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Underwater wireless optical sensor networks require high-speed, long-range, and scalable underwater wireless optical communication/ultra-wideband hybrid links to enable real-time data transmission and reliable communication between sensors and surface stations. Such hybrid links can provide seamless connectivity, adaptability to changing underwater environments, and support for various applications including ocean exploration, monitoring, and surveillance. We report an underwater wireless optical communication/ultra-wideband converged transmission link for 5×1.5 Gb/s underwater wireless optical sensor networks. The directly-modulated lasers are used to modulate and transmit the sensors’ data over underwater wireless optical communication channels towards floating optical base station having radio-access units where multiple ultra-wideband signals are generated employing optical delay line technique. Intensity modulation/direct detection scheme based upon On-off keying modulation is employed in this work. The performance of the sensors is examined taking into account various water bodies and turbulence regimes using metrics of Bit-error rate, Quality factor, and Error-vector magnitude utilizing Gamma-Gamma statistical channel model. The simulation results obtained indicate that forward-error correction target Bit-error rate of 3.8×10−3 is successfully achieved for sensors considering different water bodies and turbulence regimes. The proposed system is potentially scalable, accommodating increased sensors, and supporting higher rates while efficiently generating and processing ultra-wideband signals.
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1 INTRODUCTION
Earth is a water planet having over 70% of its surface area covered by water, yet 95% of the sea remains unexplored [1]. Growing population demands are depleting the land resources through unsustainable practices like deforestation and industrialization [1, 2]. As land resources become inadequate to meet the demands of rapidly growing population, oceans are emerging as vital alternatives for food, energy, and resources [3]. The UN’s 2030 Sustainable Development Goals (SDGs) include SDG-14 which is about“Conserve and sustainably use the oceans and marine resources” [4]. Oceans regulate climate, support biodiversity, and sustain livelihoods but face threats from pollution, overfishing, and climate change. SDG-14 aims to reduce marine pollution, protect ecosystems, regulate fishing, and promote sustainable marine industries through research and international cooperation [4]. The gradual expansion of human activities in oceans, including marine surveys, oceanographic research, offshore oil exploration, underwater oil pipeline monitoring, and tactical surveillance is driving the demand for high-speed underwater communications [5]. Therefore, underwater wireless sensor networks (UWSNs) have attained significant consideration in recent past owing to its potential applications in the challenging area of ocean exploration [6]. Conventionally, underwater acoustic communications (UAC) is widely used to achieve fairly long communication range but extremely low data rates and large communication delays are the main limitations [7]. On the other hand, underwater radio frequency (RF) communication can achieve high data rates and small communication delays at the expense of short range [8]. Keeping in view the pros and cons related with both conventional communication techniques for underwater wireless communication, underwater wireless optical communication (UWOC) has been gaining huge attention in recent years due to its significant advantages, such as high data rates up to Gb/s, low communication delay, low power consumption, and small carbon footprint [7, 8]. These unique characteristics of UWOC play a significant supplementary role in fulfilling the requirements of UWSNs.
The underwater wireless optical communication/single-mode fiber/free space optics (UWOC/SMF/FSO) based hybrid links face a significant challenge due to the different attenuation coefficients of water, fiber, and free space. As each technology operates at distinct wavelengths, the power budget reduces substantially [1]. UWOC operates at visible wavelengths and is affected by water absorption and scattering, while SMF and FSO operate at infrared wavelengths and are affected by fiber and atmospheric attenuation, respectively [1]. A recently proposed solution involved utilizing a photo-detection, remodulation, and forwarding (PRF) relay to perform wavelength translation from visible to infrared at the water-fiber-air interface [1]. However, the main limitation of this approach is increased system cost and complexity due to employment of relays for wavelength translation. An optimal solution is the implementation of an underwater wireless optical communication/ultra-wideband (UWOC/UWB) hybrid system, leveraging the advantages of both technologies to achieve high-speed data transmission for diverse applications including UWSNs. UWOC provides high-speed data transmission in underwater environment, while UWB wireless technology provides reliable and long-range communication through the air or water. The UWOC/UWB hybrid system can operate at a single wavelength, reducing the complexity and power budget issues associated with the UWOC/SMF/FSO hybrid links.
1.1 Related work
Underwater wireless optical communication/radio frequency (UWOC/RF) hybrid links have been extensively explored in the literature, particularly in the context of relay-assisted visible light communication (VLC)/RF link [2], co-operative relaying based UWOC/RF link [9], reconfigurable intelligent surface (RIS) based dual-hop mixed UWOC/RF system [10], RIS enabled UWOC/RF converged link for Internet of underwater Things (IoUT) and terrestrial data centers [11], dual-hop FSO/UWOC/RF hybrid link [12], amplify and forward (AF) relay assisted UWOC/RF mixed transmission system [13], mixed RF/UWOC link without any relay node [14], triple-hop UWOC/FSO/RF mixed link [15], space-division multiplexing (SDM) aided FSO/UWOC hybrid link [16], spatial light modulator (SLM)-based beam-tracking scheme using FSO/HCF/UWOC hybrid link [17], polarization division multiplexing (PDM) based FSO/UWOC convergent link [18], dual-hop mixed UWOC/RF system based on AF relaying [19], unmanned aerial vehicle (UAV) aided dual-hop mixed UWOC/RF system [20], dual-hop UWOC/RF transmission system [21], mixed UWOC/RF link employing a fixed-gain AF relay [22], mixed UWOC/RF link based on UAV as a low-altitude mobile aerial base station transmitting data to an autonomous underwater vehicle (AUV) through a fixed gain AF or decode and forward (DF) relay [23], two hop mixed UWOC/RF link based on DF relay [24], and an uplink hybrid UWOC/RF space-ocean system based on a floating relay [25]. Table 1 further elaborates the literature review and compares the main accomplishments with the proposed work.
TABLE 1 | Detailed analysis of literature and comparison of key parameters with the proposed scheme.	Study	Link	Modulation	Detection	Performance metrics	Channel model
	[2]	VLC/RF	OOK	IM/DD	BER	Gamma-Gamma
	[9]	UWOC/RF	OOK	IM/DD	BER	Log-normal
	[10]	UWOC/RF	OOK	IM/DD	BER	Generalized-Gamma
	[11]	UWOC/RF	OOK/QPSK	IM/DD	BER	Gamma-Gamma
	[12]	FSO/RF/UWOC	OOK	IM/DD	Outage probability	Malaga
	[13]	UWOC/RF	OOK	IM/DD	BER	Generalized-Gamma
	[14]	RF/UWOC	OOK	IM/DD	BER	Fisher-Snedecor
	[15]	UWOC/FSO/RF	OOK	IM/DD	BER	Log-normal
	[16]	FSO/UWOC	PAM4	IM/DD	BER	Beer-Lambert
	[17]	FSO/HCF/UWOC	16QAM	Coherent	BER	Beer-Lambert
	[18]	FSO/UWOC	PAM4	IM/DD	BER	Beer-Lambert
	[19]	UWOC/RF	OOK	IM/DD	BER	Generalized-Gamma
	[20]	UWOC/RF	OOK	IM/DD	BER	Generalized-Gamma
	[21]	UWOC/RF	OOK	IM/DD	BER	Generalized-Gamma
	[22]	UWOC/RF	OOK	IM/DD	BER	Generalized-Gamma
	[23]	UWOC/RF	OOK	IM/DD	BER	Generalized-Gamma
	[24]	UWOC/RF	OOK	IM/DD	BER	Generalized-Gamma
	[25]	UWOC/RF	OOK	IM/DD	BER	Generalized-Gamma
	Proposed	UWOC/UWB	OOK	IM/DD	BER	Gamma-Gamma


It is clear from detailed literature survey that mixed UWOC/UWB link has not been proposed earlier for the implementation of the high-speed and flexible underwater wireless optical sensor networks (UWOSNs). We propose for the first time a converged UWOC/UWB link for the implementation of 5×1.5Gb/s UWOSN. Directly-modulated lasers (DMLs) are employed here for modulation and transmission of sensors’ data over UWOC channels towards floating optical base station (FOBS) where multiple ultra-wideband (UWB) signals are generated in optical domain using optical delay line (ODL) scheme. The performance of the signals is examined taking into account various water bodies and turbulence regimes using Gamma-Gamma distribution. Forward-error correction (FEC) target Bit-error rate (BER) of 3.8×10−3 is successfully achieved for all sensors considering different water bodies and turbulence values.
Based on above details, the main achievements of this research are as under:
	• UWOC/UWB integrated transmission system is implemented for 5×1.5 Gb/s high-speed and scalable UWOSN.
	• DMLs are used to modulate and transmit the sensors’ data over UWOC channels towards FOBS where multiple RAUs are installed.
	• Multiple impulse radio UWB (IR-UWB) wireless signals tuned at different frequencies are generated in optical domain exploiting ODL technique.
	• The performance of sensors is evaluated under various aquatic environments and turbulence scenarios, utilizing the Gamma-Gamma channel model for accurate analysis.

This work is simulated using OptiSystem 22 software developed by Optiwave Inc [1, 26]. Section 2 provides a theoretical overview of UWOC technology along with the system and channel model, Section 3 presents the proposed architecture, Section 4 describes the simulation results, and lastly, Section 5 concludes the paper.
1.2 Deployment scenario of the proposed transmission link
Figure 1 shows an overview of the application scenario of UWOC/UWB integrated network architecture supporting high-speed data transmission among different sensors and surface stations for a variety of applications, such as ocean exploration, ocean monitoring, marine life protection, marine defence systems, and underwater research. The underwater sensors collect data and transmit it over UWOC links towards FOBS where multiple UWB wireless signals tuned at different frequencies are generated in optical domain. Multiple UWB wireless signals tuned at different frequencies are received by the respective mobile stations (MSs), thus enabling an UWOSN for high-speed and long-range data transmission between sensors and surface stations.
[image: Diagram illustrating a coastal and underwater communication system. On land, there are residential and shopping complexes, a corporate tower, and a datacenter connected via FSO link to a satellite. Offshore, a drilling platform is connected to underwater sensors and an autonomous underwater vehicle via UWOC links. A surface ship and a scuba diver operate above. Marine life is present near the seabed.]FIGURE 1 | Application scenario of the proposed architecture; UWOC, Underwater wireless optical communication link; UWB, Ultra-wideband; AUV, Autonmous underwater vehicle; FSO, Free space optical link; FOBS, Floating optical base station.1.3 UWB wireless technology
UWB radio technology has emerged as a promising solution for short-range, high-data rate wireless communications and wireless sensor networks. Its key benefits include: low power consumption, low transmit power spectral density (PSD), immunity to multipath fading, enhanced penetration through obstacles, and seamless coexistence with conventional wireless communication systems [27, 28]. These advantages make UWB an attractive technology for various applications. U.S. Federal Communications Commission (FCC) in 2002 authorized the unlicensed use of the UWB spectrum within the 3.1–10.6 GHz range, imposing a PSD limit of −41.3 dBm/MHz [27, 28]. Therefore, according to FCC’s definition, UWB signals have to fulfill three conditions called UWB spectral mask, i.e., (I) Bandwidth exceeding 500 MHz or a fractional bandwidth greater than 20%, (II) Equivalent isotropic radiated power (EIRP) ≤-41.3 dBm/MHz, and (III) Frequency of signal should be within 3.1–10.6 GHz range [29].
UWB technology has been globally regulated in the 60 GHz band, with varying frequency allocations across different regions. Specifically, the allocated frequencies range from 57 to 64 GHz in Canada and the U.S., 57–66 GHz in Australia and Europe, and 59–66 GHz in Japan and Korea [30]. 60 GHz band offers a unique advantage in mitigating coexistence issues with other wireless communication systems, such as IEEE 802.11 at 5 GHz and IEEE 802.16 at 3.5 GHz, while providing a remarkably high bandwidth of 7.5 GHz [30]. Furthermore, 60 GHz UWB technology has advanced to the point where it can be integrated into a single chip, making it suitable for handheld devices [30]. Moreover, the mean EIRP in the 60 GHz band can be increased from −41.3 dBm/MHz, as currently regulated, to 13 dBm/MHz [30]. This significant boost in transmission power can extend the UWB transmission range, assuming that free-space path loss is adequately minimized [30].
UWB technology is accessible in two primary variants: multi-band orthogonal frequency division multiplexing (MB-OFDM) and impulse radio UWB (IR-UWB) [31]. MB-OFDM enables optimal utilization of spectrum, supporting a data rate of 480 Mb/s per 528 MHz band [30]. FCC defines the MB-OFDM spectrum, slicing the 3.1–10.6 GHz range into 14 bands, each with a bandwidth of 528 MHz [30]. Each band serves as a carrier frequency for an OFDM baseband signal and is further subdivided into 128 orthogonal subcarriers. Of these, 122 are utilized for data transmission, while six are designated as null subcarriers to minimize interference [30, 31]. On the other hand, IR-UWB employs ultra-short pulses, typically in the picosecond range simultaneously supporting communication and localization [32]. IR-UWB pulses can be modulated in amplitude, position, or shape. Therefore, Gaussian monocycle, duplet, and triplet pulses are commonly used to implement different modulation schemes in IR-UWB systems which are generated by taking 1st, 2nd, and 3rd order derivatives of Gaussian pulses, respectively [32]. These pulses offer distinct benefits, including excellent BER performance and inherent resilience to multipath fading, making them well-suited for high-reliability wireless communication applications [32].
A major challenge in UWB systems is generating the UWB pulses compliant with FCC spectral mask. Several methods based upon electronic techniques for UWB pulse generation have been proposed [27]. Recently, generation of UWB pulses in the optical domain has gained significant attention. All-optical approaches offer greater flexibility, tunability, vast bandwidth, and better occupancy of spectrum as specified by FCC. Several methods for all-optical UWB pulse generation have been proposed and demonstrated recently [33]. Among these methods, ODL technique is considered one of the simplest and most efficient which is being used for generating UWB pulses in this work.
2 UWOC SYSTEM AND CHANNEL MODEL
Channel modeling is a critical step in optical wireless communication (OWC) which helps the system designers to estimate various OWC channel’s impairments that directly affect the signal quality, such as intensity scintillation and attenuation. Additionally, efficient channel modeling supports network planners to optimize different performance metrics such as BER, quality factor (Q-factor), power budget, throughput, and latency. There are different channel models proposed to estimate the turbulence and attenuation of an OWC link, such as the Log-normal, K-distribution, Negative-exponential, Gamma-Gamma, and most recently proposed Malaga model [28]. The Log-normal is applicable only to weak turbulence conditions while strong turbulence conditions are characterized using K-distribution and the Negative-exponential model [28]. The Gamma-Gamma channel model is a versatile model that can efficiently be used to characterize any turbulence from weak to strong [28]. This channel model is employed in this work to evaluate the sensors’ performance over a wide range of oceanic turbulence including bubble-induced turbulence.
The total received power in a line-of-sight UWOC system can be mathematically formulated as [1, 34].
Pr=Ptηtηr⁡exp−cλdcos⁡θAr⁡cos⁡θ2πd21−cosθo(1)
In Equation 1, Pt represents the average transmitted power, ηt denotes the efficiency of the transmitter, ηr represents the efficiency of the receiver, d corresponds to the perpendicular distance between the transmitter and receiver planes, θ is the angle between the normal to the receiver plane and the transmitter-receiver trajectory, Ar referes to the receiver aperture area, and θo characterizes the beam divergence, which accounts for geometric and pointing losses. The total attenuation of an optical signal propagating through a body of water can be expressed as the sum of absorption and scattering losses, which can be mathematically represented as [1, 34].
cλ=aλ+bλ(2)
In Equation 2, c(λ), a(λ), and b(λ) denote the extinction coefficient, absorption coefficient, and scattering coefficient, respectively. As evident from Equation 2, the absorption and scattering coefficients are strongly dependent on inherent characteristics of water, such as its temperature, salinity, and turbidity, as well as the operating wavelength of the optical signal. To evaluate the performance of the system under various aquatic conditions, several types of water bodies are considered in this work. The corresponding extinction, absorption, and scattering coefficients for each water type are given in Table 2.
TABLE 2 | Optical properties of different water bodies at 532 nm wavelength: Absorption, scattering, and extinction coefficients.	Water body	a(λ)(m−1)	b(λ)(m−1)	c(λ)(m−1)
	Pure sea	0.0405	0.0025	0.043
	Clean ocean	0.114	0.037	0.151
	Coastal ocean	0.179	0.219	0.398
	Harbor I	0.187	0.913	1.1
	Harbor II	0.366	1.824	2.19


Similarly, the optical signals transmitted over UWOC links may be subjected to oceanic turbulence. Oceanic turbulence in UWOC links is primarily caused by fluctuation in the refractive index of water due to variations in temperature, salinity, and pressure [35]. Intensity scintillation, also known as oceanic turbulence, refers to the random fluctuations in intensity of the received signal caused by variations in the refractive index of the water [35]. The Gamma-Gamma distribution is utilized to model the random fluctuations in the intensity of the received signal [35] whose probability density function (PDF) is mathematically represented as [1, 34].
ρI=2αβα+β2ΓαΓβIα+β/2−1Kα−β2αβI(3)
In Equation 3, Kα−β and Γ(⋅) denote the modified Bessel and Gamma functions, respectively [1, 28]. The Gamma function is mathematically Equation 4 [28].
Γd=∫0∞exp−ttd−1dt(4)
In Equation 3, the parameters α and β characterize the large-scale and small-scale fading eddies, correspondingly, and can be formulated as Equations 5, 6 [1, 28].
α=exp0.49σR21+1.11σR12/57/6−1−1(5)
β=exp0.51σR21+0.69σR12/55/6−1−1(6)
σR2 in above expression is the Rytov variance and can be expressed as [1, 28].
σR2=1.23Cn2k7/6R11/6(7)
In Equation 7, the Cn2 parameter represents the refractive index structure parameter, which quantifies the strength of oceanic turbulence, R is the range of UWOC link and k=2π/λ is the optical wave number. In this work, different turbulence regimes are considered to analyze the performance which are characterized by Cn2 parameter whose values are given in Table 3.
TABLE 3 | Different turbulence regimes and their values.	Parameter	Turbulence regime
	Weak	Moderate	Strong
	Cn2(m−2/3)	5×10−16	5×10−14	5×10−12
	α	11.6	4	4.2
	β	10.1	1.9	1.4


3 PROPOSED ARCHITECTURE
As illustrated in the block diagram of the proposed architecture, in practical underwater sensing applications, sensors typically generate analog signals. These analog signals are then converted into bit streams using analog-to-digital converters (ADCs), enabling further processing and transmission [36]. The binary signals are used to directly or externally modulate a DML or continuous-wave (CW) laser, respectively and then the modulated optical carriers are transmitted over optical link. It may be observed that baseband data signals, each composed of Gaussian shaped pulses having full-width at half maximum (FWHM) of 50 ps at the rate of 1.5 Gb/s are used to directly modulate five lasers with emission wavelengths of λ1 = 532 nm, λ2 = 532.8 nm, λ3 = 533.6 nm, λ4 = 534.4 nm, and λ5 = 535.2 nm, as shown in inset of Figure 2. Table 4 shows the wavelength assignment of different optical carriers (i.e., sensors).
[image: Diagram illustrating a communication system with underwater sensors connected to a floating optical base station via an Underwater Wireless Optical Communication (UWOC) channel. Signals (\(\lambda_1\) to \(\lambda_5\)) are demultiplexed and processed through various components like VOA, PS, OD, PD, and EBP filters. Signals are transmitted wirelessly to mobile stations, where they pass through additional filters and mixers, leading to a Bit Error Rate (BER) estimator. An inset shows sensor details including base-band data and telescope.]FIGURE 2 | Illustration of the proposed architecture, DML: Directly modulated laser, DEMUX: Demultiplexer, S1, S2, S3, S4, S5: Five underwater sensors, PS: Power splitter, UWOC: Underwater wireless optical communication channel, OD: Optical delay, VOA: Variable optical attenuator, PD: Photodetector, SUB: Subtractor, EBPF: Electrical bandpass filter, ES: Electrical splitter, MIX: Mixer, ELPF: Electrical lowpass filter, BER: Bit-error rate estimator.TABLE 4 | Assignment of wavelengths.	Optical carrier	Wavelength
	λ1	532 nm
	λ2	532.8 nm
	λ3	533.6 nm
	λ4	534.4 nm
	λ5	535.2 nm


It is pertinent to mention here that optical power of each laser is 30 dBm and wavelength spacing between adjacent channels is 0.8 nm as per wavelength division multiplexing (WDM) spectral grid defined by ITU-T. The on-off keying (OOK) modulated Gaussian shaped optical pulses produced by DMLs are transmitted through a line-of-sight UWOC link. The transmitted pulses are then collected by a receiver telescope that is connected with FOBS, where multiple radio access units (RAUs) are installed as depicted in Figure 2. The receiver telescope simply works here as power combiner which combines the multiple input optical signals and then passed on to 1×5 demultiplxer. The frequency-domain plot of the combined optical signal at the output of receiver telescope is illustrated in Figure 3. The combined optical signal is demultiplexed using 1×5 demultiplexer at FOBS. The role of RAUs installed at FOBS in this work is to transform the optical signals into UWB wireless signals and transmit them through RF antennas toward the mobile stations (MSs).
[image: Graph showing five peaks labeled λ1 to λ5, each representing different wavelengths, on the x-axis ranging from 531 to 536 nm. The y-axis displays power levels in dBm, ranging from -100 to -20 dBm.]FIGURE 3 | Spectral plot of combined optical signal at receiver telescope connected with FOBS. This plot is taken considering pure sea and weak turbulence regime.The difference equation for Gaussian monocycle pulses approximated by 1st order differentiation of Gaussian pulse can be written as [29].
mt=gt+−1×gt−τ(8)
Where g(t) represents the Gaussian pulse in time-domain, m(t) is the Gaussain monocyle pulse in time-domain, and τ being the time delay separating the positive and negative half-cycles of the Gaussian monocycle pulse. In this work, we have implemented difference equation (Equation 8) representing Gaussian monocycle pulse in optical domain using ODL technique [28].
At each RAU, the incoming signal is divided into two branches using a power splitter (PS), as illustrated in Figure 2. In one path, the signal undergoes a controlled delay, while in the other path, a variable optical attenuator (VOA) is employed to ensure equalized path losses. Subsequently, both delayed and attenuated optical signals are converted into electrical signals through photodetection. Finally, the resulting electrical signals are combined using a subtractor. The optical delay is carefully adjusted so that the tail of a Gaussian pulse in one path aligns with the front of the same Gaussian pulse in the other path. Due to the subtraction process at the output of the photodetectors, the two Gaussian shaped pulses acquire opposite polarities, thereby forming a Gaussian monocycle pulse. The UWB signals at the subtractor outputs are then filtered using electrical bandpass filters (EBPFs), each with a bandwidth of 10.6 GHz and transmitted to the MSs as illustrated in Figure 2. To prevent electromagnetic interference among the RAUs installed at FOBS, each RAU employs an EBPF tuned at different frequency, such as RAU-1 at 4 GHz, RAU-2 at 4.5 GHz, RAU-3 at 5 GHz, RAU-4 at 5.5 GHz, and RAU-5 at 6 GHz. The time-domain and frequency-domain traces of the generated Gaussian monocycle pulses for randomly selected sensors-1, 3, and 5 are shown in Figure 4.
[image: Graphical representation of pulse trains and their corresponding frequency spectra. Panels (a), (b), and (c) show time versus amplitude graphs with pulse widths of 210, 201, and 196 picoseconds respectively, and their full width at half maximum (FWHM) values. Panels (d), (e), and (f) display the power spectral density of these pulses as a function of frequency in decibels. The graphs illustrate variations in pulse shape and spectrum.]FIGURE 4 | (a–c) Time-domain traces of the UWB monocycle pulses at the output of the RAUs for sensors-1, 3, and 5, respectively and (d–f) Frequency-domain traces of the UWB monocycle pulses at the output of the RAUs for sensors-1, 3, and 5, respectively. These plots are obtained considering pure sea and weak turbulence regime.It is evident that generated UWB signals are perfectly compatible to FCC spectral mask. Moreover, the positive half cycles of UWB monocycle pulses for sensor-1, 3, and 5 have FWHM of 55 ps, 54 ps, and 54 ps, respectively. Similarly, UWB monocycle pulses for sensor-1, 3, and 5 have full-width (FW) of 210 ps, 201 ps, and 196 ps, respectively.
In real-world applications, the UWB signals modulated in amplitude, position, or shape as discussed in Section 1.3, are transmitted over wireless channels towards MSs. In this work, the MS is responsible for extracting the baseband data from the UWB signal and performing the BER analysis. Since the primary focus of this work is generation of UWB signals in optical domain, each UWB signal generated at the output of respective RAU is not transmitted over a wireless channel. Instead, it is directly connected to the MS’s input as shown in Figure 2. The signal received at the MS undergoes bandpass filtering to eliminate out-of-band noise. It is then split into two paths via an electrical splitter (ES). To implement self-mixing, the signals in both branches are combined using an electrical mixer [28, 29]. Multiplication through mixer results into removal of the negative half cycle of monocyle pulse, hence yielding Gaussian shaped pulses. The mixer output is then filtered using an electrical lowpass filter (ELPF) to reject high frequency harmonics and extract the baseband data. Finally, the baseband data signal is fed into a BER analyzer, which measures the BER values. The key simulation parameters used in this study are summarized in Table 5.
TABLE 5 | Main simulation parameters.	Parameter	Value
	Bit rate (each sensor)	1.5 Gb/s
	Power of DMLs at maximum current	30 dBm
	Linewidth of DMLs	10 MHz
	Beam divergence	2 mrad
	Aperture diameter of TX/RX telescopes	5 cm and 25 cm
	Coupling efficiency	90%
	Bandwidth of DEMUX	10 GHz
	Optical delay	50 ps
	Bandwidth of EBPFs	10.6 GHz
	Cut-off frequency of ELPFs	1.42 GHz
	Responsivity of photodetectors	0.9 A/W
	Power density of thermal noise	100×10−24W/Hz


4 RESULTS AND DISCUSSION
The following assumptions are considered to facilitate the analysis and evaluation of sensor performance in this study:
	• The sensors are assumed to be anchored near the seafloor, positioned at a uniform distance from the FOBS.
	• A direct line-of-sight optical link is assumed to exist between each sensor and the FOBS.
	• Geometrical and coupling losses are considered in UWOC link.
	• FEC target BER of 3.8×10−3 is considered for this study.
	• Sensors-1, 3, and 5 are chosen to illustrate the performance evaluation, while Sensors-2 and 4 are selected for a detailed examination of their eye patterns.

The sensors’ performance is evaluated using metrics of BER, Quality factor (Q-factor), and Error-vector magnitude (EVM). BER and Q-factor values are obtained exploiting OptiSystem’s internal statistical algorithm based on monitoring the eye diagrams of the signals at the electrical lowpass filter (ELPF) output. The Q-factor is related with BER by the Equation 9 [37].
Pe=12erfcQ2(9)
where, Pe is the error probability, Q is Q-factor, and erfc(x) is error function. The Q-factor quantifies the signal-to-noise ratio (SNR) at the receiver and measures how well a system can distinguish between signal levels. The Q-factor values are calculated numerically assuming Gaussian noise using Equation 10 [37].
Q=μ1−μ0σ1+σ0(10)
where, μ1 and μ0 represent the mean values of the received optical signal corresponding to logic “1” and logic “0” while σ1 and σ0 represent the standard deviations of the noise when logic “1” and logic “0” are transmitted, respectively. The sensors’ performance is evaluated in various water environments (pure sea, clear ocean, coastal ocean, harbor-I, and harbor-II) under weak turbulence conditions. The BER and Q-factor plots are generated to assess performance. Figure 5 shows the BER and Q-factor versus UWOC link range plots for different water bodies. It is evident from Figures 5a–e that maximum UWOC link range of 41.2 m, 24.8 m, 14.7 m, 7.65 m, and 4.75 m is attained at FEC target BER limit of 3.8×10−3 for pure sea, clear ocean, coastal ocean, harbor-I, and harbor-II, respectively. The FEC target BER limit has been taken from past published work [38]. It is evident that the maximum attainable UWOC link range at the FEC target BER of 3.8×10−3 shrinks as water attenuation increases. Moreover, for a given value of Q-factor, the range of the UWOC link decreases as water attenuation increases, as illustrated in Figures 5f–j. The FEC target BER limit of 3.8×10−3 refers to the BER threshold before FEC is applied [38]. This is a key concept in optical and high-speed digital communication systems. This threshold is often used because it is the maximum tolerable pre-FEC BER for certain hard-decision FEC (HD-FEC) schemes. If pre-FEC BER is ≤ 3.8×10−3, the FEC can correct most errors, resulting in a post-FEC BER ≤10−12, which is considered error-free for practical purposes [38]. Similarly, if the pre-FEC BER is >3.8×10−3, the FEC may fail to correct all errors, leading to uncorrectable errors and degraded performance.
[image: Five sets of paired line graphs. Left column: log₁₀ BER vs. Range (m) with an FEC limit line. Right column: Q factor vs. Range (m). Each panel shows data for S1, S3, and S5. Panels (a) and (f) cover 37–42 m; (b) and (g) cover 23–25 m; (c) and (h) cover 13.8–14.8 m; (d) and (i) cover 7.3–7.7 m; (e) and (j) cover 4.55–4.85 m.]FIGURE 5 | UWOC channel range versus (a–e) BER plots for pure sea, clear ocean, coastal ocean, harbor-I, and harbor-II, respectively (f–j) Q factor plots for pure sea, clear ocean, coastal ocean, harbor-I, and harbor-II, respectively. All results are obtained under weak turbulence conditions.Error-vector magnitude (EVM) is a widely adopted system-level performance metric defined in various telecommunication standards to quantify the difference between the measured signal and the ideal reference signal [39]. It is frequently expressed as a percentage and it essentially measures how far received symbols are from their ideal constellation points. For OOK modulation, the BER is related to SNR by the following formula [39, 40].
BER=Q2EbN0(11)
Where Q(x) and Eb/No are Q function and ratio of energy per bit to power spectral density (PSD). The Q function is defined as [39, 40].
Qx=12π∫x∞e−t22dt(12)
Finally, the EVM can be related with SNR as [39, 40].
EVM=1SNR(13)
In this study, Equations 11–13 are employed to numerically calculate the EVM values using BER results that were already obtained exploiting OptiSystem’s internal statistical algorithm. Figure 6 presents the EVM versus UWOC link range plots for various water bodies, such as pure sea, clear ocean, coastal ocean, harbor-I, and harbor-II considering weak turbulence regime.
[image: Five scatter plots, labeled (a) to (e), display EVM percentage against range in meters. Each plot has three series: S1 (blue circles), S3 (red squares), and S5 (black diamonds). Plots show a positive trend with varying data ranges: (a) 37-42 m, (b) 23-25 m, (c) 14-14.8 m, (d) 7.3-7.7 m, and (e) 4.55-4.8 m.]FIGURE 6 | EVM versus UWOC channel range plots for (a) Pure sea (b) Clear ocean (c) Coastal ocean (d) Harbor-I (e) Harbor-II. These plots are obtained considering weak turbulence regime.It may be noticed that, for a given value of EVM, the range of the UWOC link decreases as water attenuation increases considering different water bodies. Higher attenuation in different water bodies results significant degradation of the optical signal’s power as it propagates through the UWOC link. In pure sea water where attenuation is relatively low, the signal can travel longer distances while maintaining acceptable BER value. However, in more turbid coastal or harbor waters with higher attenuation coefficients, the same signal quality can only be maintained over much shorter distances. The fundamental reason is that increased absorption and scattering in these water types leads to greater power loss along the UWOC link, which directly impacts the received signal strength. As the signal weakens, the noise becomes more significant relative to the signal, resulting in a lower SNR that manifests as higher EVM values. For additional evaluation of sensors’ performance, the normalized eye diagrams of sensor-2 and 4 as shown in Figures 7, 8 respectively, are obtained at the output of the ELPF for different water bodies. The results clearly demonstrate that the eye diagrams of sensor-2 and 4 are well open, facilitating easy detection of zeros and ones at the receiver.
[image: Five eye diagrams labeled (a) to (e) depicting signal quality over a bit period from zero to one. Each graph shows amplitude on the vertical axis from zero to one. The diagrams illustrate variations in amplitude, indicating different signal integrity levels.]FIGURE 7 | Normalized eye diagrams of sensor-2 for different water bodies (a) Pure sea (b) Clean ocean (c) Coastal ocean (d) Harbor-I (e) Harbor-II. The eye patterns are obtained considering weak turbulence regime at BER of 10−9.[image: Five eye diagrams labeled (a) to (e) show amplitude versus time over one bit period. The lines in each diagram form an open eye pattern, indicating signal integrity and quality. Each diagram varies slightly, possibly representing different conditions or configurations.]FIGURE 8 | Normalized eye diagrams of sensor-4 for different water bodies (a) Pure sea (b) Clean ocean (c) Coastal ocean (d) Harbor-I (e) Harbor-II. The eye patterns are obtained considering weak turbulence regime at BER of 10−9.Figure 9 shows the BER and Q-factor versus UWOC link range plots for different turbulence regimes. It is evident from Figures 9a–c that maximum UWOC link range of 41.2 m, 41 m, and 37.8 m is attained at FEC target BER of 10−3 for weak, medium, and strong turbulence regimes, respectively. It is also evident that the maximum attainable UWOC link range at the FEC target BER of 10−3 shrinks as the value of Cn2 parameter increases. Moreover, for a given value of Q-factor, the range of the UWOC link decreases as the value of Cn2 parameter increases, as illustrated in Figures 9d–f. Figure 10 shows the EVM versus UWOC link range plots for different turbulence regimes.
[image: Six scatter plots display data on bit error rate (BER) and Q factor against range in meters. Subplots (a), (b), and (c) illustrate BER on a logarithmic scale with an FEC limit marked by a red dashed line. Subplots (d), (e), and (f) show Q factor decreasing with range. Different markers represent S1, S3, and S5 series. The range spans approximately 28 to 42 meters.]FIGURE 9 | BER versus (a–c) UWOC channel range plots for weak, medium, and strong turbulence regime, respectively and Q factor versus (d–f) UWOC channel range plots for weak, medium, and strong turbulence regimes, respectively. These plots are obtained considering pure sea.[image: Three scatter plots displaying EVM percentage versus range in meters. Plots (a) and (b) range from 37 to 42 meters, while plot (c) ranges from 28 to 38 meters. Each plot uses different symbols to represent S1, S3, and S5. All show a general upward trend.]FIGURE 10 | EVM versus UWOC channel range plots for (a) Weak turbulence (b) Medium turbulence (c) Strong turbulence. These plots are obtained considering pure sea.It can be observed that, for a given value of EVM, the range of the UWOC link decreases as the value of Cn2 parameter increases. For additional evaluation of sensors’ performance, the normalized eye patterns of sensor-2 and 4 as shown in Figure 11, are obtained at the output of the ELPF for different turbulence regimes.
[image: Six graphs, labeled (a) to (f), display amplitude over a time period of one bit. Each graph shows multiple overlapping lines peaking around 0.5 time, with amplitude ranging from 0 to 1. Differences in line density and shape are apparent across graphs.]FIGURE 11 | Normalized eye diagrams of sensor-2 (a–c) for weak, medium, and strong turbulence regime, respectively and sensor-4 (d–f) for weak, medium, and strong turbulence regime, respectively. The eye patterns are obtained considering pure sea at BER of 10−9.The results clearly demonstrate that the eye diagrams of sensor-2 and 4 are well open, facilitating easy detection of zeros and ones at the receiver.
The proposed system is highly scalable in terms of the number of sensors and data rates. By incorporating additional DMLs and optimizing the optical delay, more UWB signals can be generated and processed efficiently. Furthermore, the system can support higher data rates keeping in view the application requirement. This scalability makes the proposed UWOC/UWB integration a promising solution for future large-scale UWOSNs with diverse communication demands.
5 CONCLUSION
In this work, we have presented a converged underwater wireless optical communication and ultra-wideband transmission system for 5×1.5-Gb/s underwater wireless optical sensor network, employing directly modulated lasers for sensor data transmission over underwater wireless optical communication links. The floating optical base station with radio-access units successfully generates multiple ultra-wideband wireless signals using the optical delay line technique. The system leverages on-off keying and intensity modulation/direct detection techniques, and its performance is evaluated in various water bodies and turbulence regimes using Bit-error rate, Quality factor, and Error-vector magnitude, based on the Gamma-Gamma statistical channel model. Simulation results confirm that the system achieves the forward-error correction target BER of 3.8×10−3, demonstrating reliable performance under different underwater conditions. These findings highlight the feasibility of using the integration of underwater wireless optical communication and ultra-wideband for high-speed underwater optical sensor networks, offering a robust solution for future underwater communication systems. Further studies could explore experimental validation and advanced turbulence mitigation techniques to enhance system reliability in dynamic underwater environments.
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