustic waves or light waves, each with its own limitations. For acoustic 

communication, challenges include high propagation delay and signal attenuation as sound travels 

much slower in water and experiences weakening due to absorption and scattering by marine life, 

salinity, and temperature variations [33, 34, 35]. Multipath propagation from signals bouncing off 

objects like the seabed leads to distortion and overlapping [33, 34]. Additionally, acoustic offers very 

limited bandwidth compared to radio waves [34]. Optical communication suffers from absorption 

and scattering of light waves in water, reducing transmission range and necessitating specific 

wavelengths [35, 36]. Water turbidity from suspended particles further increases scattering and 

distortion [35, 36]. These challenges necessitate innovative antenna designs, signal processing, error 

correction codes, and techniques leveraging different frequency bands to enable efficient, reliable 

underwater data transmission for UWSNs [33, 34]. 

4. Techniques for Mitigating Signal Degradation 

Underwater communication presents a unique set of challenges compared to terrestrial 

environments. Signal degradation due to factors like absorption, scattering, and multipath 

propagation necessitates the development of specialized antenna techniques for Underwater 

Wireless Sensor Networks (UWSNs). This section explores three common antenna designs for 

UWSNs – monopole antennas, dipole antennas, and helical antennas – discussing their advantages 

and disadvantages in mitigating signal degradation. 

4.1. Monopole Antennas 

Monopole antennas are vertical radiating elements that offer a simple and omnidirectional 

radiation pattern, meaning they transmit signals with equal strength in all horizontal directions [38]. 

This omnidirectional property can be advantageous for underwater communication where the 

location of receiving nodes might be unknown or variable. Studies by [39] and [40] demonstrate the 

effectiveness of monopole antennas in underwater channels, achieving good radiation characteristics. 

However, their vertical radiation pattern can lead to signal energy being wasted by radiating 

upwards towards the water surface. Additionally, monopole antennas generally exhibit lower 

efficiency compared to other designs [41]. 

4.2. Dipole Antennas 

Dipole antennas consist of two parallel radiating elements and offer a more directional radiation 

pattern compared to monopoles. This directionality can be beneficial for focusing signal energy 

towards specific receivers, potentially improving communication range and reducing power 

consumption [41]. Research by [42] explores the use of dipole antennas in underwater acoustic 

communication, achieving good results. However, designing efficient underwater dipole antennas 

can be complex due to the need to account for saltwater loading effects on their electrical properties 

[43, 44]. 
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4.3. Helical Antennas 

Helical antennas are known for their ability to produce circularly polarized waves, which can 

be advantageous in mitigating multipath propagation effects. Multipath propagation, where signals 

travel along multiple paths before reaching the receiver, can cause signal distortion and fading. 

Circularly polarized waves can help reduce this effect by ensuring consistent signal reception 

regardless of the orientation of the receiving antenna [45, 46]. Studies by [47, 48] showcase the 

potential of helical antennas for underwater applications. However, helical antennas can be 

physically larger and more complex to design compared to monopoles or dipoles, potentially 

increasing fabrication costs and deployment challenges [49, 50]. 

The choice of antenna for a UWSN application depends on various factors, including the desired 

communication range, network topology, and the specific challenges of the underwater environment. 

Monopole antennas offer simplicity and omnidirectionality, while dipole antennas provide 

directionality for potentially improved range and power efficiency. Helical antennas can be beneficial 

for mitigating multipath propagation effects. Future research directions in underwater antenna 

design include optimizing antenna materials for saltwater environments, developing compact and 

efficient helical antennas, and exploring novel antenna configurations for specific underwater 

communication applications. 

5. Performance Evaluation and Future Directions 

Underwater wireless sensor networks (UWSNs) have emerged as a vital technology for various 

oceanographic and aquatic applications, including environmental monitoring, pollution detection, 

and underwater exploration [64]. However, underwater communication presents unique challenges 

compared to terrestrial environments. The saltwater medium introduces factors like signal 

attenuation, multipath propagation, and limited bandwidth that significantly impact antenna 

performance [66, 69]. Therefore, selecting and evaluating antennas tailored for underwater 

applications is crucial for ensuring efficient and reliable data transmission in UWSNs. 

5.1. Performance Evaluation Metrics 

Several key metrics are used to evaluate antenna performance in UWSNs. Return loss (S11) 

measures the power reflected back from the antenna due to impedance mismatch, with lower values 

indicating better matching with the feeding network and higher power transmission efficiency [63, 

67]. The radiation pattern depicts the antenna's ability to radiate electromagnetic energy in different 

directions, where omnidirectional or directional patterns might be preferred depending on the 

network topology and communication requirements [62, 65]. Gain quantifies the antenna's ability to 

amplify the transmitted signal in a particular direction, with higher gain being desirable for long-

range underwater communication [61, 68]. Additionally, bandwidth refers to the range of frequencies 

over which the antenna operates efficiently, which is crucial for underwater channels that often 

exhibit frequency-selective fading, necessitating wider bandwidths to ensure reliable data 

transmission [66]. These metrics provide valuable insights into an antenna's suitability for specific 

UWSN applications and operating conditions. 

5.2. Challenges and Considerations 

Several challenges arise when evaluating antennas for underwater wireless sensor networks 

(UWSNs). The conductive nature of saltwater introduces signal attenuation and alters antenna 

properties like radiation patterns and impedance matching, necessitating careful material selection 

and design techniques to mitigate these effects [58, 59, 60]. Underwater environments can cause 

multipath propagation, where signals travel along multiple paths before reaching the receiver, 

leading to signal distortion and fading, thus requiring antennas with good multipath rejection 

capabilities [53, 54]. Additionally, the size and weight of the antenna can be critical factors, especially 

for resource-constrained sensor nodes, often necessitating compact and lightweight antenna designs 

to accommodate deployment constraints [55, 56]. Accounting for these challenges related to the 
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unique underwater environment, multipath effects, and size/deployment limitations is crucial when 

evaluating and optimizing antenna performance for reliable underwater wireless communications. 

5.3. Future Research Directions 

Continuous research and development efforts are essential to enhance antenna performance for 

underwater wireless sensor networks (UWSNs). Promising future directions include material 

exploration, where developing novel materials with low conductivity and high permittivity for 

antenna construction can minimize signal attenuation in seawater [51]. Additionally, metamaterial-

inspired designs offer exciting possibilities for manipulating electromagnetic waves, potentially 

leading to antennas with improved radiation characteristics and reduced size 5[2]. Reconfigurable 

antennas that can dynamically adjust their properties based on the communication environment also 

hold potential for improving network adaptability and performance [57]. In conclusion, addressing 

the challenges posed by the underwater environment through innovative design approaches like 

advanced materials, metamaterials, and reconfigurable antennas will be crucial for the continued 

development and successful deployment of reliable, efficient UWSNs for various oceanographic 

applications. Antenna selection and rigorous performance evaluation remain critical aspects in 

ensuring effective underwater wireless communications. 

6. Conclusion 

Underwater wireless sensor networks (UWSNs) have immense potential for various 

applications, including environmental monitoring, resource exploration, and underwater 

communication. However, the unique challenges posed by the underwater environment, such as 

signal attenuation, multipath propagation, and limited bandwidth, necessitate innovative antenna 

designs to enable reliable and efficient data transmission. This literature review has explored the key 

characteristics of different underwater communication channels, including acoustic, optical, and 

radio frequency (RF) communication. Each channel presents its own set of challenges, such as the 

frequency-dependent attenuation of acoustic waves, the absorption and scattering of light in optical 

communication, and the rapid signal loss of electromagnetic waves in conductive seawater for RF 

communication. 

To mitigate these challenges, various antenna designs have been investigated, including 

monopole, dipole, and helical antennas. Each design offers unique advantages and trade-offs in terms 

of radiation pattern, efficiency, and multipath rejection capabilities. The choice of antenna depends 

on factors such as communication range, network topology, and specific environmental conditions. 

Advancements in underwater antenna technology hold the potential to revolutionize underwater 

communication and enable a wide range of applications. Novel materials, metamaterial-inspired 

designs, and reconfigurable antennas could lead to improved signal propagation, reduced signal 

attenuation, and enhanced adaptability to varying underwater conditions. 

While significant progress has been made, several research gaps and opportunities for further 

exploration exist. Material exploration to develop low-conductivity and high-permittivity materials 

for antenna construction could minimize signal attenuation in seawater. Additionally, the integration 

of metamaterials and reconfigurable antenna designs could lead to more efficient and adaptive 

underwater communication systems. Furthermore, rigorous performance evaluation and 

optimization of antenna designs based on metrics such as return loss, radiation pattern, gain, and 

bandwidth are crucial for ensuring reliable data transmission in UWSNs. Overall, the development 

of robust and efficient underwater antenna technology is essential for unlocking the full potential of 

UWSNs and enabling groundbreaking advancements in various marine and aquatic applications. 
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