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Abstract 

This paper reviews key hardware components of underwater wireless optical communications 

(UWOC) , with particular emphasis on photodetectors (PD). The growing demand for high-speed, 

low-latency underwater data links, driven by applications in autonomous underwater vehicle (AUV) 

networks, environmental monitoring, offshore exploration, and tactical surveillance, motivates a 

systematic comparison of available device technologies and their suitability across different 

deployment scenarios. The paper first outlines the fundamental constraints imposed by the aquatic 

optical channel, including wavelength-dependent absorption and sca�ering, turbulence-induced 

intensity fluctuations, and their combined impact on achievable link range and data rate. The spectral 

transmission window of water in the 450–550 nm range is identified as the primary wavelength 

constraint for selecting the light sources and photodetectors. It also includes a brief overview of 

radiation sources used in UWOC systems. The operating principles, modulation bandwidths, and 

beam characteristics of light-emi�ing diodes (LEDs) and laser diodes (LDs), have been compared. In 

the main part, the review focuses on analyzing the UWOC receiver’s construction across five PD’s 

technologies: photomultiplier tubes (PMTs), p-i-n photodiodes (PINs), avalanche photodiodes 

(APDs), single-photon avalanche diodes (SPADs), and silicon photomultipliers (SiPMs/MPPCs). For 

each technology, the operating principle, gain mechanism, and key parameters, including 

responsivity, noise-equivalent power, bandwidth, and bias requirements, are described and linked 

to reported experimental UWOC results. The analysis covers both analog and photon-counting 

reception modes, as well as advanced modulation and signal-processing techniques that extend link 

reach and throughput. The analysis of PD technologies for their suitability for underwater optical 

communication systems constitutes a unique data source for technologists and designers. It 

highlights experimental results from many researchers across various PD types and modulation 

formats. A fundamental trade-off between receiver sensitivity and data rate is observed, e.g., PINs 

achieve the highest data rates (up to ~25 Gbps over short distances) but have the lowest sensitivity, 

whereas single SPADs and PMTs offer the highest sensitivity (down to approximately −85 dBm) at 

the cost of reduced bandwidth. SiPM/MPPC arrays are identified as a promising intermediate 

technology, combining high single-photon sensitivity, spectrally efficient modulation formats, and 

low-bias-voltage operation. Emerging photodetector technologies, including perovskite-based 

photodetectors, SiC photoelectrochemical devices, and large-area scintillating-fiber receivers, are also 

reviewed as promising candidates for next-generation UWOC and Internet of Underwater Things 

deployments. 

Keywords: optical wireless communication; underwater communications; photon counting 

 

1. Introduction 

Underwater wireless communication plays a crucial role in applications such as tactical 

surveillance, environmental monitoring, offshore exploration, and the operation of autonomous 

underwater vehicles (AUVs). The exploration and monitoring of marine environments require 

reliable data transmission capabilities; however, the underwater channel poses significant challenges 
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for wireless communication because of strong a�enuation, multipath propagation, and 

environmental variability [1,2]. Historically, underwater signaling relied primarily on acoustic 

methods, with early concepts dating back to Leonardo da Vinci in 1490. Despite their long-established 

use, modern underwater applications increasingly demand higher bandwidth, lower latency, and 

improved support for real-time data transfer, which has stimulated the development of radio 

frequency (RF) and UWOC systems. Traditionally, underwater communication has been dominated 

by acoustic and RF technologies, each characterized by specific physical limitations [3]. 

Acoustic systems can transmit over distances from several kilometers to several hundred 

kilometers under favorable conditions. For this reason, they remain indispensable for applications 

that require extended coverage. However, their practical usefulness is limited by low data rates, 

narrow bandwidth, high latency, and susceptibility to multipath fading and environmental 

interference [4]. 

RF communications represents another possible approach, but its applicability underwater is 

strongly constrained by seawater’s high electrical conductivity. In practice, RF systems are mainly 

considered in the extremely low frequency (ELF) and low frequency (LF) ranges, where a�enuation 

is less severe, albeit at the cost of very limited bandwidth and data rate. At higher frequencies, 

especially in the MHz-to-GHz range, electromagnetic waves are a�enuated so strongly that the 

effective communication range is reduced to only a few meters [5]. As a result, RF links are generally 

restricted to highly localized, short-range underwater applications. 

To overcome the limitations of acoustic and RF systems, UWOC technology has emerged as a 

highly promising solution [6]. Optical links offer several important advantages, including high 

bandwidth, low latency, and the potential for energy-efficient data transmission. As a result, this 

technology can support data rates up to the Gbps over distances of hundreds of meters, making it 

particularly a�ractive for data-intensive applications such as real-time video transmission, 

underwater sensor networks, and AUVs communications [7]. At the same time, underwater optical 

propagation is strongly affected by absorption, sca�ering, and water turbidity, which significantly 

constrain the achievable range and link reliability. 

A comparative overview of underwater communication methods based on acoustic, RF, and 

optical waves is presented in Figure 1, while Table 1 summarizes their principal performance 

parameters. 

 

Figure 1. Comparative analysis of underwater wireless communication technologies. 

Table 1. Comparison of UOWC technologies [8–11]. 

Parameters Acoustic RF Optical 

Distance 
Dependent on frequency—up to 

several tens of km 

Dependent on frequency: 

~ 10 m (VHF/UHF) 
10—200 m 

Data rate 1 kbps—100 kbps  up to 100 Mbps up to 10 Gbps  

Attenuation 0.1—4 dB/km  3.5—5 dB/m  
0.39 dB/m (ocean) 

11 dB/m (turbid) 

Bandwidth (1—100) kHz distance dependent MHz 150 MHz  

Frequency 10 Hz—100 kHz 3—30 MHz 400—800 THz 
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Latency High Moderate Low 

Environmental 

influence 

Pressure, temperature, and 

salinity 

Conductivity and 

permittivity 

Absorption,  scattering, 

turbidity 

The comparison highlights the fundamental trade-offs among these technologies in terms of 

transmission range, data rate, latency, and sensitivity to environmental conditions. Acoustic 

communication offers the longest operational range, but at the expense of low throughput and high 

latency. RF links offer lower latency and potentially higher data rates than acoustic systems, yet their 

range remains severely limited due to strong a�enuation in water. By contrast, optical 

communication supports the highest throughput and low latency, but it is sensitive to water quality. 

That is why these properties enable their use in many scenarios of communication systems operating 

in aquatic environments. 

Figure 2 illustrates a networked communications for several maritime platforms, including 

surface ships, submarine sensor nodes (SSNs), remotely operated vehicles (ROVs), and autonomous 

underwater vehicles (AUVs), based on optical data links. In this concept, the surface vessel may act 

as a supervisory or relay platform, while underwater nodes form a multipoint sensor network 

enabling communication, coordination, and synchronization between autonomous vehicles and 

distributed sensing units. In such a configuration, UWOC can provide high-speed, low-latency links 

suitable for real-time video transmission, rapid sensor-data exchange, and cooperative operation of 

underwater platforms. However, there are several practical challenges for UWOC applications, e.g., 

link geometry, platform alignment, and water reservoir properties. 

 

Figure 2. Generic architecture of the UWOC system showing optical links between a surface vessel, AUVs, ROVs, 

and SSNs. The scheme illustrates a multipoint underwater sensor network operating in the blue-green optical 

window to enable high-speed, low-latency communication. 

2. Fundamentals of Underwater Optical Communications 

UWOC systems offer high data rates, physical-layer data security, free licensing, and low 

installation and operating costs. However, the main drawback of UWOCs is the strong absorption 

and sca�ering of optical radiation. Fundamentally, water has low optical absorption in the blue-to-

green wavelength range. However, the a�enuation level depends on the kind of water reservoir. For 

example, the lowest absorption coefficients occur at around 420-460 nm (blue light) in seawater and 

at around 540-550 nm (green light) in coastal water [12,13]. As a result, blue light penetrates deepest 

in open-ocean seawater, while in coastal areas, green light is more effective. Absorption refers to the 

irreversible conversion of optical energy into heat caused by pure water molecules, phytoplankton, 

and dissolved organic ma�er [14]. 

Sca�ering occurs when particles in water deflect photons from their original path. In the UWOC 

links, it causes beam broadening and intersymbol interference at the receiver. In addition to 
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absorption and sca�ering, underwater optical links are also affected by turbulence, which results 

from temperature and salinity variations that produce refractive-index fluctuations. These 

fluctuations may cause scintillation, beam wandering, and intensity fading at the receiver, thereby 

degrading link stability and overall communication performance. 

 

Figure 3. Penetration depth of optical radiation in seawater: a) in the open ocean, b) in coastal regions [15]. 

To design reliable UWOC systems, researchers must conduct comprehensive channel modeling 

that accounts for different water types, dynamic turbulence, and beam-steering characteristics. 

Figure 4 shows a block diagram of a UWOC system. The transmi�er subsystem comprises a data 

input fed into a modulator, a driver circuit, a light source (LED or LD), and collimating optics. The 

optical signal propagates through the aquatic channel, subject to absorption, sca�ering, and 

turbulence. At the receiver, the collecting optics focus the light onto the PD surface (photodiode 

surface). The radiation is spectrally filtered to minimize the influence of background light. The 

resulting PD signal (current) is amplified by an amplifier (transimpedance, TIA), then demodulated, 

and finally delivered as the recovered data output. 

 

Figure 4. Schematic of a typical UWOC link. 

The characteristics of the underwater optical channel (wavelength-dependent a�enuation, 

turbulence, sca�ering, and link geometry) determine the required spectra and optical power of the 

light source, beam divergence, modulation bandwidth and format, and receiver sensitivity. 

Consequently, the design of UWOC requires joint optimization of the transmi�er and receiver 

construction. 

2.1. Optical Radiation Sources 

The optical transmi�er is one of the key subsystems determining the achievable data rate, 

communication range, power efficiency, and robustness of an UWOC link. It employs optical sources 

operating approximately between 450 and 570 nm to minimize water radiation a�enuation. The two 

most commonly used semiconductor sources in UWOC are LEDs and LDs. These sources differ 

substantially in beam divergence, modulation bandwidth, spectral width, optical power density, cost, 
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and alignment requirements. LEDs generally exhibit large beam divergence angles, low cost, simpler 

driving electronics, and higher tolerance to pointing errors. Laser diodes, by contrast, offer a much 

narrower beam, higher radiance, a narrower emission spectrum, and a larger modulation bandwidth, 

which make them more suitable for high-speed, longer-distance line-of-sight UWOC links [16]. 

LEDs are a�ractive optical transmi�ers for short- and medium-range UWOC systems, especially 

when low cost, low power consumption, mechanical simplicity, and relaxed alignment are more 

important than maximum data rate. Recent experiments show that LED-based UWOC can 

nevertheless achieve practically useful performance. Zhang and Zhou demonstrated a real-time 

UWOC system using four blue LEDs with pre-emphasis technology to extend the modulation 

bandwidth. Their system achieved a data rate of 135 Mbps at a distance of 10 m with a BER of 5.9·10-

3, and the estimated maximum communication distance was 25.4 m at 80 Mbps under the same water 

conditions [17]. This result is important because it concerns a real-time system, not only an offline 

laboratory demonstration.LED arrays and multi-emi�er configurations are also relevant for UWOC. 

Li et al. demonstrated a MIMO-UWOC system based on arrayed LEDs, showing that spatial diversity 

can mitigate turbulence-induced fading and improve tolerance to misalignment [18]. 

Laser diodes are currently the dominant sources for high-speed UWOC links. Their low beam 

divergence provides longer transmission distances, and a narrow spectral width reduces the impact 

of background light. Oubei et al. demonstrated a 2.3 Gbit/s UWOC link over 7 m using a directly 

modulated 520 nm laser diode. The authors noted that the LD’s high modulation bandwidth, 

combined with receiver sensitivity, was the key factor enabling high-speed transmission. Shen et al. 

reported a compact, low-power UWOC system based on a 450 nm laser diode, achieving 2 Gbit/s 

over 12 m and 1.5 Gbit/s over 20 m [19]. 

Longer-distance LD-based links have also been reported. Wang et al. demonstrated a 100 m, 500 

Mbps underwater optical wireless link using a 520 nm green LD with NRZ-OOK modulation. The 

higher modulation bandwidth of LDs was identified as a crucial factor for implementing high-speed 

UWOC systems [20]. From a materials and wavelength perspective, GaN- and InGaN-based blue and 

green LDs are particularly important. Commonly used wavelengths include approximately 405 nm, 

450 nm, 488–490 nm, and 520 nm. 

In addition to conventional edge-emi�ing LDs, vertical-external-cavity surface-emi�ing lasers 

(VECSELs) have recently a�racted a�ention as advanced UWOC sources. VECSELs can provide high 

output power, excellent beam quality, and flexible cavity design. These properties are valuable for 

long-distance UWOC, where beam quality and power stability directly affect the link budget. 

Tian et al. demonstrated a 108 m UWOC link using a 100 mW, 490 nm blue VECSEL with an 

acousto-optic modulator (AOM). The system used 64-pulse position modulation (PPM) and achieved 

a BER of 2.7·10-5. They also emphasized that the VECSEL’s near-diffraction-limited beam quality 

makes the system more suitable for practical long-distance applications [16]. Table 2 summarizes and 

compares key parameters of LEDs and LDs used in UWOC systems. 

Table 2. Key parameters of LEDs and LDs used in UWOC systems. 

Feature LED LD 

Beam divergence Large; easier alignment Small; higher directionality 

Typical link type 
Short/medium range, local networks, 

sensor system. 

High-speed, LOS links, longer-range 

links, AUV/ROV communication. 

 

Modulation bandwidth. 

Usually limited; can be improved by 

preemphasis, simple driving 

electronics. 

High; suitable for Mbps-Gbps 

transmission. 

Cost and complexity Low-cost, simple driving electronics. 
Higher optical and electronic 

complexity. 

Main advantage 
Robustness to misalignment, 

simplicity, and low cost. 

High data rate, longer range, high 

optical power density. 
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Main limitation 
Geometrical spreading, lower 

bandwidth. 

Strict alignment, pointing/tracking 

requirements. 

The future performance of UWOC systems depends on the development of blue–green optical 

sources. The most promising directions include high-power, high-bandwidth laser diodes, VECSELs 

with excellent beam quality, LED arrays for robust short-range communication, and multi-emi�er 

MIMO architectures. UWOC transmi�ers will likely combine an optimized source considering 

wavelength, high modulation capability, efficient beam shaping, and possibly spatial diversity to 

balance data rate, range, power consumption, and alignment tolerance. 

2.2. Optical Detectors 

Selecting the appropriate PD is a key factor in determining the performance of a UWOC system. 

In an underwater environment, the PD must provide high spectral sensitivity within the water-

transmission window, a fast response time, and low noise. This section discusses the five main types 

of PDs used in UWOC systems: photomultipliers (PMTs), p-i-n photodiodes (PINs), avalanche 

photodiodes (APDs), single-photon avalanche diodes (SPADs), and silicon photomultipliers 

(SiPMs/MPPCs). Each of these solutions has a different detection mechanism, sensitivity, and power-

supply complexity. 

Photomultipliers operate based on the external photoelectric effect. This effect involves the 

emission of electrons from the surface of a material (metal or semiconductor) in response to incident 

optical radiation. A photomultiplier is a vacuum device in which all components are enclosed within 

an evacuated envelope (Figure 5). The first element is the entrance window, whose material—

borosilicate glass, synthetic silica, or magnesium fluoride—is selected according to the required 

spectral range. 

Immediately behind the window is the photocathode, which is a thin layer of photoemissive 

material. The materials used—such as bialkali, multialkali, or gallium arsenide phosphide—exhibit 

high quantum efficiency in the visible region, and their selection determines the spectral sensitivity 

of the entire device. Dynodes—a series of electrodes (usually 10 to 15) made of materials 

characterized by a high coefficient of secondary electron emission, such as beryllium oxide, 

magnesium oxide, or gallium phosphide—are arranged behind the photocathode. Each dynode is 

maintained at a successively higher electrical potential, supplied by an external voltage divider 

network connected to a high-voltage source of 500–2000 V. The electrode system is terminated by an 

anode, which collects the multiplied electron current and delivers the output signal to an external 

measurement system. 

a) 

 

b) 

 

Figure 5. Schematic of a photomultiplier tube (a) [21], and spectral sensitivity curves of various photocathodes 

(b) [based on 22]. Curves 1–6 correspond to photocathodes with synthetic silica windows: 1—GaN, 2—CsTe, 3—

bialkali, 4—ultra-bialkali, 5—enhanced-red multialkali, and 6—GaAs. Curves 7–10 correspond to photocathodes 

with borosilicate glass windows: 7—InGaAs, 8—multialkali (S20), 9—enhanced-red GaAsP, and 10—GaAsP. 

In this construction, a photon passing through the entrance window strikes the photocathode 

and—if its energy is greater than the work function of the material—ejects a single photoelectron. 
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The emi�ed electron is then accelerated by the electric field between the photocathode and the first 

dynode, striking the dynode surface with sufficient kinetic energy to induce secondary electron 

emission. Each collision with a subsequent dynode results in the emission of several secondary 

electrons, with the secondary emission coefficient d on a single dynode typically ranging from 3 to 6, 

depending on the electrode material and the applied voltage. This process cascades through all 

dynodes, and the total current gain G = η (dg)n, where n is the number of dynodes, g is the transfer 

efficiency between adjacent dynodes, and η is the collection efficiency between the photocathode and 

the first dynode (typically 0.7–0.9). For a typical PMT with n = 10 dynodes and δ ≈ 5, the total current 

gain reaches values of 10⁶–10⁷.Among the operational parameters, current responsivity (A/W) is 

particularly important, along with the dark current resulting from thermionic electron emission from 

the photocathode and the output pulse rise time, typically 1–3 ns, which limits the device bandwidth. 

The exceptionally high gain of PMTs makes them preferred PDs for applications in which the optical 

signal is strongly a�enuated, such as long-range UWOC links or systems operating in highly 

sca�ering environments. However, the main limitations of PMTs include their relatively large size 

and weight, high cost, the requirement for a high-voltage power supply, and sensitivity to intense 

background illumination, which may cause saturation and accelerate photocathode degradation. 

These characteristics complicate PMT integration into compact autonomous underwater vehicle 

(AUV) platforms, where compact size and system reliability are critical. 

Photomultipliers can operate either in linear (analog) mode, in which the anode current is 

proportional to the incident photon flux and enables faithful reproduction of the optical signal 

modulation, or in single-photon counting (SPC) mode, in which each detected photon produces a 

clearly distinguishable anode pulse that is registered by a discriminator and counting circuit. The 

la�er mode is possible because the PMT gain is sufficiently high to distinguish the single-

photoelectron pulse from the readout system’s electronic noise. 

UWOC systems also employ PDs based on the internal photoelectric effect, such as  

PINs and APDs. The PIN architecture is shown in Figure 6a, while the corresponding energy-band 

diagram is presented in Figure 6b. This structure is characterized by the insertion of an undoped 

semiconductor region between the p-type and n-type layers. This additional region, denoted as the 

intrinsic (i) layer, significantly increases the width of the depletion region, where photon absorption 

and electron–hole pair generation occur. 

 

Figure 6. PIN photodiode: (a) geometry, (b) energy-band diagram at reverse bias. 

The introduction of an intrinsic layer between the p- and n-regions significantly improves the 

PIN’s key performance parameters. This layer increases the width of the depletion region, thereby 

enhancing the probability of photon absorption and enabling more efficient separation of 

photogenerated charge carriers in a strong electric field. As a result, PINs exhibit lower junction 

capacitance and, therefore, faster time response. 

Another photodiode construction is the APD, which provides internal gain through avalanche 

multiplication of charge carriers. The APD structure is specifically designed to generate a strong 

electric field within a dedicated multiplication region. This field is sufficiently high for accelerated 

carriers to acquire enough kinetic energy to initiate impact ionization, leading to the generation of 

additional electron–hole pairs (Figure 7). 
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Figure 7. APDs: (a) structure, (b) energy band diagram at reverse bias. 

The APD operates on the same fundamental principle as a PIN: photon absorption generates an 

electron–hole pair, which is subsequently separated by an electric field. Unlike conventional 

photodiodes, however, the APD employs an additional carrier multiplication mechanism based on 

impact ionization. The gain of an APD is defined as the ratio of the total photocurrent, including 

avalanche multiplication (IAPD), to the primary photocurrent (Iph), which would be generated solely 

by photon absorption in the absence of internal amplification, and can therefore be expressed as 

� =
����

���
  (1) 

In practice, the avalanche gain M depends strongly on the applied reverse bias voltage V and 

temperature, and can be described by the empirical relation [23] 

 � =
�

���
�

���
�
�, (2) 

where Vbr is the breakdown voltage, and κ is an empirical exponent that depends on the 

photodiode material and operating conditions. For silicon APD, values of κ in the range of 2–6 are 

typically reported. This relationship indicates that the avalanche gain increases nonlinearly with 

increasing reverse bias voltage, exhibiting a sharp rise as the breakdown voltage is approached. 

To achieve avalanche multiplication, APDs require a high reverse bias voltage, typically ranging 

from several tens to several hundred volts, and precise control of both the bias voltage and the 

temperature. Compared with conventional photodiodes, APDs are more sensitive to noise, thermal 

effects, and nonlinear gain behavior. Despite these limitations, their ability to internally amplify the 

photogenerated signal at the detection stage makes them widely used in highly sensitive receiving 

systems. 

Although linear-mode APDs significantly improve receiver sensitivity through internal 

avalanche multiplication, their output current remains proportional to the incident optical power. 

However, under extremely low-light conditions, even higher sensitivity is required, which has 

motivated researchers to develop PDs capable of single-photon detection. 

SPADs are among the most advanced solid-state technologies for single-photon detection. They 

operate in Geiger mode, which enables the registration of individual photons with high sensitivity 

and excellent temporal resolution. In contrast to APDs operated in linear mode, SPADs do not 

generate an output signal proportional to the number of incident photons. Instead, each detected 

photon triggers a discrete electrical pulse corresponding to a single detection event. For this reason, 

SPADs are also commonly referred to as Geiger-mode avalanche photodiodes (G-APDs), by analogy 

with Geiger–Müller PDs [24], in which ionizing radiation initiates a self-sustaining avalanche process. 

A typical SPAD is based on a p–n or p–i–n junction that is operated above its breakdown voltage. 

In Geiger mode, the applied bias voltage Vbias exceeds the breakdown voltage Vbd. The difference 

 ��� = ����� − ���,     (3) 

is called the excess bias voltage (or overvoltage), and it is one of the most important parameters 

that determines the PD’s performance. 
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The operation of a SPAD does not depend solely on the value of Vex, but also on the junction 

geometry and doping profile, which together determine the electric field distribution in the 

multiplication region. This field controls the probability that an avalanche process will start after a 

photon is absorbed. The breakdown voltage varies for different SPAD technologies and can range 

from about 10 V to several hundred volts. As a result, the excess bias voltage typically varies from 

below 1 V to several tens of volts. Therefore, when designing and optimizing SPADs, it is important 

to focus on the electric-field distribution and the junction structure rather than solely on the absolute 

value of the applied voltage. When a photon is absorbed in the device’s active region, it creates an 

electron–hole pair. In a strong electric field, this pair can trigger a rapidly growing avalanche process. 

The avalanche occurs locally within the depletion region, producing a large current pulse. 

Importantly, the amplitude of this pulse does not depend significantly on the energy of the incoming 

photon. Because the avalanche gain is very high, typically in the range of 105 to 107 [25], the device 

enables single-photon detection with high reliability and provides a very fast timing response, 

usually below one nanosecond. 

As the excess bias voltage Vex increases, the electric field in the multiplication region becomes 

stronger, increasing the avalanche initiation probability. Consequently, the photon detection 

efficiency (PDE) increases monotonically with Vex until it approaches saturation, as the avalanche 

triggering probability tends toward unity. At the same time, stronger electric fields reduce statistical 

fluctuations in avalanche buildup time, thereby improving the PD’s timing resolution. Modern 

silicon SPADs achieve timing ji�er of a few tens of picoseconds under optimized bias conditions. 

However, higher electric fields also increase the rate of spurious avalanche events not initiated 

by signal photons. The main sources of these events are thermally generated carriers, which dominate 

at room temperature, and band-to-band tunneling, which becomes significant at high electric field 

strengths. Together, these mechanisms determine the dark count rate (DCR). An additional noise 

contribution arises from afterpulsing, which is caused by charge carriers trapped in la�ice defects 

during a preceding avalanche event and released after a characteristic trapping lifetime, often during 

or shortly after the recovery time. 

Consequently, PDE, timing ji�er, and DCR are strongly interrelated through the device’s 

avalanche physics and noise mechanisms, giving rise to a fundamental design trade-off: increasing 

Vex improves detection efficiency and timing performance at the cost of increased noise. Optimizing 

SPAD operation, therefore, requires careful selection of the bias point, as well as engineering of the 

junction structure and doping profile to achieve the desired balance between sensitivity, timing 

accuracy, and dark count suppression. 

At low reverse bias, the device operates in the unity-gain regime, where the output current 

equals the primary photocurrent generated by the absorbed radiation (Figure 8a). As the bias voltage 

increases, the device transitions into linear mode, in which internal carrier multiplication becomes 

significant, and the output current IAPD is given by the product of the primary photocurrent Iph and 

the avalanche gain M. Once the applied voltage exceeds the breakdown voltage Vbr, a suitably 

designed PD, such as a SPAD, can enter Geiger mode. This regime serves as the operating basis for 

SPADs. It is sustained by exceptionally strong electric fields within the depletion region, typically 

exceeding 10⁵ V/cm, under which any individual electron or hole can acquire enough energy to 

trigger a complete avalanche multiplication event. 

As shown in Figure 8b, the onset of an avalanche causes the device current to rise rapidly to a 

macroscopic value. This current persists until the avalanche is quenched—that is, until the bias 

voltage is lowered to or below Vbr, at which point the electric field becomes too weak to sustain 

impact ionization and the current ceases. The PD cannot register further photons until the bias is 

raised back above breakdown; this restoration step is known as the reset phase. Together, the 

quenching and reset phases are managed by dedicated electronics commonly referred to as 

quenching circuits. 
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a) 

 

b) 

 

 

Figure 8. Reverse current as a function of reverse bias voltage in an APD [based on 26]. 

The function of a quenching circuit is to handle the avalanche current produced by a single-

photon detection event and return the PD to its sensitive state in a controlled manner. Specifically, it 

must: (i) limit the avalanche current to a safe level to avoid device degradation; (ii) terminate the 

avalanche in a reproducible way; and (iii) restore the operating bias above breakdown to allow 

detection of the next photon. 

Two principal categories of quenching circuits are distinguished in the literature. In passive 

quenching circuits (PQCs), a series resistor inserted in the bias path limits avalanche current and 

allows the junction voltage to drop naturally below breakdown. This approach is straightforward to 

implement and requires no additional active components, but the relatively slow voltage recovery 

inherent to an RC discharge results in comparatively long dead times [27]. Active quenching circuits 

(AQCs) address this limitation by incorporating fast sensing electronics that detect the onset of the 

avalanche and deliberately force the bias voltage below breakdown within a few nanoseconds. Once 

the avalanche is extinguished, the bias is actively restored, yielding substantially shorter dead times 

and superior timing resolution compared with passive implementations [28]. 

Despite its ability to detect individual photons with exceptional sensitivity, a single discrete 

SPAD has an important functional constraint: every detected photon initiates a self-sustaining 

avalanche that must be quenched and reset before the device becomes sensitive again, limiting the 

device to registering only one photon per detection cycle. To extend counting capability and increase 

the effective dynamic range, PD’s architectures have been developed that monolithically integrate 

large numbers of SPAD microcells, ranging from several hundred to several thousand, on a single 

semiconductor substrate. The device’s output is formed by summing the contributions of all 

microcells, allowing multiple simultaneous photon arrivals to be resolved. Devices of this type are 

known as silicon photomultipliers (SiPMs) or, using the trade name introduced by Hamamatsu, 

multi-pixel photon counters (MPPCs). 

Two principal classes of SiPMs are commonly distinguished: analog SiPMs (aSiPMs) and digital 

SiPMs (dSiPMs). 

In the analog SiPM architecture, all microcells are wired in parallel to a single output node 

(Figure 9a). Each microcell is equipped with its own integrated quenching resistor Rq, which serves 

a dual purpose: it ensures that each SPAD operates independently in Geiger mode, and it allows the 

individual cell signals to be passively combined at the common output. The resulting output 

waveform carries amplitude information proportional to the number of microcells fired 

simultaneously, enabling the device to resolve the number of detected photons on an event-by-event 

basis (Figure 9b), provided that each triggered cell was struck by a distinct photon within the same 

time window. 
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a)

 

b)

 

Figure 9. Electrical circuit of the SiPM (a), and output signals (b) of the MPPC module, type C-10507-11-050U, 

where: RL is the SiPM load resistor, and MC is the microcell. 

The characteristics described above have established aSiPMs as the PD of choice in a broad range 

of low-light applications operating at moderate photon fluxes. They benefit from a well-matured 

fabrication process, a simple circuit architecture, and an a�ractive balance between cost and 

performance. However, several intrinsic drawbacks limit their applicability in more demanding 

scenarios. Because all microcell signals are merged into a single analog sum, information about the 

arrival time of individual photons is irretrievably lost. Furthermore, the voltage swing produced by 

a single microcell discharge is typically no more than a few millivolts, making the output vulnerable 

to electronic noise and threshold instability, a problem that becomes particularly pronounced when 

the dark count rate is high. Signal integrity is further compromised by parasitic capacitances 

introduced by on-chip metal interconnects, bond wires, and the external load resistor RL, which 

together cause pulse broadening, amplitude reduction, and increased timing ji�er. 

Although aSiPMs are adequate for applications in which the integrated photon count is the 

primary observable, their shortcomings become apparent whenever precise temporal information is 

required. The low amplitude of the single-cell output signal places demanding constraints on front-

end amplifier design and necessitates careful signal conditioning to maintain an acceptable signal-to-

noise ratio. Parasitic impedances distributed across the interconnect network further distort the pulse 

shape and introduce timing uncertainty that is difficult to compensate for at the system level. Most 

critically, because all microcell contributions are merged into a common analog waveform, the aSiPM 

cannot assign arrival times to individual photon detection events, thereby fundamentally excluding 

it from time-resolved measurement applications. Its use, therefore, remains confined to scenarios in 

which amplitude-based photon-flux estimation is sufficient. 

The limitations of analog architectures have motivated the development of digital SiPM (dSiPM) 

designs, in which the readout is restructured at the microcell level. Rather than summing all cell 

outputs into a shared analog line, each SPAD microcell in a dSiPM is paired with its own dedicated 

readout channel comprising front-end discriminator electronics and a time-to-digital converter 

(TDC). This arrangement allows every photon detection event to be independently registered, 

counted, and assigned a precise timestamp without interference from neighboring cells. 

The consequences for system performance are significant. Single-photon sensitivity is preserved, 

while the fully digital nature of the output eliminates the analog noise and baseline fluctuation 

problems that affect aSiPMs. Spatial and temporal information are available simultaneously at the 

pixel level, enabling applications that require both photon-number resolution and high timing 

accuracy. From an engineering standpoint, the digital architecture also improves noise immunity and 

naturally scales to large-format PD arrays [29] 

The PD technologies discussed above differ fundamentally in their internal operating principles, 

gain mechanisms, and noise characteristics, and these differences can have a practical impact on 

UWOC system performance. Parameters such as sensitivity, bandwidth, dead time, dynamic range, 
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and biasing complexity directly determine achievable transmission distance, supported data rate, 

alignment tolerance, and receiver architecture. Therefore, after examining the physical operating 

principles of the main PD classes, it is now necessary to analyze how these properties translate into 

practical UWOC implementations and into experimentally demonstrated communication systems. 

3. Photodetectors’ Technologies in UWOC 

PMTs constitute an important class of highly sensitive PDs used in UWOC. Their high internal 

gain, low noise, relatively large photosensitive area, and good sensitivity in the blue–green spectral 

region make them a�ractive for long-range and low-light UWOC links, where the received signal 

may approach the photon-counting regime. At the same time, PMT-based receivers require careful 

system design due to their high-voltage operation, sensitivity to excessive illumination, dependence 

of the output signal characteristics on the received optical power, and practical constraints on size 

and cost [30]. 

Early experimental work demonstrated the practical usefulness of PMTs in underwater optical 

links. Cox developed a 405-nm laser-diode-based underwater optical communication system with a 

PMT receiver. The system achieved 500 kbps with return-to-zero (RZ) modulation and 1 Mbps with 

non-return-to-zero (NRZ) modulation in a controlled water-tank environment [29]This work is 

historically important because it demonstrated that PMT-based detection could be applied not only 

to laboratory photon-detection experiments but also to practical underwater optical data 

transmission. 

In recent years, PMTs have been increasingly used in long-range and high-sensitivity UWOC 

demonstrations. Fei et al. reported a wideband UWOC system that used a 450-nm laser diode and a 

commercial PMT receiver to achieve 100.6 m underwater transmission at data rates up to 3 Gbps [31]. 

The authors also demonstrated that the PMT’s relatively large effective area improved tolerance to 

link misalignment, particularly relevant for long-range underwater links involving moving or 

vibrating platforms. Thus, in this system, the PMT enabled a combination of long transmission 

distance, gigabit-class data rate, and relaxed alignment requirements. 

A major issue in PMT-based UWOC receivers is that the PMT output waveform is highly 

dependent on the received optical power. At extremely weak powers, the output consists of discrete 

pulses corresponding to individual photoelectron events. As the optical power increases, the pulse 

density rises, leading to significant pulse overlap; eventually, the output evolves into a continuous 

waveform [32]. This behavior effectively defines three operating regimes of the PMT: photon-

counting (low power), transition (medium power), and quasi-continuous (high power). This regime-

dependent signal formation directly impacts the choice of detection methods. Conventional detection 

approaches are typically designed for a single statistical model and therefore operate effectively only 

within a specific regime. 

Liu et al. proposed detection methods based on the generalized extreme value (GEV) 

distribution that provide accurate performance across all three regimes [33]. These methods were 

shown to outperform conventional Poisson- and Gaussian-based maximum-likelihood PDs under 

varying received optical powers, data rates, sampling rates, and background optical conditions [34]. 

This issue is particularly important in practical UWOC systems, where the channel is highly dynamic, 

and the received signal power may vary over several orders of magnitude due to, e.g., a�enuation, 

turbulence, beam wander, terminal vibration, and changes in link distance. 

Another important tool is the use of analog-mode PMTs for weak-signal detection. Ge et al. 

proposed a new method for detecting weak optical signals in UWOC systems. Their system used an 

analog-mode PMT and on-off keying (OOK) as the modulation scheme [34]. The main challenge they 

addressed was pulse overlap. When the received light is very weak, the PMT generates short 

electrical pulses in response to individual photons. As more photons arrive, these pulses start to 

overlap, making it difficult for conventional methods to count them correctly. Traditional approaches 

either count pulse peaks or measure signal amplitude, both of which become unreliable when pulses 

overlap. To solve this problem, the authors proposed the pulse width counting (PWC) method. 
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Instead of counting the number of pulses, they measured how long the signal remained above a fixed 

threshold. The key advantage is that when two pulses start to overlap, the total pulse width decreases 

gradually and smoothly, whereas the number of detected peaks drops suddenly from two to one. 

This sudden drop causes counting errors in peak-based methods, whereas the PWC method avoids 

this problem because it relies on a continuously changing quantity. They tested the system in a 7-

meter water tank and achieved a data rate of 10 Mbps with a sensitivity of −71.5 dBm, meaning the 

system could work correctly even with an extremely weak received signal. Compared to the 

conventional methods, the PWC method required 1.1 dB less optical power than pulse peak counting 

and 3.8 dB less than pulse amplitude detection—the lower the required power, the be�er the system 

performance. Their results show that analog-mode PMT PDs can be used to build highly sensitive 

UWOC receivers, provided the signal-detection algorithm accounts for the PMT’s behavior under 

low-light conditions, particularly the tendency for pulses to overlap at higher photon arrival rates. 

PMTs are also relevant to photon-counting UWOC architectures, especially when receiver 

sensitivity and photon efficiency are critical. Photon-counting reception is naturally compatible with 

pulse-position modulation, because information is encoded in the temporal position of photon 

arrivals rather than only in signal amplitude. For example, photon-counting UWOC systems using 

PPM have demonstrated very high photon efficiency and operation under extremely low received 

signal levels [35]. Such results indicate that photon-counting reception, including PMT-based 

implementations, can be useful for long-range links, highly a�enuating water channels, and 

applications with severely limited optical power budgets. 

PMT arrays have also been investigated for MIMO-UWOC and spatial-diversity reception. In 

such systems, several PMTs can be used to increase the effective collection area, relax pointing 

requirements, or support spatially distributed signal acquisition. Li et al. proposed photon-counting 

schemes for MIMO UWOC with arrayed PMTs, which are relevant for long-range links and systems 

operating under low photon flux [36]. This approach is particularly a�ractive in underwater 

environments because spatial diversity can mitigate fading, misalignment, and local fluctuations in 

received intensity caused by sca�ering or turbulence. 

In summary, PMTs have been applied in UWOC receivers in three main roles: as wideband 

analog PDs for high-speed links, as photon-counting receivers for ultra-sensitive low-photon-flux 

communication, and as large-area single PDSs or PD’s arrays for improved alignment tolerance and 

spatial diversity. Recent demonstrations show that PMT-based UWOC can reach gigabit-per-second 

data rates over approximately 100 m, while PMT-based photon-counting architectures can provide 

very high receiver sensitivity at lower data rates. The main research challenges are related to adaptive 

signal detection across pulse transition waveform regimes, mitigation of ambient-light and 

sca�ering-induced noise, dynamic gain control, protection against excessive illumination, and the 

practical implementation of compact, robust PMT-based receiver modules. 

Although PIN photodiodes are widely used in optical communication systems due to their 

simplicity and low cost, their sensitivity is often insufficient for long-range UWOC links, where the 

received optical power is extremely low. Compared with PMT-based receivers, PIN-based receivers 

are generally more compact, easier to integrate with standard analog front-end electronics, and less 

complex to implement. Nevertheless, they remain highly a�ractive for short-range and high-speed 

UWOC systems owing to their fast response, good linearity, low biasing requirements, and 

compatibility with TIA-based receiver architectures. However, the overall performance of UWOC 

depends on more than just the photodiode itself. It is jointly determined by photodiode parameters 

such as responsivity, active area, junction capacitance, 3 dB bandwidth, and dark current, as well as 

by the noise and bandwidth of the front end, the optical field of view, the modulation format, the 

equalization method, and the underwater channel conditions, including absorption, sca�ering, 

turbidity, turbulence, and alignment stability [37]. 

Experimental studies confirm that PINs can be used with both laser-diode and LED transmi�ers. 

For example, Wang et al. demonstrated a UWOC system using a 450-nm laser diode, FPGA-

implemented quadrature amplitude modulation (16-QAM), and a 150-MHz PIN-based receiver. The 
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system achieved a data rate of 50 Mb/s over a 3 m underwater path, demonstrating that relatively 

simple based-PIN receivers can support digitally modulated UWOC links at moderate link distances 

and channel losses [38]. 

PINs can also be employed in receiver diversity architectures, where multiple detector elements 

capture the same optical signal across different spatial paths to improve robustness against channel 

fluctuations and extend spatial coverage. For example, Li et al. demonstrated an underwater visible-

light communication system using a blue LED transmi�er and an integrated PIN array [39]. The 

signals from all elements were combined with equal weights (equal-gain combining), effectively 

increasing the receiving area and improving tolerance to beam displacement. Using quadrature 

amplitude modulation with discrete multitone modulation (QAM-DMT), their system achieved data 

rates above 1 Gb/s after 1.2 m of underwater transmission, with improved alignment tolerance and 

spatial coverage. 

Other studies have applied multi-PIN reception with maximum-ratio combining, in which 

signals from different receiving branches are weighted by their quality before combining. Such 

methods can reduce the influence of misalignment, nonuniform irradiance, fading, and scintillation 

in LED-based UWOC links [40]. High-speed experiments further demonstrate the potential of PIN 

photodiode receivers when they are combined with advanced modulation and digital signal 

processing. 

Fei et al. reported a high-speed UWOC link using a single 450-nm laser diode and a PIN receiver 

[41]. The transmi�ed data were split into many parallel streams and sent over multiple frequency 

subchannels using DMT modulation. With this approach, data rates of 16.6 Gb/s over 5 m, 13.2 Gb/s 

over 35 m, and 6.6 Gb/s over 55 m were achieved in tap water. These results show that multi-Gb/s 

based-PIN UWOC links are possible when PD bandwidth, transmi�er modulation bandwidth, 

optical alignment, water a�enuation, and digital equalization are jointly optimized. 

To increase sensitivity and extend the range of optical links, especially at very low received 

signal power levels, APDs are used in UWOC systems. The majority of high-speed UWOC 

demonstrations have relied on linear-mode APDs. 

These PDs were employed in several experiments: Oubei et al. demonstrated 2.3 Gbit/s OOK-

NRZ transmission over 7 m using a 520 nm laser diode [7], while Shen et al. extended the link to 20 

m at 1.5 Gbps using a 450 nm laser [19]. Liu et al. pushed the transmission distance to 34.5 m at 2.70 

Gbps using a green LD with NRZ-OOK modulation and Thorlabs APD210 PD [42]. 

The sensitivity advantage of linear-mode APDs becomes particularly evident at longer 

distances. Lyu et al. demonstrated a 42 m UWOC link using spread spectrum technology with an 

APD210 photodiode, achieving a receiver sensitivity of −30.5 dBm at the forward error correction 

(FEC) threshold [43]. Zhang and Zhou demonstrated a real-time LED-based UWOC system that 

achieved 135 Mbps at 10 m using a Hamamatsu S8664-30K APD, in which the large photosensitive 

area was selected to facilitate receiver alignment at the cost of increased junction capacitance (22 pF) 

[17]. 

Another important class of PDs used in UWOC is based on single-photon avalanche diodes. In 

photon-starved conditions, the SPAD receiver no longer measures a continuous photocurrent in the 

usual analog sense, but rather counts discrete photon-detection events. This makes it suitable for 

long-distance, low-power, and Internet-of-Underwater-Things (IoUT) applications, where high 

sensitivity may be more important than very high analog bandwidth [44]. 

However, after each detected photon, the SPAD must wait a period before it becomes insensitive to 

further photons. At higher photon fluxes, a short recovery period (dead time) in this PD leads to a 

nonlinear response and limits the maximum achievable count rate. In practice, if the dead time 

becomes comparable to the symbol duration, missed photons may cause intersymbol interference 

[45] 

Early SPAD-based UWOC concepts mainly used simple binary modulation formats, such as on–

off keying (OOK) or pulse-position modulation, because these formats are naturally compatible with 

photon counting. In a simple OOK receiver, the system decides whether a “0” or “1” was transmi�ed 
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by comparing the number of detected photons in a time slot with a threshold. In turbulent 

underwater channels, however, the received optical power fluctuates, so the optimum decision 

threshold may change with time. For this reason, studies comparing OOK and binary PPM have 

shown that OOK with an optimum threshold can perform slightly be�er, but binary PPM may be 

more practical when the channel state is difficult to estimate accurately [46]. 

An important practical issue in photon-counting UWOC is clock and data recovery. Since the 

SPAD output is not a smooth analog waveform but a random sequence of narrow electrical pulses, 

the receiver must determine the correct time slots to recover the transmi�ed data. Yan et al. proposed 

a method for directly recovering clock and data from discrete photon pulses generated by a SPAD 

receiver. Their experiment showed that, with an average of only 10 photons per time slot, a photon-

counting UWOC system could achieve a baud rate of 1 Mbps with a BER of 3.51·10−4. This result 

shows that SPAD receivers can support reliable underwater communication even when the received 

signal comprises only a few photons [47]. 

More recent work has also introduced signal-processing and machine-learning methods to 

improve SPAD-based UWOC receivers. Yang et al. proposed a deep learning-based method for 

recovering the time-slot synchronization clock from the discrete single-photon pulse sequence 

produced by an SPAD. In this approach, a neural network learns the hidden timing information in 

random photon pulses and uses it to reconstruct the clock required for data recovery. Their 

experimental results showed that, with an average of eight photons per time slot, a 1 Mbps photon-

counting UWOC link could achieve a BER of 5.35·10−4. This example shows that advanced digital 

processing can help overcome some of the practical difficulties of photon-counting reception [48]. 

A particularly interesting development is the use of a single SPAD receiver with orthogonal 

frequency-division multiplexing (OFDM) modulation. Traditionally, high-order modulation has 

been considered difficult for a single SPAD because the PD produces only photon-counting pulses 

and is strongly affected by dead time. However, Lyu et al. demonstrated that, by summing photon 

counts over appropriate time intervals and using OFDM signal processing, a single SPAD receiver 

can detect QPSK-OFDM (quadrature phase shift keying, QPSK) and 16-QAM-OFDM (quadrature 

amplitude modulation, QAM) signals in a UWOC experiment. The reported receiver sensitivities 

were as high as −84.5 dBm for QPSK-OFDM and −77.8 dBm for 16-QAM-OFDM, corresponding to 

fewer than 68 and 390 photons per symbol, respectively. This indicates that single-SPAD receivers 

can offer a compact, highly sensitive alternative to SPAD arrays in certain long-distance UWOC and 

IoUT scenarios. 

It should be noted that the works discussed above primarily concern single-SPAD receivers, 

whereas SPAD arrays—such as SiPM/MPPC devices—follow a different detection paradigm. In an 

MPPC, a large number of SPAD microcells are connected in parallel. However, each pixel exhibits a 

nonlinear response governed by its individual dead time; the statistically averaged aggregate output 

approximates a quasi-linear PD over a practical operating range. This property makes MPPC 

receivers well-suited to spectrally efficient modulation formats such as OFDM with high-order QAM 

subcarriers. Moreover, the parallel nature of OFDM increases the effective symbol duration, further 

alleviating dead-time constraints, while the use of high-order QAM subcarriers improves spectral 

efficiency. In addition, the high sensitivity of MPPC receivers enables operation at extremely low 

light levels, relaxing the pointing and alignment requirements of UWOC links and enabling reliable 

communication even when the optical source operates close to the spontaneous-emission regime 

[45,49]. 

Beyond supporting advanced modulation formats, MPPC-based receivers enable the use of low-

cost optical sources. Their high sensitivity, combined with energy-efficient schemes such as pulse-

position modulation, enables reliable operation at very low received optical power levels, making 

them a�ractive for long-range UWOC systems. For example, transmission distances of 50 m and 100 

m were experimentally demonstrated at data rates of 16.78 Mb/s and 8.39 Mb/s, respectively, in a 

standard 50-m swimming pool [50]. 
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Real-time implementations have also been reported: a duplex UWOC system operating in the 

same pool environment employed blue and green light sources together with high-sensitivity MPPC 

PDs, using 4-QAM OFDM modulation and convolutional coding implemented on a Field-

Programmable Gate Array (FPGA) platform [51]. Despite these advances, a key limitation of MPPC 

receivers remains their relatively narrow bandwidth, typically on the order of a few MHz (≈4 MHz), 

which necessitates the use of multi-carrier modulation or advanced digital signal processing to 

achieve higher effective data rates [52]. 

The experimental studies discussed above demonstrate that the achievable performance of 

UWOC systems depends strongly on the selected PD’s technology, modulation format, transmi�er 

power, and propagation distance. Because the reported results span very different operating regimes, 

a comparative summary is useful for identifying the main system-level trade-offs. 

Table 3 provides an overview of UWOC systems, illustrating the trade-off between transmission 

distance and achievable data rate for different PD’s technologies and modulation schemes. 

Table 3. Comparison of transmission distance and achievable data rates in recent UWOC systems. 

Transmitter 

PD Distance [m] Data rate Literature Wavelength 

[nm] 

 Power  

[mW] 
Modulation 

LD—450  14.99 OOK PMT 100.6 3 Gbps [31] 

LD—450  293.1 PAM-4 PMT 150 500 Mbps [53] 

LD—450  ~288 PAM-4 PMT 200 500 Mbps [54] 

LED—457  N/A PAM-8 PIN 1.2 1.5 Gbps [55] 

Blue LED N/A 64 QAM-CAP PIN 1.2 3.2 Gbps [56] 

VCSEL–680 a) 3 NRZ-OOK PIN 5 25 Gbps [57] 

LD—520 19.4 NRZ-OOK PIN /APD 20.7/34.5 3.48/2.7 Gbps [42] 

LD—450  10 NRZ-OOK APD 42 1/1.9 Gbps [43] 

LD—452  12.8 DMT APD 55 5.6 Gbps [58] 

LD—520  1400 OOK APD 100 100 Mbps [59]] 

LD—520 N/A NRZ-OOK APD 100 500 Mbps [20] 

LD—450 0.5 
16 QAM-

OFDM  
SPAD b  7 42.4 kbps [44] 

LED—532  1000 OOK SPAD b 230-280 10 Mbps [46]c) 

LD—452  26.2 W OOK SiPM 250 1 Gbps [60] 

LD—520  15 
32 QAM 

OFDM 
MPPC 21 312 Mbps [45] 

LD—450  0.174 PPM MPPC 46 2.5 Mbps [52] 

LD—450  2400 NRZ-OOK MPPC 100 8.4 Mbps [50] 

a) Although the 450–520 nm range represents the preferred operating window for most water 

types, the 680 nm VCSEL result in Table 1 highlights that highly turbid environments may favor 

longer wavelengths where scattering losses are comparatively reduced. 

b) single SPAD. 

c) theoretical analysis. 

MPPC is Hamamatsu’s trade name for silicon photomultipliers (SiPMs). Both terms refer to 

arrays of Geiger-mode avalanche photodiode microcells connected in parallel, where each microcell 

operates as an independent single-photon avalanche detector. Therefore, MPPC should not be treated 

as a separate PD’s class, but rather as a manufacturer-specific implementation of the SiPM concept. 

The choice of PD’s technology fundamentally governs the trade-off between transmission 

distance and achievable data rate in UWOC systems. PIN-based receivers achieve the highest 

transmission speeds but have the lowest sensitivity, resulting in the shortest link ranges. Using PDs 

with higher sensitivity—PMT, APD, SPAD, and SiPM—enables transmission distances exceeding 100 

m, though often at the cost of lower data rates. A clear inverse relationship between distance and data 
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rate is observed across all PD types. Figure 10 presents a more general detector-level comparison of 

the achievable sensitivity and data rate ranges for the main photoreceiver technologies. 

 

Figure 10. Comparison of receiver sensitivity and supported data rate ranges for PINs, APDs, SiPM/MPPC 

arrays, single SPADs, and PMTs employed in UWOC systems. 

The reasons for these system-level observations become obvious when we directly analyze the 

internal characteristics of each PD technology. As shown in Figure 10, the PDs are clearly classified 

by sensitivity: single-chip SPAD PDs achieve a level between (-90 dBm and -80 dBm), followed by 

PMTs (-85 and -70 dBm), SiPM/MPPC arrays (-80 dBm and -60 dBm), APDs around (-60 dBm and -

40 dBm), and p-i-n photodiodes around (-30 dBm and -20 dBm). 

However, this sensitivity advantage comes at the cost of the supported data rate range: PINs 

cover the widest bandwidth, extending to several Gbps, while single SPADs are limited to 

approximately 50 Mbps. PMTs, despite their high sensitivity, extend to Gbps-level data rates but 

remain impractical for many deployments due to their physical bulk and high operating voltage. 

SiPM/MPPC arrays emerge as the most promising compromise, offering sensitivity far exceeding that 

of APDs while supporting data rates up to several Gbps. It should be noted, however, that Gbps-level 

data rates with SiPM/MPPC receivers have so far been demonstrated only under exceptional 

conditions — specifically, using a high-power transmi�er formed by beam-combining eight cascaded 

laser diodes with a total output power exceeding 26 W, combined with a nonlinear artificial neural 

network-based equalizer. Under typical operating conditions, the achievable data rate of 

SiPM/MPPC-based receivers typically ranges from tens to hundreds of Mbps, as summarized in Table 

3. It is noted that the choice of receiver technology must be carefully matched to the specific distance, 

data rate, and power budget requirements of the target UWOC application. 

4. Other Photodetectors 

The conventional photodetector technologies discussed above represent mature solutions 

widely deployed in UWOC systems. However, growing demands for miniaturization, underwater 

environmental robustness, and cost reduction are driving intensive research into emerging 

photodetector classes that may complement or replace conventional technologies in specific 

deployment scenarios. The following subsection presents selected materials and detector concepts 

currently under investigation, including perovskite-based structures, SiC photoelectrochemical 

photodetectors, and solutions tailored for Internet of Underwater Things (IoUT) applications. 

4.1. Perovskite PDs 
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CsPbBr3 perovskites are promising candidates for optical detectors in UWOC systems because 

of their spectral response (bandgap about 2.3 eV) that exactly matches the transmission window of 

seawater, high absorption rate, and high carrier mobility [61]. Their applications have been presented 

in many publications [62–64]. For example, a CsPbBr3 PD with a rise time of 82 ns, a fall time of 710 

ns, a noise level of 4.3×10−14AHz−1/2, and a responsivity of 0.317 A/W was described [65]. 

Compared to a commercial silicon PD, perovskite provides be�er signal stability due to its low 

susceptibility to ambient light interference and also produces lower background noise. However, at 

higher data rates, BER degrades due to the long fall time. Therefore, reducing this time and 

implementing advanced coding methods will help further improve the performance of perovskite 

PD-based UWOC systems. 

4.2. Halide Perovskite PDs 

Two-dimensional halide perovskite-based PDs with broadband response, intrinsic water 

resistance, and high detectivity have also been developed. These characteristics are crucial for 

building the UWOC receiver. By matching the structure’s dimensions and compositions, a broadband 

spectral response covering the water transmission window (>1.55 eV) can be achieved. In addition, 

these PDs provide a high responsivity of 3.27 A/W, a peak external quantum efficiency of 630%, fast 

signal rise and fall times of 0.35 ms/0.54 ms, and a high detectivity of up to 1.35 × 1012 Jones [64] 

4.3. SiC-Based Photoelectrochemical PDs 

In recent years, there has been a significant increase in interest in photoelectrochemical PEC PD’s 

technologies, which enable real-time operation in the aquatic environment [66]. Additionally, the 

obtained spectral responsivity minimizes the impact of solar radiation, providing selective detection 

of ultraviolet radiation. PEC PDs do not require a power supply, which is important for their 

operation in aquatic environments [67]. However, the use of these devices remains a significant 

challenge. For example, the currently developed SiC-based PEC PDs enable operation in the 

ultraviolet range (375 nm) with rise/fall times of 86.5/170.95 ms, responsivity of 1244.95 mA/W, 

detectivity of 6.35 × 1011 Jones, and quantum efficiency of 412.45% [68]. In addition, they exhibit wide 

pH tolerance and high long-term operational stability in full aquatic environments. 

4.4. Photodetectors for IoUT 

The development of radiation sources has enabled transmission rates of up to Gbps in 

underwater environments, making the IoUT increasingly important [69]. High-sensitivity PDs such 

as PMT [70], SPAD [71], SiPM [72], and MPPC [52] were used for long-distance communication. APDs 

offer high sensitivity, but their noise levels significantly limit the ability to achieve a high SNR. A 

multi-pixel photon counter with a large active area enables efficient photon counting. By using digital 

techniques, significant filtering of interference and background noise can be achieved. The UWOC 

system, which uses MPPC operating at 5 MHz, is described in [49]. However, an important practical 

limitation is its high cost. The PMT also has high sensitivity, allowing the UWOC to work over long 

distances. However, expensive PMT operates in the short-range spectrum. Sometimes, its sensitivity 

is so high that it can cause damage when used at close range or in strong background light. The PMT’s 

weight and sizes also limit its integration into a compact IoUT system for ROV or AUV platforms. 

Nowadays, a high modulation bandwidth is achieved in the UWOC receiver with PDs only a 

few square millimeters in size, and it is the main limit for IoUT technology development. Challenging 

conditions in underwater environments, Pointing-Acquisition-Tracking units, and the need to 

provide connectivity among a large number of IoUT devices, including mobile ones, have driven the 

development of large-area PDs capable of high modulation rates. However, for PDs (APD arrays, 

PMTs, MPPCs) operating at high gain (at the level of single photons), saturation effects can be 

observed during changing operating conditions, e.g., working at short distances, changes in 

background radiation, or the use of transmi�ers with a large power discrepancy in the network. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 June 2026 doi:10.20944/preprints202606.0076.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202606.0076.v1
http://creativecommons.org/licenses/by/4.0/


 19 of 26 

 

Therefore, work is still underway to implement an IoUT system with high availability and reliability 

[73–78]. 

For this purpose, scintillation optical fibers are being developed. These fibers absorb incident 

light and re-emit it at a longer wavelength [79,80]. The emi�ed light then propagates through the 

fiber’s core to the other end. The first application of scintillation fibers for free-space optics (FSO) was 

reported in [81]. The advantage of this technology is, among others, the flexibility to create large-area 

PDs of different sizes with fast response. These devices may be a cost- and time-competitive 

technology compared to currently developed high-format and high-speed PDs [82–85]. In practice, 

this will be an important element in the construction of optical communication systems in the Non-

Line-of-Sight (NLOS) configuration, significantly reducing the requirements for PAT units. A design 

of a large-area photoreceiver, up to several tens of cm², based on ultraviolet (UV)-on-blue plastic 

scintillating optical fibers, providing a modulation band of 86.13 MHz, was described in [74]. A 

laboratory UWOC setup operating at 375 nm was developed, with a distance of 1.15 m, achieving a 

data transmission rate of 250 Mbps at a BER of 2.2·10−3 and NRZ-OOK encoding. 

In the field of high-format PDs, important research on PV cells is also being carried out for their 

use in UWOC [86–90]. In practice, a PV cell can generate energy from incident light and detect 

variable signals emi�ed by UWOC’s transmi�er. Most previous work on PV cell-based OWC has 

focused on improving data throughput by using various novel PV cells. In [86], signals at 34.2 Mbit/s 

were received using organic PV cells and a red laser in an FSO’s path of 1 m. In addition to using 

visible-light sources and Si-based PV cells for UWOCs [86,87,90] researchers also tested near-infrared 

laser and PV GaAs cells for efficient energy harvesting and high-speed FSO [91]. However, achieving 

long distances and high speeds requires strict geometric constraints that limit the use of conventional 

UWOCs on mobile underwater platforms. As a consequence, there remains a lack of work addressing 

these problems. Inspired by this earlier research, PV cells with dual signal acquisition and energy-

harvesting functions offer good prospects for use in energy-intensive marine environments. 

In [92], a prototype of the UWOC system called AquaE-lite, consisting of thin-film a-Si solar cells 

capable of detecting radiation at 1 µW/cm², was described. In a 15 m air channel, a transmission speed 

of 1.2 Mbps was achieved for OFDM signals at an illumination level of 109.54 lx. At a distance of 20 

m, the illumination was reduced to 79.95 lux, yet data transmission at 1 Mbps was still enabled with 

a panel signal band of 290 kHz. OFDM signals with a bandwidth of 908.2 kbps were also obtained 

for a 2.4 m-long optical path through turbid water operating in direct sunlight. 

5. Commercial UWOC Systems 

The transition of UWOC technology from laboratory demonstrations to commercially ready 

products is ongoing, but the number of companies producing such systems remains limited. The 

following section discusses representative products that illustrate the current state of commercial 

UWOC technology. 

Sonardyne (UK) offers the BlueComm 200 UV, an underwater optical communications and data-

transfer modem designed for operation to depths of up to 4000 m. The system employs an LED array 

transmi�er operating at a peak wavelength of 450 nm with a total optical power of 6 W, and uses a 

PMT in the receiver to achieve the high sensitivity required for long-range operation in low-ambient-

light conditions (Figure 11). 

 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 June 2026 doi:10.20944/preprints202606.0076.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202606.0076.v1
http://creativecommons.org/licenses/by/4.0/


 20 of 26 

 

Figure 11. Photograph of a commercial BlueCommTM 200 system [93]. 

The receiver provides a 180° hemispherical field of view, which substantially relaxes pointing 

and alignment requirements compared with narrow-beam laser-based systems. Data rates of up to 

12.5 Mb/s are supported over ranges of up to 150 m. Due to the PMT’s sensitivity to electromagnetic 

interference, the transmi�er and receiver modules are housed in separate pressure housings. The 

BlueComm 200 UV is targeted at subsea infrastructure inspection, ROV and AUV operations, and 

data harvesting in deep-water environments where acoustic links are bandwidth-limited. 

Lumasys, Inc. (Woods Hole, MA, USA) develops high-bandwidth, low-power underwater 

optical communication systems based on LED blue-light transmission. Their optical modem product 

enables omnidirectional transmission and reception of optical signals over approximately 100 m at 

data rates exceeding 1 Mbit/s and supports underwater communication networks in which multiple 

modems communicate with one another. Stated system capabilities include data rates up to 20 Mb/s, 

a range of up to 200 m, suitability for both shallow and deep-water applications, and an integrated 

long-range acoustic communications and positioning unit [94]. The system is aimed at high-speed 

data harvesting from seabed observatories, tetherless ROV and AUV control, and live video 

streaming from remote subsea cameras. 

Hydromea (Swi�erland) offers the LUMA™ family of wireless underwater optical modems, 

designed for subsea data flow to enable real-time underwater communication in asset integrity and 

marine science missions. The LUMA™ X variant is rated for operation to depths of up to 6000 m, 

supports data rates of up to 10 Mb/s, and achieves a range of up to 50 m. The system is designed to 

be compact and energy-efficient, making it well-suited for integration with AUVs, ROVs, and 

distributed seabed sensor networks. The wide field of view of the optical transceiver head reduces 

sensitivity to platform motion and misalignment, which is a key practical consideration in dynamic 

underwater deployments [95]. 

The commercial systems surveyed above illustrate several important trends. PMT-based 

receivers remain the technology of choice for long-range, sensitivity-critical applications at moderate 

data rates, as evidenced by the BlueComm 200 UV. LED-based omnidirectional architectures, as 

implemented by Lumasys and Hydromea, offer practical advantages in alignment tolerance and 

system integration at the cost of reduced range and data rate relative to laser-based designs. The 

Kyocera development program demonstrates that laser-diode-based systems operating at GaN blue 

wavelengths are approaching Gbps-class performance in real offshore environments, pointing 

toward a near-term convergence between laboratory-demonstrated data rates and field-deployable 

system capabilities. 

6. Conclusion 

This paper has reviewed the principal hardware subsystems of UWOC systems, focusing on the 

receiver PDs that jointly determine system performance in terms of data rate, transmission distance, 

receiver sensitivity, and practical feasibility. 

The five PD’s technologies reviewed span a wide range of sensitivities and bandwidths. PINs 

offer the highest bandwidth and the simplest implementation, but their lack of internal gain limits 

their utility to short-range, high-power links. APDs extend the sensitivity by one to two orders of 

magnitude through avalanche multiplication, enabling links up to approximately 100 m at multi-

Gbps rates. PMTs provide the highest gain among the technologies reviewed and have been 

demonstrated in UWOC links reaching 200 m at 500 Mbps; however, their high-voltage requirements, 

physical bulk, and susceptibility to saturation limit their applicability on compact autonomous 

platforms. SPADs operated in Geiger mode achieve receiver sensitivities approaching −85 dBm, 

making them a�ractive for photon-starved long-range links, but their inherent dead time constrains 

the maximum count rate and requires careful adaptation of modulation formats and signal-

processing strategies. SiPM/MPPC arrays, composed of large numbers of parallel SPAD microcells, 
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combine near-photon-counting sensitivity with advanced modulation formats and low operating 

voltage, and have been experimentally demonstrated at distances up to 250 m. 

The comparative analysis of reported experimental results reveals a consistent inverse 

relationship between achievable data rate and transmission distance across all PD’s technologies. 

This trade-off is not merely a consequence of channel a�enuation but also reflects fundamental PD’s 

properties, including bandwidth, sensitivity, linearity, and noise characteristics. No single detector 

technology simultaneously satisfies all system requirements, and the choice of receiver must 

therefore be co-optimized with the transmi�er, modulation format, link geometry, water type, and 

target application. 

Several directions emerge as particularly promising for future research. The integration of 

SiPM/MPPC PDs with advanced multi-carrier modulation, digital pre-distortion, and machine-

learning-based equalization may enable simultaneous high sensitivity and high spectral efficiency. 

The development of compact, low-voltage photon-counting receivers based on CMOS-integrated 

SPAD arrays is relevant for miniaturized AUV and IoUT applications. Adaptive receiver 

architectures capable of operating across the photon-counting, transition, and analog regimes — such 

as those based on generalized statistical detection methods — address the challenge of widely 

varying received power levels in dynamic underwater channels. 

Beyond established semiconductor technologies, emerging approaches such as perovskite 

photodetectors, self-powered SiC photoelectrochemical devices, and scintillating-fiber-based large-

area receivers represent promising research directions that may address the specific constraints of 

underwater and IoUT environments, including water resistance, energy autonomy, and wide field-

of-view detection. 
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