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In this paper, recent advances in underwater wireless optical communication (UWOC) are reviewed for both
LED- and LD-based systems, mainly from a perspective of advanced modulation formats. Volterra series-based
nonlinear equalizers, which can effectively counteract the nonlinear impairments induced by the UWOC system
components, are discussed and experimentally demonstrated. Both the effectiveness and robustness of the
proposed Volterra nonlinear equalizer in UWOC systems under different water turbidities are validated.
To further approach the Shannon capacity limit of the UWOC system, the probabilistic constellation shaping
technique is introduced, which can overcome the inherent gap between a conventional regular quadrature
amplitude modulation (QAM) format and the Shannon capacity of the channel. The experimental results
have shown a significant system capacity improvement compared to the cases using a regular QAM.
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As increase in the ongoing expansion of human activities
in ocean environments, such as oceanographic research,
offshore oil exploration, tactical surveillance, pollution
monitoring, and underwater salvage, high-bandwidth data
transfer, like the exchange of large volumes of data files
between fixed sensor nodes and autonomous underwater ve-
hicles (AUVs) or remotely operated vehicles (ROVs), shut-
tling real-time video from untethered vehicles for inspection
and identification, is indispensable. The mature technology
of acoustic communication could support transmission dis-
tances of tens of kilometerst, but its drawbacks include
low bandwidth, low data rate (~kbps), severe multipath la-
tency, high energy consumption, and lack of stealthiness?.
Radio frequency (RF) communication, while effective in ter-
restrial applications, is severely restricted in the ocean due
to the exponential decay at radio frequencies in seawater,
e.g., the attenuation in the ocean is about 169 dB/m for
the 2.4 GHz band®. Thus, RF communication can only work
at ultralow frequencies, supporting near-field communica-
tion, and consequently paradoxically limits its bandwidth.
Moreover, RF-based communication requires huge antennas
and high power, which poses more challenges to cost and
energy efficient oceanic applications. Tethered fiber-optic
cables can offer robust and high-bandwidth communication,
but they face sophisticated engineering and maintenance
issues and are not appropriate for underwater moving
platforms?. Moreover, the deep ocean environment is
challenging, which makes optical connectors very expensive
and short-lived. Underwater wireless optical communication
(UWOC) turns out to be an appropriate solution for
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communication over short and medium ranges (within
hundreds of meters) due to its high bandwidth, low latency,
cost-effectiveness, and low energy consumption.

In recent years, UWOC has attracted considerable
interest from academic, industrial, and military circles,
and is deemed as a revolutionary and competitive technol-
ogy to its acoustic and RF counterparts, particularly
when applied in broadband communications between di-
verse underwater vehicles, underwater sensor nodes, and
underwater base stations?. Blue-green wavelengths of the
visible light spectrum are found to be in the low absorption
window of seawater®Z. Light-emitting diodes (LEDs) or
laser diodes (LDs) are widely employed as transmitters
of UWOC systems. An LED features low-cost and high-
energy efficiency, and the broad-angle beam profile of an
LED can relax the alignment requirement of the transmit-
ter and receiver. However, the broad-angle beam profile
makes an LED more susceptible to scattering in natural
waters. The emitted optical power from an LED can
only support a relatively short transmission distance.
The product BlueComm 200 from Sonardyne? can sustain
a maximum distance of 150 m using a highly sensitive
receiver photomultiplier tube (PMT). Furthermore, the
bandwidths of LEDs are limited to the order of MHz
(e.g., the 3 dB bandwidth of LED was ~20 MHz in Ref. [9],
160 MHz in Ref. [10], and 752 MHz in Ref. [11]). On the
contrary, the bandwidths of LDs are much larger (e.g., the
3 dB bandwidth of an LD was ~1.4 GHz in Ref. [12],
2.6 GHz in Ref. [13], and 5.3 GHz in Ref. [14]). Meanwhile,
LDs can be collimated into very narrow beam profiles that
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will significantly increase the optical power delivered
to a remote undersea terminal. Meanwhile, an extremely
narrow laser beam can reduce the temporal spread of the
signal and enable enhanced spatial and spectral filtering
options to reduce the background light noise@. The
significant hurdle for a reliable LD-based UWOC is the
link alignment, which may require the pointing, acquisi-
tion, and tracking (PAT) system.

With the increased attention in UWOC research, several
surveys have been published to review this emerging subject.
In Ref. [16], Arnon evaluated the link performance of a
typical UWOC system and analyzed several UWOC link
models, including the line-of-sight (LOS) link, the modulat-
ing retroreflector link, and the reflective link. Hemani et al.
discussed various propagation phenomena that impacted the
performance of a UWOC system and reviewed recent re-
search progress in UWOC, including channel characteriza-
tion, modulation schemes, coding techniques, and various
sources of noise that are specific to UWOCE. In Ref. [18],
Zeng et al. provided an exhaustive survey of the state-
of-the-art UWOC research in three aspects: channel charac-
terization, modulation, and coding techniques, together with
the practical implementations of UWOC. Nasir et al. pre-
sented a comprehensive survey on the challenges, advances,
and prospects of underwater optical wireless networks
from a layer by layer perspective, and pointed out the pro-
spective directions for UWOC, networking, and localization
studies™. In Ref. [20], the authors provided a detailed com-
parison of applying three advanced modulation formats,
including carrierless amplitude and phase (CAP) modula-
tion, orthogonal frequency division multiplexing (OFDM),
and discrete Fourier transform spread orthogonal fre-
quency division multiplexing (DFT-S OFDM) in LED-based
UWOC systems. In Ref. [21], the authors gave a review on
the recent advances and highlights in LD-based UWOC sys-
tems from a device perspective, mainly focused on LDs. In
the present paper, we review recent research progress in the
UWOC subject, mainly from a perspective of advanced
modulation formats, focusing on both LED- and LD-based
UWOC systems. In addition, some studies of channel mod-
eling used for simulation and other characteristics (such as
the turbulence) that may remarkably affect the UWOC
performance are mentioned briefly.

It is important to understand aquatic optical channel
characterization before conducting a UWOC experiment.
Monte Carlo simulation is a popular numerical method
achieved by sending and tracking the trajectories of a large
number of emitted photonsZ2!. In Ref. [24], the authors
designed a Monte Carlo simulator and the simulation re-
sults showed that the UWOC distance could be extended
to 500 m in pure seawater when a single photon avalanche
diode (SPAD) was employed as the receiver. Gabriel et al.
used the two-term Henyey—Greenstein (HG) channel model
to quantify the time dispersion of the UWOC channel
for different water types, link distances, and transmitter/
receiver characteristics. The performance of a typical
UWOC system in terms of bit error rate (BER) using
on—off keying (OOK) modulation was studied2. By taking

into account three types of propagating photons including
non-scattering, single, and multiple scattering, the authors
presented a general stochastic channel model that fits well
with Monte Carlo simulations in coastal and turbid water
channels?. In Ref. [27], Tang et al. proposed a closed-form
double-gamma function to model the channel impulse
response of a UWOC system. This impulse response is able
to evaluate the BER and channel bandwidth for various
link ranges of a UWOC system. Zhang et al. introduced
a weighted gamma function polynomial (WGFP) to model
the impulse response of general M x N multiple-input
multiple-output (MIMO) UWOC links. Numerical results
of Monte Carlo simulations validated the proposed WGFP
model in a turbid water environment2.

For a UWOC lab experiment, one principal target is
to improve the capacity and extend the transmission dis-
tance of a UWOC system. Since the first experimental
demonstration of high speed UWOC on the order of
Gb/sZ a lot of works have explored higher data rate
and longer transmission distance in LED- or LD-based
UWOC systems. Xu et al. have demonstrated a blue LED-
based UWOC system using 16-QAM-OFDM, achieving
a net bit rate of 161.36 Mb/s at a BER, of 2.5 x 1073,
Tian et al. have reported a data rate of 800 Mb/s
over a 0.6 m UWOC system using a micro-LED™. Kong
et al. have proposed a UWOC system using an arrayed
transmitter /receiver and optical superimposition-based
pulse amplitude modulation with 4 levels (PAM-4),
which enhanced tolerance to the modulation nonlinear-
ities of LEDs2Y. Wang et al. have realized an OFDM-
based UWOC system using a multipixel photon counter
(MPPC) as the receiver, which has a high sensitivity
and supports a relatively long underwater transmission
distance®™. In Ref. [33], the authors have proposed a
UWOC system utilizing QAM-OFDM and multi-PIN re-
ception for maximum ratio combination (MRC) receiving,
acquiring a data rate of 2.175 Gb/s. Chi et al. have dem-
onstrated a mnovel Gaussian kernel-aided deep neural
network (GK-DNN) equalizer that can effectively miti-
gate the high nonlinear distortion of PAM8 LED-based
UWOC systems. Oubei et al. have conducted a lab ex-
periment obtaining 4.8 Gb/s over 5.4 m underwater laser
transmission using 16-QAM-OFDM2/, Chen et al. have
demonstrated 26 m / 5.5 Gb/s air-water channel transmis-
sion employing 32-QAM-OFDMEY. Injection locking has
been utilized to enhance the frequency response of LDs,
and the authors have experimentally demonstrated a
16 Gb/s over 10 m% and a 25 Gb/s over 5 m& UWOC
systems. Huang et al. have reported 14.8 Gb/s over 1.7 m
seawater transmission using 16-QAM-OFDM with a
modulation bandwidth of 3.7 GHz®. Our previous works
have probed post nonlinear equalization and adaptive
bit-power loading discrete multitone (DMT)-based
UWOC systems under different water turbidities??, and
demonstrated 16.6 Gb/s over 5 m and 6.6 Gb/s over
55 m transmission”. We have also introduced multiband
DFT-S to reduce the peak-to-average-power ratio (PAPR)
of a DMT-based UWOC transmitter and improved the
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BER performance of a long reach UWOC system2. We
have probed probabilistic constellation shaping (PCS) in
a DMT-based UWOC system to approach the underwater
channel capacity limit, and the net data rate has been
pushed to 18.09 Gb/s over a 5 m water channel with a single
LD%, Hu et al have demonstrated a 120 m distance
in Jerlov IT water for Reed-Solomon (RS) (255,127) code
with 256 pulse-position modulation (PPM) at a bandwidth
of 13.7 MHz%. 100 m/500 Mb/s LD-based UWOC has
been experimentally demonstrated using OOK modulation
and nonlinear equalization®. Al-Halafi et al. have probed
real-time video streaming underwater optical wireless
transmission using software defined platformst49,

In terms of practical implementations of UWOC, the
Woods Hole Oceanographic Institution (WHOI) designed
an optical modem system based on omnidirectional LED
arrays and hemispherical PMT in 2006, and validated
5 Mb/s over 91 m underwater transmission. In 2008,
they conducted a sea trial and successfully realized
5 Mb/s over 200 m UWOC in 2000 m deep ocean.
In 2014, the WHOI completed bi-directional UWOC
between a seafloor test node and the AUV sentry within
20-150 m range at data rates of 5-10 Mb/s%. Researchers
from Massachusetts Institute of Technology (MIT) built
a UWOC prototype called AquaOptical2?, and achieved
a data rate of 1.2 Mb/s at distances up to 30 m in a pool
test. Afterward, they updated it to AquaOptical T2
and reported reliable communication of 2 Mb/s over
50 m in pool water. The Japan Agency for Marine-Earth
Science and Technology (JAMSTEC) has developed a
UWOC system of 20 Mb/s over a 120 m communication
distance in 700 m deep ocean water®. Cossu et al. have
designed a full-fledged 10 Base-T Ethernet UWOC sys-
tem, which is developed in the framework of the European
Project SUNRISE2Y, supporting 10 Mb/s over a 7.5 m dis-
tance in a shallow harbor water transmission®, and
10 Mb / s over 10 m in a highly turbid harbor water trans-
mission?). Baiden et al. have tested an omni-directional
UWOC system in lake water®, and demonstrated
20 Mb/s over 11 m transmission. Han et al. have pro-
posed a transmitter with a 150° divergence angle and more
than 90% uniformity of radiation intensity for a quasi-
omni-directional UWOC by applying a freeform lens into
an LED array, and achieved 19 Mb/s over 8 m water chan-
nel transmission®. In Ref. [59], the authors designed a
real-time field programmable gate array (FPGA)-based
LED-UWOC system and demonstrated 25 Mb/s over a
10 m underwater channel. Shan et al. have built an under-
water laser communication device with high pulse energy
and small volume®. In Refs. [61-66], orbital angular

momentum multiplexing (OAM) has been explored in a
UWOC application as an emerging technique. Xu et al.
have put forth a novel concept on an underwater fiber—
wireless (Fi-Wi) communication system with a fully passive
wireless front end, which can save sophisticated, expensive,
and short-lived optical connectors in deep oceans™.

Sun et al. have demonstrated a non-LOS UWOC link
using an ultraviolet (UV) 375 nm laser to circumvent the
alignment requirement of an LOS underwater link® | and ex-
perimentally demonstrated high-speed diffuse LOS optical
wireless communication across a wavy water-air interface®.
In Refs. [70,71], the authors have experimentally mvestl—
gated the impact of turbulence on a UWOC link. Table 1
summarizes some recent works of UWOC in the literature.

A schematic diagram of the general UWOC experimental
setup in a lab is shown in Fig. 1. After being amplified and
superimposed with DC, the transmitted RF signal from an
arbitrary waveform generator (AWG) drives an LED/LD.
The collimated light beam carrying the electrical signal
passes through a water channel, is then captured by an
APD/PIN, and finally seized by a digital serial analyzer
(DSA) for further processing. The DMT modulation is a
promising modulation scheme in UWOC for its intrinsic
advantages such as high spectral efficiency and simple
equalization. Moreover, the structure of cyclic prefix (CP)
is inherently tolerant to inter-symbol interference (ISI)
caused by multipath scattering in highly turbid waters.
Nevertheless, the main drawback of DMT modulation is
the high PAPR, which may induce severe nonlinear impair-
ments and inefficient power utilization if advanced modula-
tion formats are further employed. The nonlinearity widely
exists in UWOC systems, which is mainly introduced by
the modulation nonlinearity of an LEDZ or LDZ, the
nonlinear amplification of an electrical amphﬁer[” ’8, and
the square-law detection of a photodetector™. Nonlinearity
is common in single carrier systems such as multilevel
PAMY and CAPY and multicarrier systems such as
DMT. The nonlinear distortions induced by the LED (or
LD), electrical amplifier, and photodetector may give severe
impairments in the received signals, resulting in a significant
signal-to-noise ratio (SNR) degradation. The linear equaliza-
tion techniques cannot effectively counteract such nonlinear
effects. Volterra series-based nonlinear equalizers have been
intensively studied in wireless®, fiber-optic communica-
tion® and free-space visible light communication (VLC)
systems®&859 Biswas et al. analyzed the semiconductor
LD nonlinearity from the laser rate equations using an
output-to-input approach™. Hence, the nonlinearity in both
LED- and LD-based UWOC systems can be modeled by the
Volterra series, which is expressed as

N -1 Ny—1 Np—1

y(n) = Z wy (ky)z

Jey=0

n—]ﬁ

Ny—1 Ny—1 Ny—1

Z Z wy(ky, ko)

(n—kp)z(n — ky)

Z Z wy(ky, ko, ky)a(n — ky)a(n — ky)a(n — kz) + -+, (1)
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Table 1. Summary of Recent Works in UWOC

Light Distance-data
Transmitter output Photo- Modulation Data Distance  rate product Real
Authors type power detector  formats rate (m) (Gbps - m) time
Xu et al.22 Blue LED N/A  PIN 16-QAM- 161 Mb/s 2 0.32 N
OFDM
Tian et al.l 440 nm N/A  PIN/ OOK 800/ 0.6/5.4 1.08 N
micro-LED APD 200 Mb/s
Wang et al.2 521 nm LED 160 mW 2 PINs  64-QAM-  2.175 Gb/s 1.2 2.61 N
DMT, MRC
Zhou et al.® RGBYC PIN  Bit-power 15.17 Gb/s 1.2 18.2 N
LED loading DMT
Wang et al.22 448 nm LED N/A  APD OOK 25 Mb/s 10 0.25 Y
Wang et al.22 520nm LD 15 mW MPPC  32-QAM- 312,03 Mb/s 21 6.55 N
OFDM
Oubei et al.2? 450 nm LD 15 mW APD  16-QAM- 4.8 Gb/s 5.4 25.92 N
OFDM
Chen et al.2d 520 nm LD 15 mW APD 32-QAM- 5.5 Gb/s 5/21 115.5 N
OFDM
Liu et al.™ 520 nm LD 19.4 mW PIN/ OOK 2.7 Gb/s 34.5 93.15 N
APD
Fei et al.2 450 nm LD 20 mW APD Bit-power 7.3 Gb/s 15 109.95 N
loading DMT,
NE
Fei et al. 2! 450 nm LD 128 mW APD  MB-DFT- 5.6 Gb/s 55 308 N
S-DMT
Fei et alX 450 nm LD 120 mW PIN Bit-power 16.6/ 5/55 462@35 m N
loading DMT, 6.6 Gb/s
NE
Li et al.®Z Two 20 mW PIN PAM4, 16 Gb/s 10 160 N
488 nm LDs injection
locking
Li et al.l Three 3mW PIN Injection 25 Gb/s 10 250 N
680 nm LDs locking, OOK
Huang et al.2 450 nm LD 120 mW PIN/ 16-QAM- 14.8/ 1.7/10.2 25.16/110 N
APD OFDM 10.8 Gb/s
Hong et al. 22 450 nm LD 120 mW PIN PCS-DMT 18.09/ 5/35 441@35 m N
12.6 Gb/s
Wang et al.2 520 nm LD 15 mW APD OOK, NE 500 Mb/s 100 50 N
Hu et allZ 532 nm LD  N/A  SPD  256-PPM & ~MHz 120 N/A N
RS, LDPC
JAMSTEC® 450 nm LD  >5 W PMT N/A 20 Mb/s 120 2.4 Y

Where y(n) denotes the nth received signal sample, and
wy (k) and w,,(ky, ko, « .., kyy)(m > 2) are the linear coeffi-
cient and mth-order nonlinear coefficient, respectively.
N, (t > 1) is the memory length. z(n — k;) is the (n — k;)
th temporal sample of transmitted signal. The Volterra
series-based equalizer can be adopted to eliminate the non-

linear noise in UWOC systems. In our previous works22d we
)

proposed simplified Volterra nonlinear equalizers that in-
clude only the 2nd-order and partial 3rd-order nonlinear
terms. With the simplified Volterra nonlinear equalizers,
the received SNR of the system can be significantly enhanced
by 2-3 dBE22Y, After the combination with the adaptive bit-
power loading DMT, the average modulation order (bits
per symbol) increases from 4.97 to 5.87. With a modulation
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Fig. 1. Schematic diagram of the general UWOC setup in a lab
experiment. AWG: arbitrary waveform generator; EA: electrical
amplifier; ATT: adjustable attenuator; DC: direct current;
LD: laser diode; APD: avalanche photodiode; DSA: digital serial
analyzer; Tx-DSP: digital signal processing at the transmitter;
Rx-DSP: digital signal processing at the receiver.

bandwidth of 1.25 GHz, the system capacities increase from
6.21 Gb/s to 7.33 Gb/s over a 15 m water channel2’. In
Ref. [40], with a modulation bandwidth of 2.75 GHz, the
system capacities increase from 15.6 Gb/s to 16.6 Gb/s over
a b m water channel. The nonlinear equalization can bring a
capacity improvement of about 1 Gb/s in both cases.
Figure 2 shows the received optical power (ROP, red line),
SNR with nonlinear equalization (blue line), and SNR with-
out nonlinear equalization (green line) versus transmission
distance under tap water. The ROP decreases for longer
transmission distances due to the absorption and scattering
effects of water and the loss from multiple reflections by
mirrors (used to simulate different water channel lengths).
With the higher modulation depth allowed by the nonlinear
equalization, the received SNR can be enhanced by ~3 dB
compared to the linear equalization case.

The performance of our proposed scheme under differ-
ent water turbidity conditions has been investigated.
The received SNR under different water turbidities after
a 1 m transmission distance is shown in Fig. 3(a). The
water turbidity is changed by adding the 0.5% diluted
Maalox [Al(OH); and Mg(OH), powder] suspension in
2 mL steps (a step of 20 mL after 30 mL) into the tap
water (volume of ~85.7 L). The remarkable SNR gain
of >3 dB, regardless of the water turbidity, shows the
robustness of the nonlinear equalization method in
UWOC systems. To quantify the turbidity of water,
Fig. 3(b) shows the corresponding attenuation coefficient
of water, which is calculated in Ref. [87]. The calculated
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—&-SNR,w/ NLE
SNR,w/o NLE

Received Optical Power (dBm)
(=]

-5

012345678 9101112131415

Distance (m)
Fig. 2. Received optical power (ROP) and SNR versus transmis-
sion distance under tap water. w/: with; w/o: without; NLE:
nonlinear equalization.
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Fig. 3. (a) Received SNR versus the volume of added Maalox
suspension after a 1 m underwater transmission. (b) Attenuation
coefficient versus volume of the added Maalox suspension.
(¢)—=(f) The snapshots of the optical beam passing through water
of different turbidities which represent (c¢) “tap water”, (d) “clear
ocean”, (e) “coastal ocean”, and (f) “harbor water”,

attenuation coefficient ranges from 0.0751 m~!' to
2.078 m~!, which covers the typical values of “clear ocean”,
“coastal ocean”, and “harbor water”2. Figures 3(c)-3(f)
present the side view of the optical beam passing through
water with different turbidities. The snapshots were taken
one by one under the same settings of exposure time and
camera sensitivity. As can be seen from this figure, the scat-
tered light becomes stronger with a larger dose of added
Maalox suspension.

Apart from enhancing the SNR of the system, increas-
ing system capacity is another hot topic in UWOC re-
search. Recently, a powerful and flexible channel capacity
limit-approaching technique, called PCS has been exten-
sively studied in wireless communication® and fiber-
optic communication®2 and introduced in the VLC
area?. The PCS technique applied to high-order modu-
lation formats has become an excellent candidate to
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overcome the inherent gap between the conventional
regular QAM format and the Shannon capacity of the
channel. In our previous work?, the PCS scheme with
DMT modulation has been experimentally demonstrated
in a UWOC system to approach the channel capacity
limit. According to the pre-estimated SNR of each sub-
carrier, a fixed QAM format with various probabilistic
distributions is individually allocated for each subcarrier
to achieve maximum capacity. In DMT with the PCS
scheme, different probability mass functions (PMFs) de-
termined by a user-defined distribution matcher, e.g.,
the well-known Maxwell-Boltzmann distribution&2,
are assigned to different subcarriers. Assuming that the
PCS-MQAM constellation values are taken from
x ={z, 29, ...,z }, the corresponding PMF can be
expressed as®

p(a:,;):e—"“”i‘Q/Ze‘"'ﬂ”'i 1<i<M, (2)

T€Y

where v is a rate adjustable parameter. For a given target
SNR range, there exists a suitable v to optimize the
constellation shaping, leading to an achievable maximum
channel capacity. The optimization process can be per-
formed via a look-up table.

The Shannon capacity limit C = logy(1+ SNR)2 of
different underwater transmission channels is presented
in Fig. 4(a). From the figure, PCS-1024QAM is the opti-
mal option for 5 m and 25 m underwater channels as
the maximum Shannon capacity limit for the two cases
is about 10 bits/symbol. Likewise, PCS-256QAM and
PCS-64QAM are suitable for the 35 m and 45 m under-
water channel cases, respectively. For the sake of simplic-
ity, only the cases of 25 m with PCS-1024QAM-DMT and
35 m with PCS-256QAM-DMT underwater transmission
channels are taken into discussion. For the bit-power load-
ing scheme, different QAM formats are assigned to differ-
ent subcarriers in accordance with the pre-estimated SNR,
and the overall BER is below the 7% overhead standard
hard-decision forward error correction (HD-FEC) limit of
3.8 x 1073, For the PCS scheme, a fixed QAM format
with different probabilistic constellation distributions is
employed based on the pre-estimated SNR. Figure 4(b)
shows the entropy versus subcarrier index for the
bit-power loading and PCS schemes. The entropy of
bit-power loading can only take discrete integer bits while
the PCS can take continuous values (less than logy M
for PCS-MQAM scheme). The entropy of DMT with
the PCS scheme of each subcarrier is larger than that with
the bit-power loading scheme, implying that the PCS
scheme can carry more information than the latter.
Figure 4(c) exhibits the graphical illustrations of three
regular QAM formats (i.e., 128QAM/64QAM/32QAM)
for bit-power loading and three adopted constellation
probability distributions for both PCS-256QAM-DMT
(35 m channel) and PCS-1024QAM-DMT (25 m channel).
The distributions become more centralized as entropy H
decreases, and the occurrence probability of the outer
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Fig. 4. (a) Shannon capacity limit under different underwater
transmission distances. (b) Entropy of different subcarriers for
25 m and 35 m underwater transmission distances. (¢) Graphical
illustrations for bit-power loading and the PCS-256/1024QAM-
DMT scheme of three different entropies. Note that the bars
denote the probability of each modulation symbol®.

points may tend to zero for stronger shaping resulting
from the PCS-QAM.

Figures 5(a)-5(c) depict the corresponding received con-
stellation diagrams for bit-power loading, PCS-256QAM-
DMT over 35 m, and PCS-1024QAM-DMT over 25 m

folcofofo]

o000

e ©

(@ (b)

Fig. 5. Received constellation diagrams of (a) bit-power loading,
(b) PCS-256 QAM-DMT for 35 m, and (c) PCS-1024QAM-DMT
for 25 m underwater transmissions2.
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underwater channels, respectively. One can see clearly
from Fig. 5 that the constellation points of the bit-power
loading scheme are distributed quite uniformly, while the
constellation points of PCS-QAM resemble Gaussian
distribution. With the PCS-DMT scheme, net data rates
of 18.09 Gb/s, 17.21 Gb/s, and 12.64 Gb/s could be
achieved after 5 m, 25 m, and 35 m underwater transmis-
sion with a modulation bandwidth of ~2.75 GHz, which
indicates 32.22%, 30.03%, and 27.55% capacity improve-
ment compared with the widely used bit-power loading
DMT scheme in the current UWOC systems22Y respec-
tively. More details of the generation, encoding, and decod-
ing of the PCS scheme can be found in Ref. [42].

In this paper, recent research progress has been re-
viewed for both LED- and LD-based UWOC systems,
mainly from a perspective of advanced modulation for-
mats. UWOC systems are susceptible to nonlinearity
induced by the components (e.g., LED, LD), which
may yield severe impairments in the received signals.
Volterra series-based nonlinear equalizers can effectively
combat such nonlinear impairments, enhancing the sys-
tem performance. We have proposed a simplified Volterra
nonlinear equalizer by which the SNR received by the
system can be enhanced by 2-3 dB. The robustness of
the nonlinear equalizer in UWOC systems has also been
validated. To further increase the system capacity, the
PCS technique has been introduced to address the inher-
ent gap between the conventional regular QAM format
and the Shannon capacity of the UWOC system. Together
with DMT, a fixed QAM format with different probabilis-
tic distributions has been individually assigned to each
subcarrier to achieve the maximum system capacity.
Our experimental results have shown a net data rate of
18.09 Gb/s over a 5 m underwater channel, which is
the highest data rate ever reported for a single LD in
UWOC2,
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