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Abstract: In this paper, we propose a high-sensitivity long-reach underwater optical wireless commu-
nication (UOWC) system with an Mbps-scale data rate. Using a commercial blue light-emitting diode
(LED) source, a photon counting receiver, and return-to-zero on–off keying modulation, a receiver
sensitivity of −70 dBm at 7% FEC limit is successfully achieved for a 5 Mbps intensity modulation
direct detection UOWC system over 10 m underwater channel. For 1 Mbps and 2 Mbps data rates,
the receiver sensitivity is enhanced to −76 dBm and −74 dBm, respectively. We further investigate
the system performance under different water conditions: first type of seawater (c = 0.056 m−1),
second type (c = 0.151 m−1), and third type (c = 0.398 m−1). The maximum distance of the 2 Mbps
signal can be extended up to 100 m in the first type of seawater.

Keywords: underwater optical wireless communication (UOWC); long-reach; photon counting

1. Introduction

With the expanding area explored by human beings, the observation and utilization
of the underwater world is growing increasingly important. Various underwater sensors,
unmanned vehicles, and nodes are deployed underwater to transfer and collect information.
To build an underwater transmission link, both cable- and wireless-based methods are
utilized. Cables or fibers can offer a stable communication link with high transmission
speed but limit the freedom of the communication terminal for a long-reach link.

The traditional method for underwater communication is to use acoustics, which is a
medium of sound. The attenuation of the sound wave in water is acceptable, which is com-
petent for ultralong-reach communication up to tens of kilometers. However, underwater
acoustic communication is limited by the huge transmitted power, low data rate, and large
latency [1]. Due to the skin effect, electromagnetic waves suffer from huge attenuation
when propagating in water. Thus, it is hard to realize long-reach underwater communi-
cation using electromagnetic waves. Studies have shown that the visible spectrum from
blue–green wavelengths suffers less attenuation caused by underwater absorption and
scattering than electromagnetic waves [2]. Benefiting from the rich bandwidth resource of a
laser diode (LD), a Gbps-scale underwater optical wireless communication (UOWC) system
within tens of meters is feasible [3]. However, a strict tracking and alignment system is
required after long-distance transmission due to the narrow beam and small divergence
angle of the LD source. Moreover, most of the reported UOWC links are conducted in
tap water with avalanche photodetectors (APDs) for optical signal detection, which may
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not be so attractive and available for some long-distance transmission scenarios requiring
a large optical power budget and photon-scale detection, e.g., internal communications
with Mbps data rates between autonomous underwater vehicles or underwater sensor
nodes in underwater dynamic conditions [4]. Thus, a high-sensitivity detector combined
with a large-coverage-area light source is indispensable to build a reliable communication
link with respect to unpredictable channel obstructions and the various conditions of the
sea. Photomultiplier tubes (PMTs), possessing the capability of single-photon detection,
are the most widespread vacuum electronic devices in every field of experimental studies
including optical communication, biology, space research, and chemistry. Compared with
silicon photomultipliers, PMT needs high voltage to drive the device. However, the PMTs
are not sensitive to temperature and have a lower noise level. Due to the sensitivity of
PMT to background noise and magnetic fields, it is more suitable to build a PMT-based
long-range UOWC link for deep-sea implementation.

Before building a long-range experimental UOWC system, the underwater channel
conditions need to be investigated to establish the system parameters such as the optimal
transmitted optical wavelength, modulation scheme, signal baud rate, and beam aperture.
Because underwater data transmission using a light beam is not an easy mission in the
presence of high water absorption and scattering, characterizing the underwater optical
channel property to achieve appropriate system parameters is of crucial importance to
enable a high-reliability and high-quality UOWC link.

In this paper, we consider a comprehensive underwater channel model to simulate
the property of an underwater optical communication link by taking the practical system
parameters into account. Under the guidance of the simulation results, we propose and
experimentally demonstrate a long-reach Mbps-scale UOWC scheme with high receiver
sensitivity based on a light-emitting diode (LED) transmitter and a PMT receiver. The
proposed system can significantly relax the alignment requirement especially after long-
distance transmission. Bit-error-ratio (BER) performance enhancements for 1 Mbps, 2 Mbps,
and 5 Mbps after 10 m transmission are experimentally investigated under different water
turbidities with an adaptive decision threshold (DT). The receiver adapts to the changing
of signal level. With added attenuation, the maximum link loss at an attenuation coefficient
of 1.33 m−1 is up to 99 dB at λ = 448 nm. The achievable maximum distances for a 2 Mbps
data rate in the first type of seawater (c = 0.056 m−1) are up to 100 m and 134 m at 1 W and
10 W transmitted electrical power, respectively.

2. Operation Principle

Compared with free-space atmospheric laser communication, the UOWC system faces
some unique challenges.

(i) Spectrum for communication: blue or green wavelengths should be dedicated to the
UOWC link due to the water absorption effect, rather than infrared wavelengths (C-band
1530–1565 nm and L-band 1565–1625 nm) for an atmospheric free-space link enabled by
well-established fiber-optic technologies and optoelectronic devices and components.

(ii) Channel condition: affected by seawater, the underwater optical transmission
channel is quite complicated. When the modulated light propagates through seawater,
it suffers from absorption and scattering. Seawater absorption means that part of the
photon energy launched into the seawater is converted into other forms of energy, such
as thermal and chemical. Scattering refers to the interaction between light and seawater,
which changes the optical transmission path. Both absorption and scattering cause the
loss of optical signal energy at the receiver, resulting in a reduction in signal-to-noise
ratio and communication distance. As illustrated in [5], the link loss for a realistic 10 m
green-light UOWC system can vary from 6.6 dB to 95.5 dB due to dynamic underwater
channel conditions from a clean ocean to turbid harbor seawater.

Due to the variability of underwater channels, a robust long-reach UOWC link must
be designed against a link loss of roughly up to 100 dB. Meanwhile, the link must be able
to tolerate the dynamic changing underwater channels without breaking off. Although
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linear detectors including APDs have shown their abilities to detect multi-Gbps optical
signals transmitted by LD sources, their sensitivities are typically limited by thermal
noise [6]. On the other hand, photon-counting detectors can achieve very high sensitivities
with moderate data rates on the Mbps scale. In this paper, we propose a reliable long-
reach UOWC scheme using LED and PMT, whose concept is illustrated in Figure 1. Due
to the advantages of its large light beam, compact structure, low cost, and low power
consumption, LEDs are proposed as viable candidates to provide a transmission data
rate of several Mbps or even up to hundreds of Mbps for implementing an alignment-
released UOWC system. In the demonstration, a commercial LED transmitter is modulated
by a predesigned return-to-zero on–off keying (RZ-OOK) with half power semi-angle of
1.25◦ [7]. With increasing transmission distance z, the receiving radius Dr at the detection
area increases, which significantly relaxes the alignment requirement. To achieve high
receiver sensitivity and long distance, a typical and practically implemented photocounting
receiver is used, which is the PMT combined with a pulse-holding circuit to detect photo-
level signals. The received photoelectric current is characterized by a series of discrete
rectangular pulses with certain width, whose number satisfies a Poisson distribution. In
the demonstration, we propose a digital adaptive DT algorithm for signal recovery. The
value of DT is adjusted as a function of the received signal level to achieve the minimum
BER value.
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Figure 1. Proposed concept of long-reach UOWC using LED and PMT. DC: direct current, TSS: trans-
mitted signal sequence, DA: detection area, RSS: received signal sequence, DT: decision threshold. δ

is the divergence half-angle. z is the transmission distance. Dr is the radius at the detection area.

3. System Model
3.1. LED Transmitter

In our experiment, a commercial low-cost LED at a peak wavelength of 448 nm
was employed as the transmitter. The path loss of light caused by water absorption and
scattering can be dominated by the Beer–Lambert law.

Pr = ηPtLch = ηPte−cz = ηPte−(a+b)z, (1)

where η is electrical-to-optical conversion efficiency of LED, a and b represent the coeffi-
cients of absorption and scattering, respectively, c is the total loss due to both effects, and z
is the underwater transmission distance. Lch is the channel loss, given by exp(−cz). Pt and
Pr are the transmitted electrical power and received optical power (ROP), respectively.

The radiation pattern I(φ) of the LED obeys the Lambertian model, defined as

I(φ) = ηPt
(m1 + 1)

2π
cosm1(φ), (2)

where φ is the angle of irradiance, and φ = 0 is the maximum radiation power angle, i.e.,
the direct state. m1 is expressed as the Lambertian emission order of the beam directivity,
which is related to the half-power angle φ1/2 of the LED, written as

m1 =
− ln 2

ln(cos φ1/2)
. (3)
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The detected optical power by the photon counting receiver at the receiving plane
Ae f f through the distance z is defined as follows [8]:

Pr =
I(φ)Lch Ae f f

z2 . (4)

3.2. Underwater Channel

In an underwater environment, the transmitted light is greatly influenced by the opti-
cal properties of water. Underwater particles can cause energy attenuation and divergence
of the beam. In this section, Kopelevich channel modeling is used as a volume scattering
function (VSF) to investigate the extinction coefficient of natural water by simulation [9,10].
The specific form of this model is presented in [9].

Absorption coefficient a and scattering coefficient b denote the spectral absorption and
scattering rate of unit interval, respectively. In this paper, we consider fulvic acid, humic
acid and chlorophyll as the main absorption components of water [11,12], which can be
expressed as follows:

a(λ) = aw(λ) + ac(λ) + a f (λ) + ah(λ), (5)

ac(λ) = a0
c (λ)(Cc/C0

c )
0.602

, (6)

a f (λ) = a0
f C f exp(−k f λ), (7)

ah(λ) = a0
hCh exp(−khλ), (8)

where λ indicates the light wavelength, and aω(λ), ac(λ), a f (λ), and ah(λ) are the absorp-
tion coefficients caused by pure water, chlorophyll, fulvic acid, and humic acid, respectively.
The variables of a0

c , a0
f , and a0

h represent the chlorophyll, fulvic acid, and humic acid charac-
teristic absorption coefficients, respectively [13–15]. The two constant parameters k f and kh

are 0.0189 m−1 and 0.0111 m−1. Cc, C f , and Ch indicate the concentrations of chlorophyll,
fulvic acid, and humic acid in water (C0

c = 1 mg/m3). The values of Cc are given in Table 1.
C f and Ch are expressed as follows:

C f = 1.74098Cc exp(0.12327Cc/C0
c ), (9)

Ch = 0.19334Cc exp(0.12327Cc/C0
c ). (10)

Table 1. Chlorophyll concentration in four types of water (mg/m3).

Pure Clean Ocean Coastal Turbid Harbor

Cc 0 0.31 0.83 5.99

We adopt a small and large particle scattering model to get the scattering coeffi-
cient of different types of water, which is a weighted summation with a pure water
scattering coefficient [16].

b(λ) = bw(λ) + b0
s (λ)Cs + b0

l (λ)Cl , (11)

where bω(λ) indicates the scattering coefficient of pure water, b0
s (λ) and b0

l (λ) denote the
scattering coefficients caused by small and large suspended particles, respectively [16,17],
and Cs and Cl are the concentrations of both types of particles in water.

The extinction coefficient c(λ) is the sum of the absorption coefficient and scattering
coefficient. VSF is a very important parameter in underwater channel modeling. It indicates
the ratio of scattered intensity (solid angle ∆Ω centered on θ) to total incident light intensity
at a specific scattering angle. θ indicates the scattering angle. In our model, we adopt the
Kopelevich model as the VSF. Compared with the traditional Henyey–Greenstein model,



Photonics 2021, 8, 467 5 of 13

the Kopelevich model not only covers small and large particles, but also can be more
accurately applied to high turbid water [9].

VSF for underwater application can be expressed by the combination of pure water,
small particles, and large particles [16].

p(λ, θ) = bw(λ)pR(θ) + b0
s (λ)ps(θ)Cs + b0

l (λ)pl(θ)Cl , (12)

where pR(θ), ps(θ), and pl(θ) indicate the probability density functions for pure water,
small particles, and large particles, respectively.

For the Kopelevich model, the total seawater scattering coefficient can be modeled
as follows [9]:

b(λ) = 0.0017×
(

550
λ

)4.3
+ 1.34Cs(

550
λ

)
1.7

+ 0.312Cl(
550
λ

)
0.3

, (13)

where Cs and Cl are the concentrations of small and large particles, respectively.
We set the weight (unit energy) for each photon, and the energy attenuation of the

transmitted light beam is equivalent to the change in weight. We define four main param-
eters at the transmitter: the wavelength λ, the maximum half-divergence angle θmax, the
zenith angle θ, and the azimuth angle ϕ. Initially, each photo is launched into water with
the given maximum half-divergence angle θmax and unit weight. The initial departure
direction of the photon is determined on the basis of random variables θ and ϕ. The direc-
tion is generated according to [−θmax, θmax] for θ and [0, 2π] for ϕ. The direction vector
of emitted photons is (sin θ cos ϕ, sin θ sin ϕ, cos θ). After traveling at a certain distance
called the free path, emitted photons might lose their energy and change their transmission
direction due to collision with particles in the underwater medium. Using a probability
model, the free path can be expressed as follows [18]:

d = − ln(ξ)/c, (14)

where ξ is a random variable which obeys a uniform distribution within (0, 1].
Due to the collision with particles in the underwater medium, emitted photons lose

their energy and change their transmission direction. It is assumed that the weights of emit-
ted photons before and after collision are Wpre and Wpost, which satisfy Equation (15) [18].

Wpost = Wpre(1− a/c). (15)

Once scattering occurs, the transmission direction of emitted photons is changed.
The new direction vector P2 after collision is dependent on the old direction vector P1,
scattering angle θ, and azimuth angle ϕ, as shown in Figure 2. Random variable ϕ satisfies
a uniform distribution within [0, 2π].
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Figure 2. Scattering pattern of emitted photons.

For a single photon, VSF can be considered as the probability density function of
the scattering angle. The generating methods of scattering angle for different VSFs are
definitely different. As for the Kopelevich model, we use the acceptance–rejection sampling
method to get the random scattering angle. According to the old transmission direction
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vector (uxi, uyi, uzi), the scattering angle θ, and the azimuth angle ϕ, the transmission
direction vector after scattering is represented by (uxi+1, uyi+1, uzi+1) [19].

ui+1
x = −ui

y sin θ cos φ + ui
x(cos θ + sin θ sin φ)

ui+1
y = ui

x sin θ cos φ + ui
y(cos θ + sin θ sin φ)

ui+1
z = −(ui

x
2 + ui

y
2) sin θ sin φ/ui

z + ui
z cos θ

(16)

3.3. Photocounting Receiver

After several scattering events, the photons have a chance to be detected by the receiver.
Since the solid angle ∆Ω of the photon scattering space is small enough, it can be assumed
that the VSF among ∆Ω is constant. The variable p(θ) of the scattering direction satisfies∫ π

0
1/2π

∫ 2π

0
p(θ)dθdφ = 1. (17)

By changing it into the integral of the solid angle, we get∫ p(θ)
2π sin θ

sin θdθdφ =
∫ p(θ)

2π sin θ
dΩ = 1. (18)

Thus, the reception probability of the emitted photon is

P =
p(θ)

2π sin θ
∆Ω. (19)

Considering the conditional probability of free path, the final reception probability becomes

P =
p(θ)

2π sin θ
∆Ω× exp(−ks|rr − ri|), (20)

where rr is the position of receive window, and ri is the position where the final scattering
before detection happens. In our model, the threshold setting of the photon weight is 10−4,
as shown in Table 2. Path loss and impulse response are crucial. We can calculate the path
loss by summation of all products of reception probability and receiving photon weights.
As for each scattering event, the position prior to scattering is available; thus, the entire
path of the photon before detection is recorded. The channel response can be calculated
so long as we count the receiving intensity in a given time slot. In summary, we can get
the flow chart of the Monte Carlo model as shown in Figure 3. The channel responses of
different wavelengths in four types of water are shown in Figure 4. It can be seen from
Figure 4a–d that the optimum transmission wavelength is switched from 450 nm (blue) to
595 nm (red) when the water condition is changed from pure to turbid harbor. Moreover, a
clear multipath channel characteristic is observed due to heavy scattering as illustrated
Figure 4d, which is consistent with the results in [17]. The theoretical analysis and impulse
response results under different water conditions guide the design of the experimental
system. We can select the optimal wavelength according to the different water conditions
to achieve the maximum data rate and the maximum transmission distance.

Table 2. Simulation parameters.

Symbol Physical Meaning Value

λ Incident optical wavelength (unit: nm) 400, 450, 500, 550, and 595

θ0,max
Initial maximum half-divergence angle (random

generation within [0, 2π]) 8.2◦

ξ
Statistical random variable for free path (random

generation within (0, 1]) 0.6

W Decision weight at the receiver >10−4
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Figure 3. Flow chart of Monte Carlo model for photocounting receiver.
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Figure 4. Channel response of different wavelengths in four types of water. The launched wave-
lengths were set to 400 nm, 450 nm, 500 nm, 550 nm, and 595 nm, respectively. (a) pure water
(c = 0.056 m−1), (b) clean ocean water (c = 0.151 m−1); (c) coastal water (c = 0.398 m−1); (d) turbid
harbor water ( c = 2.17 m−1).

4. Experiment and Results
4.1. Experimental Setup and Paraeters

Figure 5 shows a schematic diagram of our experimental UOWC system using a blue
LED source and PMT receiver (Hamamatsu, model CR315). An inclination angle of 5◦ is
introduced to the transceiver, which causes huge attenuation to build a non-line-of-sight
link. All the signal processing modules are implemented offline by MATLAB. At the
transmitter, a pseudo-random bit sequence (PRBS) is generated and then sampled by an
arbitrary signal generator (AWG) running at 10 MSa/s (1 Mbps), 20 MSa/s (2 Mbps),
50 MSa/s (5 Mbps), and 100 MSa/s (10 Mbps). Then, the baseband signals combined
with a DC bias are injected into the LED. Compared with LD, the LED-based transmitter
has no need of strict alignment or high emission power. A real-time oscilloscope is used
to convert the analog signal into the digital domain. Simple digital signal processing
(DSP) algorithms are applied at the receiving end, such as synchronization, decision, and
BER calculation. The data length of each frame is 1151 bits, of which 127 bits are used
for synchronization. We use multiple frames of information to increase the number of
calculated bits. The number of effective bits used to calculate the BER was 20,718. To
avoid synchronization problems, we increased the number of synchronization header bits.
Unlike the conventional waveform sampling amplitude demodulation method, the photon-
counting pulse signals need to be judged. When the amplitude of the sampled pulse is
above the decision threshold voltage (DTV) VD, one photon is counted. Final decisions on
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symbol “1” or “0” are made by the counted average values in each symbol. Thus, the BER
value can be calculated according to the hard threshold nth. Some key parameters of the
proposed UOWC system are summarized and listed in Table 3.
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Figure 5. Experimental setup of LED–PMT UOWC system with 5◦ misalignment between transmitter and receiver. PRBS:
pseudo-random bit sequence, AWG: arbitrary signal generator.

Table 3. Key parameters of the proposed UOWC system.

Symbol Physical Meaning Value/Unit

m1 Lambertian order 2.9 × 103

φ Angle of irradiance 5◦

φ1/2 Half-power semi-angle of LED 1.25◦

z Transmission distance 10 m
η E/O conversion efficiency 0.1289
Pt Transmitted electrical power 1 W
Rb Transmitted data rate 1/2/5 Mbps

4.2. Attenuation Coefficient Measurement

Water quality significantly impacts the BER performance. The PMT receiver is more
sensitive to optical power than other light-sensitive devices such as an APD. Ambient light
may annihilate signals. Thus, the experimental system should be thoroughly shaded with
black nonreflective material. Our experimental channel was a 10 m long water tank with
a volume of 3 m3. Light absorption and scattering in seawater are caused by inorganic
salts and planktonic plants. Some previous studies have shown that a similar effect of
aluminum hydroxide or magnesium hydroxide to seawater is observed on the light of
particles [20]. In the experiment, we added different concentrations of aluminum hydroxide
to pure water to simulate seawater with different degrees of turbidity, i.e., pure seawater,
clean seawater, coastal seawater, and harbor seawater, characterized by the parameters of
attenuation coefficients.

c = ln
Pc

P0
.
1
z
+ c0. (21)

In the experiment, we could not directly measure the relationship between the at-
tenuation coefficient and the aluminum hydroxide concentration due to the presence of
an off-angle at the transmitter. A preliminary experiment was carried out using an LD
with very narrow divergence angle and a high-sensitivity optical power meter. Because of
the reflection and absorption caused by the glass wall, we used Equation (21) to measure
the relative attenuation coefficient. The results are shown in Figure 6a. We can see an
approximate linear relationship between the aluminum hydroxide concentration and the
attenuation coefficient. The parameter c is the measured attenuation coefficient, and c0 is
the attenuation coefficient of pure seawater with a value of 0.056 m−1. The shaded tank
was filled with pure water. Then, we added aluminum hydroxide powder to the water
at a mass of 3 g each time and measured the ROP as Pc. Figure 6b shows the measured
curve of the ROP as a function of the attenuation coefficient varying from 0.2 m−1 to
1.3 m−1 for different data rates. It can be seen from Figure 3b that the ROP was about
−78 dBm for a 2 Mbps data rate at c = 1.3 m−1, which means that a total loss of 99 dB was
introduced (launched optical power was 21 dBm). The values of ROP were calculated
using the average number of experimentally counted photons according to Equation (22).
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Figure 6. (a) Attenuation coefficient as a function of aluminum hydroxide concentration and (b) re-
ceived optical power (ROP) under different water turbidities after 10 m underwater channel.

4.3. Measured BER Performance

In our experiment, we used a Hamamatsu PMT with a spectral response range from
300 nm to 650 nm as the receiver. The quantum efficiency of the PMT was 5%, and the
typical dark count was 20 counts/sec. The number of photons counted in symbol “1” was
contributed by the signal and the background light, while the photons counted in symbol
“0” were caused by the background light and inter-symbol interference. An RZ code with a
duty cycle of 0.7 was designed according to Equation (22), since the ROP can be maximized
and a clock frequency component is included [21], where ξ is the quantum efficiency of
PMT, h is Planck’s constant, ν is the frequency of light, Tb is the symbol duration, and n1
and n0 are the average numbers of photons contained in symbols “1” and “0”.

Pr,PMT =
1
ξ

.
7

20
.
hν(n1 − n0)

Tb
. (22)

According to the measured results shown in Figure 7, when the number of received
photons was less than 20, the measured data followed a relatively strict Poisson distribution
since the PMT worked in the linear region. Upon increasing the number of photos to 40, the
PMT was subjected to overexposure and worked in the nonlinear region, thus experiencing
signal distortion [21]. In this condition, the distribution of the counted photons does not
obey a strict Poisson distribution, as shown in Figure 7. The BER value can be calculated
using Equation (23), where nth is the hard-decision threshold [5].

BER =
1
2
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∑
k=0
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1
2
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]
. (23)
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Figure 7. Distribution of the received photons: (a) seven photons; (b) 40 photons.

We present the measured BER performance under different water conditions in
Figure 8. As discussed before, when the number of received photons is increased to around
20 (~−73 dBm), the number of the received photons no longer obeys a Poisson distribution.
At this moment, the values of VD should also be adjusted. In our experiment, the optimal
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values of VD were obtained according to the rule of minimizing the BER. As illustrated
in Figure 6b, an ROP of −73 dBm corresponded to a 10 m underwater transmission with
an attenuation coefficient of 0.8 m−1. When the PMT worked in photon-counting mode
(c > 0.8 m−1), the number of photons in symbol “1” obeyed a strict Poisson distribution.
Thus, the value of DTV VD was set to 2.5 mV. However, the measured BER performance
worsened, especially for 1 Mbps and 2 Mbps data rates, when the attenuation coefficients
varied from 0.2 m−1 to 0.8 m−1 (saturation region of PMT). With the adapted optimal
value of VD = 4.5 mV, error-free transmissions of 1 Mbps and 2 Mbps data rates were
successfully achieved. The BER performance enhancement at the 5 Mbps data rate was not
significant, because, when increasing the signal baud rate, severe inter-symbol interference
was introduced due to the limited bandwidth of LED. Moreover, conclusions can be made
according to Figure 8 that the receiver sensitivities of our proposed LED–UOWC systems
at 1 Mbps, 2 Mbps, and 5 Mbps data rates were −76 dBm (1.08 m−1), −74 dBm (0.92 m−1),
and −70 dBm (0.24 m−1) at the 7% FEC limit of 3.8 × 10−3, respectively.
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Figure 8. Experimental BER performance under different water turbidities after 10 m.

4.4. The Predicted Performance Based on the Proposed System

As illustrated in Figure 9, we further investigated the proposed system performance
under conditions of the first type of seawater (pure, c = 0.056 m−1), the second type (clean,
c = 0.151 m−1), and the third type (coastal, c = 0.398 m−1). According to the experimental
results illustrated in Figure 4, the required ROP for 2 Mbps at the 7% FEC limit is −74 dBm.
Using Equation (4) and the parameters in Table 1, the optical power distribution at the re-
ceiving plane within the receiver sensitivity of −74 dBm was established using Lambertian
model. Within the receiving radii of 1.28 m, 0.62 m, and 0.29 m, the achievable distances
were 83.5 m, 40.5 m, and 19.2 m for the first, second, and third types of seawater, respec-
tively. The maximum transmission distances could be extended to 100 m, 46 m, and 21 m
when the receiver was located in the center of the receiving plane, as depicted in Figure 10.
With a transmitted electrical power of 10 W, the maximum distances were further increased
to 134 m, 60 m, and 27 m. When c exceeded the value of 0.92 m−1 (ROP = −74 dBm), as
shown in Figure 8, the BER performance for the 2 Mbps signal became worse than the
7% FEC limit. The calculated optical power based on Equation (22) was −74.37 dBm in
this condition, which is consistent with the optical power distribution obtained by the
Lambertian model, as shown in Figure 9. The experimental 2 Mbps data rate after 10
m could achieve a receiving area of π × 0.152 = 0.07 m2. Thus, it is believed that our
proposed long-reach UOWC system is capable of achieving an Mbps-scale data rate with
an alignment-released configuration.
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5. Discussion

To build a long-range UOWC link or to propagate light through relative turbid water,
two factors need to be considered: (i) pointing and alignment, and (ii) multipath interference.

5.1. Pointing and Alignment

To maintain a reliable line-of-sight UOWC link using an LD source after long-distance
transmission is very difficult, since the optical beam is quite narrow. At this moment,
pointing errors usually occur because of the link misalignment. Using a beam spread
function, the link misalignment model for a UOWC system can be expressed as follows [3]:

BSF(L, r) = E(L, r)e−cL +

∞∫
0

E(L, ϑ)e−cL ×

exp

 L∫
0

bβ̃(ϑ(L− z))dz

− 1

J0(ϑr)ϑdϑ, (24)
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where BSF(L, r) is the irradiance distribution at the receiver plane. Employing a LED
source with a large beam size corresponds to a large receiving range. Thus, we can get the
irradiance distribution more accessibly at the receiver plane.

5.2. Multipath Interference

As illustrated in Figure 4d, a multipath interference effect is produced in an optical
turbid harbor underwater channel after 8 m transmission. For a certain data rate, the effect
of multipath interference eventually leads to time spreading and waveform distortion,
thus decreasing the BER performance due to the inter-symbol interference. Thus, when
designing a UOWC system, this issue should be taken into consideration. Fortunately,
technologies such as channel equalization [22], adaptive optics, and spatial diversity [23]
are capable of suppressing the interference.

6. Conclusions

In this paper, we demonstrated a high-sensitivity long-reach UOWC system using
LED and PMT. An experiment was conducted to investigate the BER performance under
different water turbidities. Several key factors were taken into consideration during
the system design, such as symbol rates, symbol duty cycles, water conditions, PMT
characteristics, and decision criteria. With the help of RZ-OOK modulation and a PMT
receiver, we experimentally achieved receiver sensitivities of −76 dBm, −74 dBm, and
−70 dBm for 1 Mbps, 2 Mbps, and 5 Mbps data rates over a 10 m underwater channel,
respectively. More than 100 m distance is achievable for a 2 Mbps data rate in pure seawater
at 1 W transmitted power.
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