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ABSTRACT Underwater wireless optical communication (UWOC) is considered as an enabling technology
with a mass of potential applications. The silicon photomultiplier (SiPM) exhibits a bright prospect for
UWOC thanks to the traits of low-light detection capability, low-voltage operation, and superior operability.
However, the performance of the SiPM-based UWOC system is severely degraded by the dead-time caused
nonlinear response. In this paper, to mitigate the dead-time induced nonlinear distortion and explore
the achievable capacity of the newly developed SiPM, we propose and experimentally demonstrate a
55-m/2-Gbps UWOC system by virtue of SiPM diversity reception and nonlinear decision-feedback
equalizer (NDFE). The performance of NDFE is superior to that of the conventional decision-feedback
equalizer (DFE), and NDFE with a pruning factor of 5 declares similar performance as that without pruning
strategy, while the number of the nonlinear equalizer can be reduced by ~ 31.8%. Significant performance
improvement is also obtained by the proposed scheme under different turbidity waters. The measured data
rate is pushed from 1 Gbps to 2 Gbps with a receiver sensitivity as low as —41.96 dBm, which to the best of
our knowledge is the largest data rate ever achieved using the off-the-shelf SiPM among the reported UWOC
works. In accordance with the receiver sensitivity and the model of optical propagation in the water channel,
the maximum attainable distance / data rate is predicted to be 147 m/1 Gbps and 128 m/2 Gbps with the
proposed scheme. The research results are promising for long-reach and high-speed UWOC.

INDEX TERMS Underwater wireless optical communication (UWOC), visible laser diode (LD), silicon
photomultiplier (SiPM), diversity reception, nonlinear decision-feedback equalizer (NDFE).

I. INTRODUCTION exploration/monitoring, and even marine military defense,
As the sustained growth of human activities in ocean, the demands for long-reach and high-speed underwater wire-
ranging from oceanographic study to offshore oil field less communication are urgently needed [1]-[3]. Compared

with the widely used underwater acoustic or radio frequency

The associate editor coordinating the review of this manuscript and (RF) communication, which exhibits either inadequate band-
approving it for publication was Wei-Wen Hu . width or heavy aquatic attenuation, underwater wireless
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TABLE 1. Comparison of UWOC systems in recent works.

Year Wa\(/riﬁl;gth Optical power Receiver | Modulation scheme Dl?:i;lce Receiver sensitivity Data rate Reference
-20 dBm/ 1 Gbps/
2017 520-nm LD 19.4 mW APD/PIN OOK 345 >15 dBm 2.7 Gbps [6]
2018 450-nm LD 0.17 mW MPPC 4-PPM 46 -39.2 dBm 5 Mbps [24]
2018 | 532-nm LD | mJ single- PMT 256-PPM 120 3.32-bits/photon 1.7 Mbps [16]
pulse energy
b -30.4 dBm/ 100 Mbps/
2019 520-nm LD 7.25 mW APD OOK&’NE 100 24 dBm 500 Mbps [9]
. 8.39 Mbps/
2020 450-nm LD 24 W MPPC OOK 100/50 NA 16.78Mbps [26]
2020 450-nm LD 10 mW SiPM OOK&DFE 40 -43 dBm 1 Gbps [29]
2021 450-nm LD 16.18 mW APD DFT-S DMT 50 -11.2 dBm 5 Gbps [7]
2021 450-nm LD 293.1 mW PMT PAM4&°TCM 150 -29.8 dBm 500 Mbps [18]
. Diversity reception -49.23 dBm/ 1 Gbps/ This
2022 450-nm LD 9.88 mW SiPM &NDFE 55 -41.96 dBm 2 Gbps work

*N/A represents unavailable; °NE represents nonlinear equalization; “TCM represents Trellis coded modulation.

optical communication (UWOC) featuring low latency, large
bandwidth, high flexibility, cost-effectiveness, and moderate
transmission distance in water, has emerged as an enabling
technology with numerous potential applications from deep
sea to coastal ocean. For instance, the exchange of large
volumes of gathered data (e.g., scientific data, high-resolution
images, or high-quality real-time video streaming) between
fixed underwater sensor nodes and remotely operated vehi-
cles (ROVs) or autonomous underwater vehicles (AUVs)
[4], [S]. Compared with the light-emitting diode (LED),
the laser based UWOC system exhibits a very directive
beam profile and a larger modulation bandwidth, which
is more suitable for long-reach and high-speed underwater
communication.

Many research groups have explored the feasibility of
UWOC scenarios using the photodetectors of avalanche
photodiodes (APDs) and positive-intrinsic-negative (PIN)
diodes [6]-[15]. Liu et al. experimentally achieved
34.5-m/2.7-Gbps underwater optical transmission using
non-return-to-zero on-off keying (NRZ-OOK) modula-
tion [6]. Du et al. realized 50-m/5-Gbps underwater opti-
cal communication adopting spectrally efficient discrete
Fourier transform spread discrete multi-tone (DFT-S DMT)
modulation [7]. A 532-nm high-power emitting UWOC sys-
tem based on 1064-nm wavelength conversion construction
was experimentally demonstrated in a 100-m water tank with
a data rate of 100 Mbps [8]. Using nonlinear equalization,
a 100-m/500-Mbps UWOC experiment was successfully
conducted in a tap water channel [9]. However, UWOC
suffers from heavy attenuation in long-distance clear water or
short-distance high turbid water channels, and thus results in
very weak received optical power (ROP), which poses serious
challenges to the sensitivity of photodetectors.

With the merits of approaching quantum-limit sensitiv-
ity and large photosensitive area, single-photon level detec-
tors, such as photomultiplier (PMT) and multi-pixel photon
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counter (MPPC), are more suitable for UWOC when ROP
is extremely low or the link is not well aligned [16]-[28].
A PMT was employed as a photon-counting receiver and a
120-m/ 1.7-Mbps UWOC system using 256-pulse-position
modulation (PPM) was carried out in Jerlov II water [16].
The commercially available PMT-based product, namely
BlueComm 200 series made by Sonardyne, was designed to
support a data rate of 10 Mbps over a 150-m clear water
channel [17]. Employing pulse amplitude modulation with
4 levels (PAM4), Xu et al. undertook the realization of a
150-m/500-Mbps PMT-based UWOC system enabled by the
combination of receiver-side partial response shaping and
Trellis coded modulation [18]. Nevertheless, PMT requires
careful handling as well as a high bias voltage and is sus-
ceptible to the magnetic field. Another type of highly sen-
sitive detector MPPC, also known as arrayed single photon
avalanche diode (SPAD) [22], which is comprised of a num-
ber of APDs biased above the breakdown voltage (i.e., oper-
ating in Geiger mode), has been recognized as a competitive
alternative to PMT due to its high sensitivity, low operation
voltage, insensitivity to the magnetic field, and mechanical
robustness [23]-[29]. A 46-m/5-Mbps MPPC-based UWOC
system employing power-efficient PPM was demonstrated
with a receiver sensitivity of —39.2 dBm [24]. The French
Research Institute for Exploitation of the Sea (IFREMER)
developed a 60-m/3-Mbps UWOC prototype in Jerlov I
water using 460-nm arrayed LED sources and arrayed MPPC
receivers [25]. Zhao er al. adopted optical combination
and arrayed MPPC to extend the transmission distance
and relax the strict alignment requirement of UWOC in a
50-m standard swimming pool [26]. However, due to the
limited modulation bandwidth of MPPC, the data rate of
the MPPC-based UWOC system is restricted to the order
of Mbps.

More recently, a newly developed commercially available
MPPC, also referred to as silicon photomultiplier (SiPM),
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FIGURE 1. The schematic of the UWOC experimental setup and DSP blocks at the transmitter and the receiver side. Insets: (a) The photograph of the
transmitter side; (b) an optical link of 55-m transmission in water tank; (c) The photograph of the receiver side; AWG: arbitrary waveform generator;
EA: electrical amplifier; VEA: variable electrical attenuator; DC: direct current; LD: laser diode; ND filter: neutral density filter; ID: iris diaphragm;
SiPM: silicon photomultiplier; RTO-Scope: real-time oscilloscope; sync.: synchronization; re-samp.: re-sampling; calc.: calculation.

was deployed in UWOC system, with which the data rate
of 1 Gbps was reported over a 40-m water channel, showing
excellent performance [29]. With the advantage of excellent
temperature stability, high photon detection efficiency (PDE)
at blue-green light, compactness, and low implementation
complexity, this kind of SiPM is very suitable for deep ocean
applications. However, once a photon is detected by a micro-
cell in the SiPM, an avalanche-and-quenching process will
be stimulated to bring it back to the quiescent mode. This
transition occupies a finite time (several nanoseconds) and
its corresponding delay is known as dead time [27], [28].
Since the microcell is unable to detect a new incoming photon
during the recovery time, the number of photons detected by
the SiPM is not linearly related to the intensity of the incident
light. Consequently, the performance of the UWOC system
will be strongly degraded by the dead-time induced nonlinear
response. Nevertheless, an effective solution to alleviate such
nonlinear distortion caused by the dead time effect was not
involved in [29].

In this paper, to mitigate the dead-time induced nonlinear
distortion and further explore the achievable capacity of
the newly developed SiPM, we propose and experimentally
demonstrate a 55-m/2-Gbps UWOC system by virtue of
SiPM diversity reception and nonlinear decision-feedback
equalizer (NDFE). Significant performance improvement is
obtained by the proposed scheme under different turbidity
waters. The measured data rate is pushed from 1 Gbps to
2 Gbps with a receiver sensitivity as low as —41.96 dBm,
which to the best of our knowledge is the largest data rate ever
achieved using the off-the-shelf SiPM among the reported
UWOC works. In accordance with the receiver sensitivity
and the model of optical propagation in the water channel,
the maximum attainable distance with the proposed scheme
is predicted to be 147m/ 1 Gbps and 128m /2 Gbps, which is
promising for long-reach and high-speed underwater trans-
mission. Table 1 summarizes some recent works of UWOC
in terms of real measured transmission distance (> 30 m),
data rate, and receiver sensitivity. Note that attenuation
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length (AL) is a fair and critical indicator to evaluate the per-
formance of UWOC working in different water turbidity. The
lower the receiver sensitivity is, the longer the permissible
transmission distance is acquired, which leads to a large AL.

The remainder of this paper is organized as follows.
Section II introduces the experimental setup and principles
of diversity reception and nonlinear decision-feedback equal-
ization. The experimental results and discussions are pre-
sented in Section III. Finally, the conclusion is provided
in Section IV.

Il. EXPERIMENTAL SETUP AND PRINCIPLES OF
DIVERSITY RECEPTION AND NONLINEAR
DECISION-FEEDBACK EQUALIZATION

Fig. 1 illustrates the schematic of the UWOC experi-
mental setup and digital signal processing (DSP) block.
As a proof-of-concept experiment, a diversity receiver
consisting of two commercially available SiPM detectors
(SensL J series 30035, active area of 3 x 3 mm?) is utilized
in the proposed system. At the transmitter side (Tx), an OOK
modulated pseudo-random binary sequence (PRBS) is up-
sampled by a factor of two, and a root-raised cosine (RRC)
filter with a roll-off coefficient of 0.1 as well as a filter
length of 100 are used for pulse shaping. Then the base-
band shape-filtered signal is fed into an arbitrary waveform
generator (AWG, Tektronix 7122C) for digital-to-analog
(D/A) conversion and subsequently boosted by an electrical
amplifier (EA, 10-1200MHz, 26 dB). The output RF sig-
nal with power optimized by a variable electrical attenua-
tor (VEA) is superimposed onto the direct current (DC) via a
Bias-T to drive a 450-nm single-mode pigtailed LD (Thorlabs
LP450-SF15) linearly. The emitted laser beam is collimated
by lens and power adjusted by a variable neutral density (ND)
filter before entering a glass water tank (length: 5 m, width:
0.6 m, height: 0.3 m). A pair of parallel mirrors (M1 and M2)
installed on both sides of the water tank is utilized to simulate
different lengths of underwater transmission. At the receiver
side (Rx), two iris diaphragms (ID) are respectively placed
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in front of the detectors to adjust the ROPs. To minimize the
ambient light noise, the receiver is covered by a black curtain
and the measured ambient light power is about 0.1 nW. Two
different operation methods, i.e., digital mode and analog
mode, are provided by the manufacturer [30], in which the
output signal of the former is processed by counting pulses,
while in the latter, each pixel of the SiPM is directly combined
together to form a summed analog output and then converted
to a corresponding signal amplitude. To design a UWOC
system with a large-capacity data transmission, analog mode
that can support a larger modulation bandwidth is more pre-
ferred. The signal output of the SiPM is connected to a trans-
impedance amplifier (TIA) with a gain of 40 dB. Finally, the
detected electrical signal is digitized and stored by a real-
time oscilloscope (RTO-Scope) (Tektronix, DSA72004C) for
the subsequent offline signal processing. The photographs
of the transmitter side, an optical link of 55-m transmission,
and the receiver side are shown in Fig. 1(a)—(c), respectively.
In the offline signal processing, the signal is synchronized,
down-sampled, and reshaped by the same RRC filter as in
the transmitter side.

Diversity combining is one of the most effective techniques
for mitigating the effects brought by multipath fading and
intensity fluctuation, which significantly improves the stabil-
ity and reliability of the communication systems [31]-[34].
At the receiver side, the output signal after diversity combing
can be characterized as:

N
+uvRy =Y mRy (1)
b=1

Yo =mRi +mRy+---

where Rj, is the received signal of the b-th branch, Nis the
number of diversity branches, and 7, is the weighting coef-
ficient of the b-th branch. Assuming that the noise power
spectral density of the b-th branch is «p. If n, = Ry /kp,
Eq. (1) refers to as maximal ratio combing (MRC) scheme,
and it becomes the optimal diversity combining, which pro-
vides the maximum signal-to-noise ratio (SNR) output. While
if m = n = --- = ny, Eq. (1) becomes the sim-
plest combiner, but yields suboptimal performance, which
refers to as equal-gain combing (EGC) scheme. In the train-
ing stage, a suitable diversity combing scheme is selected
according to the measured SNR at the receiver side shown
in Fig. 1. After signal diversity combining, the inter-symbol
interference (ISI) mainly caused by the limited modulation
bandwidth of the system can be mitigated by the decision-
feedback equalizer (DFE), which consists of a transversal
feed-forward equalizer (FFE) with coefficient «(k) and a
feedback equalizer with coefficient y (i). The n-th sample of
the output equalized symbols can be expressed as:
L1 K
) =Y ak)Yan—k) + Y y@dn—i ()

k=0 i=1

where &’(i) is the i-th sample of the decision symbols, L and
K denote the memory length of FFE and feedback equalizer,
respectively. To further mitigate the nonlinear impairment
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resulting from the dead-time effect of the SiPM receiver,
NDEE is employed, which can be expressed as:

Li—1 Lr—1 Lr—1
dm) =Y ak)Yan—k)+ Y Y Bk ko)
k1=0 k1=0 ko=k;

K
x Ya(n —k)Ya(n — ko) + Y y(dn—i)  (3)
i=1
where B(ki, kp) and L, refer to the coefficient and the mem-
ory length of the nonlinear equalizer, respectively. Since the
nonlinear coefficients in the diagonal far away from the main
diagonal present very small values, a straightforward strat-
egy is to eliminate some negligible beating-terms to further
reduce the complexity of NDFE. Thus, by rearranging the
middle term in Eq. (3), we have:

L]*l
) = Y ak)Ya(n— k)
k1=0
0-1Ly—1—q
+Y 0 Y Bk,g+Ya(n—k)Yan—k —g)

=0 k=0

K
+Y y@dn—i),

i=1
where Q is the pruning factor. For the sake of analysis, it is
preferred to describe Eq (4) using vector notations as follows:

0=0=L) “

2m) = Y) + Z 87 (Y2, 0¥, ) +r"d ©

where © denotes an element-wise multiplication operation.
o represents the linear tap weights of the NDFE, B, denotes
the nonlinear tap weights of the NDFE, y stands for the tap
weights of the feedback equalizer, Y% denotes the input
samples for the n-th equalized symbol, and d, signifies the
previous K de(:1510n symbols Specifically, the definitions of
vectors &, B, ¥, Yn 4 and dn are respectively given by:

a = [a(0),a (1), al — 1] (6)
B, =180, 9), (1, g+ 1),

By —1—q,Ly — D] @)

y=Ily Wy @, -, y&1" (8)
Y = [Ya@), Yan = 1), Yan — L + 1+ 17,

kel{l,2) )

d, = [dn—1),dn—2),---,dn—K)" (10)

Due to the superior convergent performance, a training
sequence aided recursive least-squares (RLS) algorithm [35]
is firstly employed to initialize the coefficients of the equal-
izer, i.e.,

® = [a, By, B1.-+ - Bo_1. 71" (11)

In combination with Eq. (5) to Eq. (11), the procedure of )
estimated by RLS with the training symbols s(m)is summa-
rized as follows:
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Step 1: Initialize the -coefficient vector <i>(0) =
[0,0,...,0]”. Define a positive constant § and a forgetting
factor A = 0.9999. Correlation matrix A(0) = 8~ 'I, where
I is an identity matrix with the rank of L; + Q(2L, —
Q0+1)/2+K. The counter m = 1, and the number of training
symbols is M.

Step 2: Obtain the observed vector: Y(m) = [Y(l) Y(z)0 ©)

m,0° ~m,
@ v@ ~v® @) @ o
Y0 Y1 OV i1 Yo 1 ©Y, 011015 Al

Step 3: Update the error vector according to the relation:
e(m) = s(m) — & (m— 1)Y(m).

Step 4: Compute the Kalman gain vector: T(m) = A(m —
DY*(m) {A + YT (m)A(m — 1)Y*(m)} ™', and update the
correlation matrix: A(m) = A~'{A(m — 1) — T(m)Y” (m)
A(m — 1)}

Step 5: Update the coefficient vector: <i>(m) = <i>(m -1+
e(m)T(m), increase the value of m, i.e., m = m+1, and return
to Step2if m <M.

Step 6: After the coefficient vector @ is fully converged,
the equalizers are switched to the channel equalization stage
and the received signal is equalized using z(n) = <i>TY(n).

Finally, the equalized symbols are recovered for bit-error-
rate (BER) analysis. The structure of the NDFE using RLS is
illustrated in Fig. 2. By discarding some negligible beating-
terms, the complexity of the nonlinear equalizers is reduced
without performance degradation, which will be presented in
the following sections.

Feed-forward
equalizer o

Nonlinear
equalizer B,

\7(3} o \d'—’i

n0 n,0,

—_—

7(2) 7(2)
Y. ' OY,7,
—

Nonlinear
equalizer B,

\)(3) O\’(Z)

nQO-1 -0

Nonlinear
equalizerf,

\

RLS training | €(1?)
algorithm

FIGURE 2. The schematic of the nonlinear decision-feedback
equalization. The gray line shows the process of the RLS training
algorithm.

Ill. EXPERIMENTAL RESULTS AND DISCUSSIONS

We firstly optimize the operation conditions of the proposed
SiPM-based UWOC system in a tap water channel, including
the LD driving current, the control voltage of the SiPM,
the memory lengths of the equalizer, and the pruning factor.
Fig. 3(a) shows the output optical power and the forward
voltage versus the LD driving current working at 25°C. The
normalized frequency response of the back-to-back (B2B)
SiPM-based UWOC system is measured by a vector net-
work analyzer (Rohde&Schwarz ZVA40) and the result is
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presented in Fig. 3(b), in which the 10-dB bandwidth is
approximately 500 MHz. The optimal LD driving current
is ~60 mA for different equalization schemes as shown
in Fig. 3(c), corresponding to the output optical power of
9.88 mW. In Fig. 3(c) and (d), equalizers with sufficient
memory lengths are utilized to obtain convergent system
performance. It is observable that the performance of NDFE
is superior to that of FFE and DFE. Note that the dark-
count rate (DCR) is the primary source of noise in the SiPM
detector, and the intrinsic characteristic indicates that the
lower the DCR is, the better the SNR is obtained [30]. How-
ever, both PDE and DCR increase with the control voltage,
hence there exists a tradeoff between the above two factors.
Fig. 3(d) illustrates the SNR relative to the control voltage
of the SiPM at a data rate of 1 Gbps. The SNR improves as
the control voltage increases, implying that the contribution
of PDE surpasses the negative effect of DCR. To obtain the
optimal performance, the control voltage is selected as 30V.
Fig. 3(e) shows the SNR versus the memory length of linear
equalizer Li. The SNR improves as L; increases and then
reaches saturation when L; = 50. The SNR as a function
of the memory length of DFE equalizer K with L; = 50 is
shown in Fig. 3(f). To balance the system’s performance and
complexity, K is chosen as 16. Similarly, it is observed from
Fig. 3(g) and (h) that saturated SNRs are achieved when the
memory lengths of the nonlinear equalizer and the feedback
equalizer of NDFE are selected as L, = 11 and K = 13,
respectively. The measured SNR versus pruning factor Q is
presented in Fig. 3(i). The SNR improves with a large pruning
factor and then levels off at Q = 5, indicating that the number
of the nonlinear equalizer is reduced by ~ 31.8% when we set
Q = 5 for NDFE.

The performance of the proposed UWOC system under
different turbidity waters is also experimentally investigated.
Extra two different water types (‘“‘clear ocean” and ‘“‘coastal
ocean” [36]) are obtained by adding different doses of 1%
diluted Maalox® [AI(OH)3; and Mg(OH)] suspension, and
the corresponding attenuation coefficients “c” of the tap
water, ‘‘clear ocean”’, and ‘‘coastal ocean’’ channel are calcu-
lated as 0.054, 0.15, and 0.41, respectively. Fig. 4 shows the
BER versus ROP under different water types. The BER of sin-
gle detection scheme (i.e. single-input single-output, SISO)
with a data rate of 2 Gbps cannot afford 7% hard-decision for-
ward error correction (HD-FEC) limit of BER@3.8 x 1073,
while significant performance enhancement is observed after
utilizing the diversity combining scheme (i.e., single-input
multiple-output, SIMO). Since the measured SNRs of the
two branches are nearly identical, the performance of EGC is
comparable to that of MRC, while EGC is more preferred due
to its simplicity. As shown by the two double-headed arrows
in Fig. 4, compared with the single detection, over 3-dB and
8-dB receiver sensitivity (i.e., the required ROP at the FEC
limit of BER@3.8 x 10~3) improvement is achieved using
the SIMO + DFE scheme at data rates of 1 Gbps and 2 Gbps,
respectively. NDFE with a pruning factor of 5 declares similar
performance as that without pruning strategy. The receiver
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Memory length of NDFE equalizer K

Pruning factor Q

Normalized frequency response of the 5-m UWOC system; (c) SNR versus the

LD driving current for different equalization schemes at a data rate of 1 Gbps; (d) SNR versus the control voltage of the SiPM at a data rate of 1 Gbps;
(e) SNR versus the memory length of linear equalizer L;; (f) SNR versus the memory length of DFE equalizer K with L; = 50; (g) SNR versus the
memory length of NDFE equalizer L, with L; = 50; (h) SNR versus the memory length of NDFE equalizer K with L; = 50 and L, = 11; (i) SNR versus

the pruning factor Q for NDFE.

sensitivity using the proposed SIMO + NDFE (Q 5)
scheme is shown as —49.33 dBm/—42.0 dBm for tap water
channel, —48.97 dBm/ —42.75 dBm for “clear ocean’’ chan-
nel, and —48.98 dBm/—42.20 dBm for ‘“‘coastal ocean”
channel with a data rate of 1 Gbps/2 Gbps, respectively.
At the same BER, the proposed scheme requires a lower
ROP, which implies that it can achieve a higher data rate
or a longer transmission distance. It is noteworthy that the
BER improvement behaves similar for all the transmission
cases under three different water types, which exhibits the
robustness of the proposed scheme.
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To visualize the characteristics of the received signal, the
time-domain waveform directly sampled by the RTO-Scope
and the probability distributions of the received signal with
different equalization schemes are presented in Fig. 5, from
which we can get the following observations: 1) Significant
waveform asymmetry (i.e., signal distortion) exits mainly
arising from the dead time effect. 2) The probability distri-
bution of the signal without equalization is not much like
the Gaussian distribution. 3) The signal amplitude is still
non-uniform after using DFE, while the probability distribu-
tion becomes uniform after using NDFE, showing the superi-
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FIGURE 5. Time-domain waveform sampled by the RTO-Scope for (a) the SiPM1 receiver and (b) the SiPM2 receiver; The received
histograms with different equalization schemes at a ROP of —40 dBm and data rate of 1 Gbps: (c) without equalization, (d) SISO1
with DFE, (e) SISO2 with DFE, (f) SIMO with EGC + DFE, (g) SIMO with EGC + NDFE (Q = 11), (h) SIMO with EGC + NDFE (Q = 5).

ority of the NDFE. 4) NDFE (Q = 5) with a lower complexity in the reported UWOC works with a data rate of Gbps-class.

reveals a similar result as that without pruning strategy. Meanwhile, compared with the results published in [29],

Since scattering and absorption aggravate with the increas- the measured achievable data rate of the newly developed
ing transmission distance, it is essential to analyze the per- SiPM has been pushed from 1 Gbps to 2 Gbps with the
formance of the proposed system at a longer transmission proposed scheme, which is the largest ever achieved using the
distance. The BER relative to ROP over a 55-m underwater off-the-shelf SiPM detector among the reported UWOC
channel is shown in Fig. 6. From the figure, the perfor- works. The insets show the eye diagrams of the received

mance of the diversity reception scheme behaves similar signal with different equalization schemes for the UWOC
to the results in Fig. 4, which is attributed to the light system with a data rate of 1 Gbps and ROP of —46 dBm. The
source and photodiode utilized in the proposed UWOC sys- asymmetry of the upper/lower eyelid cannot be completely

tem. Due to a very directive beam profile, ISI induced by eliminated by the DFE even with the diversity reception
the water scattering is not severe in the LD-based system. scheme, while clearly symmetrical eye diagram is obtained
Moreover, SiPM detector has a sensitivity of approaching using the proposed scheme with EGC + NDFE (Q =5).

quantum-limit. 55-m/ 1-Gbps and 2-Gbps underwater trans- The receiver sensitivity improvement of the proposed
mission is successfully demonstrated employing the proposed scheme with SIMO + NDFE (as compared to the scheme
scheme with a receiver sensitivity as low as —49.23 dBm and with SISO 4+ NDFE) versus different underwater transmis-
—41.96 dBm, respectively, which to the best of the authors’ sion conditions is shown in Fig. 7, which intuitively presents

knowledge is the minimum receiver sensitivity ever achieved the superiority of the diversity reception scheme. Mean-
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FIGURE 6. BER versus received optical power over a 55-m underwater
channel. The insets show eye diagrams of the received signal with
different equalization schemes for the UWOC system with a data rate
of 1 Gbps and ROP of —46 dBm: (i) without equalization, (ii) SISO with
DFE, (jii) SIMO with EGC + DFE, and (iv) SIMO with EGC + NDFE (Q = 5).
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FIGURE 7. Measured receiver sensitivity improvement of the proposed
scheme with SIMO + NDFE (as compared to the scheme with
SISO + NDFE) for different underwater transmission conditions.

while, the receiver sensitivity improvement of the proposed
scheme with SIMO 4+ NDFE (as compared to the scheme
with SIMO + DFE) versus different underwater transmission
conditions is also shown in Fig. 8, indicating that NDFE
can effectively mitigate the dead-time induced nonlinear
distortion and improve the performance of the UWOC sys-
tem. We can even infer that the ROP gain can be enlarged if
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FIGURE 8. Measured receiver sensitivity improvement of the proposed
scheme with SIMO + NDFE (as compared to the scheme with SIMO + DFE)
for different underwater transmission conditions.
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FIGURE 9. Received optical power versus different underwater
transmission distances. The crossing point predicts the maximum
achievable transmission distance at a certain data rate.

a multilevel pulse amplitude modulation signal (e.g., PAM4)
is adopted in the proposed system.

The measured longest transmission distance of the pro-
posed UWOC system is limited by the length of the
water tank. Nevertheless, according to the aforementioned
receiver sensitivity and the model of optical propagation
(i.e., Beer-Lambert law [37]) in the water channel, it is able
to predict the maximum achievable transmission distance at
a certain data rate for different water types. The ROP ver-
sus different underwater transmission distances is depicted
in Fig. 9. Meanwhile, the fitting curve using Beer-Lambert
law is also presented. The intersection of the fitting curve
and the horizontal line shows the maximum distance that
can be achieved. Therefore, we can see from the figure, the
transmission distances are predicted to be 147 m/ 128 m for
tap water channel, 83 m/72 m for “clear ocean” channel,
and 36 m/32 m for “coastal ocean” channel with a data rate
of 1 Gbps/2 Gbps, respectively. Meanwhile, the achievable
maximum AL is predicted to be 7.94, 12.45, and 14.76 for
the above three water types at a data rate of 1 Gbps. It can be
even envisioned that a longer UWOC transmission distance
can be acquired if the data rate is relaxed or a higher power
delivery of LD is available.
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IV. CONCLUSION

We have proposed and experimentally demonstrated an
SiPM diversity reception based UWOC system using
diversity combing and NDFE. NDFE can effectively ease
the dead-time induced nonlinear distortion as compared to
the conventional DFE scheme, and significant performance
improvement is demonstrated with the proposed scheme
under three different water types. Furthermore, 55-m/ 1-Gbps
and 2-Gbps underwater transmission is also successfully
demonstrated using the proposed scheme with a receiver
sensitivity as low as —49.23 dBm and —41.96 dBm, respec-
tively, which is competitive both in data rate and receiver
sensitivity among the reported UWOC works. According to
the measured receiver sensitivity and the model of optical
propagation in the water channel, the longest transmission
distance is predicted to be 147 m/ 1 Gbps and 128 m/2 Gbps.
Meanwhile, the achievable maximum AL is predicted to be
7.94, 1245, and 14.76 for tap water, “‘clear ocean”, and
“coastal ocean’’ channel respectively at a data rate of 1 Gbps.
The research results forecast promising application of the
SiPM diversity reception based UWOC system and meet
the requirements of long-reach and high-speed underwater
transmission. In future work, we will verify the performance
of the proposed scheme in outdoor field test.
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