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Abstract—A wavelength-division-multiplexing (WDM) four-
level pulse amplitude modulation (PAM4) free-space optical
(FSO)–underwater wireless optical communication (UWOC) in-
tegrated system with a channel capacity of 100 Gb/s is proposed
and attainably demonstrated. Analytic results reveal that 1.8-GHz
405-nm blue-violet-light and 1.7-GHz 450-nm blue-light laser
diodes (LDs) with two-stage light injection and optoelectronic feed-
back techniques are competently adopted for 100 Gb/s PAM4 signal
transmission through a 500-m free-space transmission with 5-m
clear ocean underwater link. Combining dual-wavelength WDM
scenario with PAM4 modulation, the channel capacity of FSO–
UWOC integrated systems is significantly enhanced with an aggre-
gate transmission rate of 100 Gb/s (25 Gbaud PAM4/wavelength ×
2 wavelengths). With doublet lenses in FSO, laser beam reducer and
transmissive spatial light modulator in UWOC, a sufficiently low bit
error rate of 10−9 and acceptable PAM4 eye diagrams are acquired.
This demonstrated 100 Gb/s PAM4 FSO–UWOC integrated system
with a WDM scenario is advantageous for the enhancement of a
high-speed optical wireless link with long-reach transmission.

Index Terms—Four-level pulse amplitude modulation
(PAM4), free-space optical (FSO), underwater wireless optical
communication (UWOC), wavelength-division-multiplexing
(WDM).

I. INTRODUCTION

FREE-SPACE optical (FSO) communication is an optical
communication technology that utilizes light transmitting

in free-space to transport data wirelessly for high-speed Internet,
wireless broadband access, and mobile telecommunication [1],
[2]. Underwater wireless optical communication (UWOC) sys-
tems present a platform for supporting present and developing
applications, such as sea-floor resource mining, offshore explo-
ration, and real-time high-definition video transmissions over
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Fig. 1. A high-speed FSO–UWOC integrated system with long-range trans-
mission. FSO, free-space optical; UWOC, underwater wireless optical commu-
nication.

UWOC [3], [4]. FSO–UWOC integrated systems are thereby
developed to supply high-speed and long-range optical wireless
transmissions utilizing an optical beam with huge bandwidth.
Owing to the fast evolution of FSO–UWOC integrated systems,
they can deliver some tens gigabit data rate over a free-space
link with an underwater channel [5]–[7]. With the rising de-
mands for FSO–UWOC integration, constructing a high-speed
FSO–UWOC integrated system with long-range transmission
(as illustrated Fig. 1) is critically important. In this study,
a 100-Gb/s dual-wavelength wavelength-division-multiplexing
(WDM) four-level pulse amplitude modulation (PAM4) FSO–
UWOC integrated system utilizing 405-nm blue-violet-light
and 450-nm blue-light laser diodes (LDs) with two-stage light
injection and optoelectronic feedback techniques through 500 m
free-space transmission and 5 m clear ocean underwater link
is attainably built. By making good use of clear ocean water’s
low absorption in blue-violet-light and blue-light wavelengths
(400–450 nm) [8], [9], 405-nm blue-violet-light and 450-nm
blue-light LDs are utilized in this constructed FSO–UWOC in-
tegrated system. Additionally, LD with two-stage light injection
and optoelectronic feedback techniques achieves a considerable
3-dB bandwidth and optical output power enhancements [10].
The aggregate channel capacity is remarkably improved by
simultaneously adopting dual-wavelength WDM scenario and
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PAM4 modulation in an FSO–UWOC integrated system. WDM
scenario, which employs different wavelengths to deliver the
combined optical signals, is expected to afford high channel
capacity in FSO communications [11], [12]. PAM4’s bandwidth
is half of non-return-to-zero (NRZ), causing PAM4 modulation
promising in high-transmission-rate communications [13]–[15].
Combining the WDM scenario and PAM4 format, the aggregate
transmission rate of the dual-wavelength WDM PAM4 FSO–
UWOC integrated system is substantially enhanced four times
[2 (dual-wavelength WDM scenario) × 2 (PAM4 modulation)
= 4]. We practically demonstrate an FSO–UWOC integrated
system with a gross transmission rate of 100 Gb/s (50 Gb/s
PAM4/wavelength × 2 wavelengths). With doublet lenses in
FSO communications, laser beam reducer and spatial light
modulator (SLM) in UWOC systems [16], [17], a sufficiently
low bit error rate (BER) of 10−9 and acceptable PAM4 eye
diagrams are attained through 500 m free-space transmission
and 5 m clear ocean underwater link. A couple of doublet
lenses play vital roles for transmitting a laser beam through
500 m free-space transmission. Utilizing a laser beam reducer to
decrease beam size, the UWOC system’s transmission quality
can be enhanced on account of less light absorbed by clear ocean
water [9], [17]–[19]. One of the major challenges in UWOC
systems is the flow of ocean. In a practical scenario, a laser beam
misalignment owing to flow of ocean will cause link unreliability
and performance degradation [20], [21]. A transmissive SLM
with an electrical controller is thereby operated as a flexible
convex lens [22] to implement beam size reduction and mitigate
laser beam misalignment because of oceanic turbulence induced
by flow of ocean.

Our previous study demonstrated a 256-Gb/s four-channel
space-division-multiplexing (SDM)-based PAM4 FSO–UWOC
integrated system [5]. The 50 m free-space transmission in
our previous work is much shorter than the associated value
of 500 m operated in this proposal. Moreover, four couples
of doublet lenses are required to establish such complicated
four-channel SDM FSO–UWOC integrated system. For a real
realization of an FSO–UWOC integrated system, it is essential to
construct a framework with the advantage of low complexity. In
addition, SDM-based PAM4 FSO–UWOC integration has large
room for improvement when one considers the stringent optical
alignment requirement in practical scenarios. UWOC systems
cannot provide stable air-water-air interface transmission due
to severe beam alignment request. This can pose a serious
challenge, particularly in the presence of oceanic turbulence
that produces misalignment because of ocean flow. This newly
proposed WDM-based PAM4 FSO–UWOC integrated system
resolves the difficult problem that oceanic engineering is cur-
rently working on resolving. In comparison with an SDM-based
FSO–UWOC integrated system, this proposed WDM-based
FSO–UWOC integrated system is notable for its simplicity and
practicality. Sun et al. achieved a diffuse-line-of-sight com-
munication across a wavy water-air interface based on NRZ
on-off keying (OOK) and quadrature amplitude modulation
(QAM)-orthogonal frequency-division multiplexing (OFDM)
modulations [23]. However, the modulation can be enhanced
and simplified by adopting PAM4 modulation. Compared with

NRZ-OOK, PAM4 provides 2 bits for each symbol with high
channel capacity and low bandwidth advantages. In terms of
QAM, the QAM receiver is more complicated compared to a
receiver with another modulation format. Regarding OFDM, its
chief problem is its high peak-to-average power ratio (PAPR). It
is critically important to deal with PAPR reduction in OFDM sys-
tems to avoid performance degradation. Compared with QAM-
OFDM (with a power dissipation of 4135 mW), PAM4 (with
a power dissipation of 1235 mW) is better owing to its system
simplicity and low power trait [24]. Additionally, given that the
transmission rate will be greatly reduced with the utilization of
diffuse-line-of-sight scheme, the 11.4 Mb/s (8-QAM-OFDM)
and 55 Mb/s (NRZ-OOK) transmission rates are significantly
less than that of the 100 Gb/s delivered in this proposed inte-
grated system. Zhang et al. demonstrated a two-path parallel
scheme for m-QAM-OFDM transmission through a turbulent-
air-water channel in optical wireless communications [25]. An
atmospheric turbulence simulator is adopted to provide a 7.5-m
turbulent air channel. Results show that the generated turbulence
is weak for the air channel when the temperature reaches 50 °C.
The 8-m underwater channel is somewhat longer than the related
length of 5 m implemented in the demonstrated integrated sys-
tem. Nevertheless, the 7.5-m air channel and the 668.34 Mb/s
(16-QAM-OFDM)/1 Gb/s (64-QAM-OFDM) data rate are no-
tably lower than the associated 500 m and 100 Gb/s adopted in
this proposal. Zhao et al. developed a feedback-enabled adaptive
underwater twisted light transmission link utilizing the reflection
at the air-water interface [26]. However, a complicated adaptive
feedback system is needed to provide a stable output. Moreover,
the 2-m underwater link is considerably shorter than the total
link of 505 m implemented in our proposed system. Wang et al.
showed favorable performance of the feedback-assisted water-
air-water twisted light data information transfer with orbital
angular momentum (OAM) [27]. Nonetheless, the 1.08-Gbit/s
data rate is considerably lower than the 100-Gb/s total data
rate utilized in this proposed FSO–UWOC integration. Chen
et al. presented a 5.5 Gb/s data rate through a 5-m air link
and 21-m underwater channel with OFDM modulation [28].
Although the 21-m underwater channel of is longer than the
5-m implemented in the demonstrated integrated system, the
5-m air link and the 5.5-Gb/s data rate are notably lower than
the 500-m and 100-Gb/s adopted in this proposal. Furthermore,
the performance of underwater channel with oceanic turbulence
due to ocean flow has not been verified.

With the adoption of dual-wavelength WDM scenario and
PAM4 modulation, a 100-Gb/s FSO–UWOC integrated system
is attainably constructed. The contributions of this study can be
summarized as follows:

(I) A long-reach 500-m free-space transmission and 5-m
clear ocean underwater link is attained.

(II) Significant improvements in 3-dB bandwidth and op-
tical output power are acquired utilizing 405/450 nm
blue-violet-light/blue-light LDs with two-stage light in-
jection and optoelectronic feedback techniques.

(III) Integrating the WDM scenario with PAM4 modulation,
the channel capacity is considerably enhanced by four
times with a gross transmission rate of 100 Gb/s.
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Fig. 2. The photo of the demonstrated experimentation using a laboratory setup.

(IV) Employing a set of doublet lenses in FSO communi-
cations, a laser beam reducer and a transmissive SLM
in UWOC links, an impressively low BER of 10−9 and
acceptable PAM4 eye diagrams are obtained.

This demonstrated 100 Gb/s dual-wavelength WDM-based
PAM4 FSO–UWOC integrated system enables a useful se-
lection for high aggregate channel capacity and develops the
state realized by the integration of FSO communications with
UWOC links. This system is better than existing FSO–UWOC
integrations given it offers a high-transmission optical wireless
link with long-range transmission.

II. EXPERIMENTAL SETUP

Fig. 2 presents the photo of the demonstrated experimen-
tation using a laboratory setup. And further, Fig. 3 presents
the structure of the demonstrated 100 Gb/s dual-wavelength
WDM-based PAM4 FSO–UWOC integrated system using blue-
violet-light/blue-light LDs with two-stage light injection and
optoelectronic feedback techniques through 500 m free-space
transmission and 5 m clear ocean underwater link. A 50 Gb/s
PAM4 signal generated from a PAM4 signal generator (Anritsu
MP1800A), with a pseudorandom binary sequence length of
215-1, is split by a 1×2 power divider. After being elec-
trically driven by a linear driver (Tektronix PSPL5882),
the 50 Gb/s PAM4 signal is supplied in LD1/LD4 (Thor-
labs LP405-SF30/LP450-SF15), with central wavelength of
405.01 nm/450 nm and 3-dB bandwidth of 1.8 GHz/1.7 GHz.
LD1’s/LD4’s output is injected into LD2/LD5 (404.88 nm/
449.87 nm) via first-stage light injection and optoelectronic

feedback techniques. Subsequently, the output of injection-
locked LD2/LD5 (405.01 nm/450 nm) is injected into LD3/LD6
(405.13 nm/450.12 nm) via second-stage light injection and op-
toelectronic feedback techniques. An optical isolator is deployed
in each stage to keep the laser light emitted from the LD with
light injection and optoelectronic feedback. Several devices,
including three LDs (LD1, LD2, and LD3; LD4, LD5, and LD6),
two optical isolators, four optical couplers, two polarization
controllers, and two photodiode (PD) with trans-impedance
amplifier (TIA) receivers, are used for two-stage light injection
and optoelectronic feedback schemes. However, these devices
are worth using because an LD with two-stage light injection
and optoelectronic feedback techniques attains significant 3-dB
bandwidth and optical output power improvements.

The laser lights sent out from the LDs with two-stage light
injection and optoelectronic feedback techniques are integrated
by a 2 × 1 optical combiner with a gross transmission rate
of 100 Gb/s (50 Gb/s/wavelength × 2 wavelengths), and sup-
plied in a 500-m free-space link using a set of doublet lenses.
Through 500 m free-space link, the laser beam is transmitted to
a laser beam reducer so as to enhance underwater transmission
qualities. A transmissive SLM (Meadowlark MSP1920), with a
short response time of 5 ms and a high transmittance of 95%,
functions as a convex lens to perform laser beam reduction. In
addition, an electrical controller is utilized to control the SLM,
enabling it to adaptively alleviate the turbulence induced by the
flow of ocean. The reduced laser beam is transmitted across a
rectangular water tank with 2.5 m (length) × 0.5 m (width) ×
0.5 m (height) dimensions. The rectangular water tank is filled
with clear ocean water with a particle concentration of 3.86 g/m3.
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Fig. 3. Structure of the demonstrated 100 Gb/s dual-wavelength WDM-based PAM4 FSO–UWOC integrated system through 500 m free-space transmission and
5 m clear ocean underwater link. WDM: wavelength-division-multiplexing; PAM4: four-level pulse amplitude modulation; LD: laser diode; PD: photodiode; TIA:
trans-impedance amplifier; SLM: spatial light modulator; OBPF: optical band-pass filter; ED: error detector; DSO: digital storage oscilloscope.

The particle concentration of clear ocean water is produced with
suspensions of Al(OH)3 and Mg(OH)2, which is acquired by
inserting a commercial antacid preparation (Maalox) [29], [30].
It is usually utilized in a laboratory experiment for providing the
required particle concentration. Given that the average speed of
the ocean current is 1.5 m/sec [31], an ocean current generator
with a speed of 1.5 m/sec is deployed to simulate the flow of
ocean. The reduced and controlled laser beam is transported in
a clear ocean underwater channel. A reflective mirror reflects
the laser beam, and a convex lens concentrates it. The laser
beam travels through an optical band-pass filter, with a passband
window of 390–425 nm (Techspec Filters OD5)/435–470 nm
(Techspec Filters OD6), to choose the desired wavelength. The
chosen wavelength (laser beam) is received and enhanced by
a 23-GHz PD with a TIA (Optilab PR-23-M) receiver. The
enhanced 50 Gb/s PAM4 signal is inputted into an equalizer
(Anritsu AH54147A) for signal equalization. After equaliza-
tion, a real-time BER measurement is implemented utilizing a
high-sensitivity error detector (ED) (Anritsu MP1800A 28 Gb/s
ED) and the PAM4 three-eye sampling way. It is attractive
because it avoids the requirement of complex off-line digital
signal processing using Matlab. In addition, a digital storage

oscilloscope (Keysight N1000A DCA-X) is adopted to catch
the eye diagrams of transmitted 50 Gb/s PAM4 signal.

Fig. 3 shows the frequency response measurement setup of
dual-wavelength WDM PAM4 FSO–UWOC integration as well.
A sweep signal (DC – 20 GHz) produced from a network
analyzer (Anritsu MS4644A) sends to the blue-violet-light/blue-
light LDs. After electrical equalization by an equalizer, the
sweep signal returns to the network analyzer. Eventually, the
frequency response of the dual-wavelength WDM PAM4 FSO–
UWOC integrated system is measured in the free-running
(LD1/LD4), one-stage light injection and optoelectronic feed-
back (injection-locked LD2/LD5), and two-stage light injection
and optoelectronic feedback (injection-locked LD3/LD6) states.

A set of doublet lenses, as illustrated in Fig. 4, are adopted to
send the laser beam to a free-space and to conduct the beam to the
fiber’s ferrule. The free-space transmission distance is extended
to 500 m (50 m × 10), with the deployment of reflective mirrors
on both sides. At the receiving end, a convergent setup should
be deployed to couple the laser beam with the fiber’s ferrule.
The operation of doublet lens 2 is to couple the laser beam
with the fiber’s ferrule. A doublet lens (AC508-150-C), with
focal length/back focal length/diameter of 150 mm/150 mm/
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Fig. 4. A set of doublet lenses send the laser beam to a free-space and conduct
the beam to the fiber’s ferrule.

50.8 mm, comprises two lenses (concave and convex) that are
paired together. The single-mode fiber’s numerical aperture is
0.14; therefore, the laser beam’s diameter (d) can be calculated
as:

d = 2× (150× 0.14) = 42 (mm) (1)

Since doublet lens 1’s diameter (50.8 mm) is larger than the
laser beam’s diameter (42 mm), a free-space transmission with
doublet lens 1 is feasible. Over an L-m free-space link, the laser
beam’s diameter (dL) must be lesser than that of doublet lens 2
(dL < 50.8 mm) to make a free-space transmission with doublet
lens 2 feasible:

dL =

√
d2 + (2θL)2 =

√
422 + (0.048L)2 < 50.8 (2)

where θ is the beam divergence. L is computed as 595.4, indicat-
ing that the maximum free-space link is 595.4 m. The free-space
link adopted in this work is 500 m (<595.4 m) to satisfy the
maximum free-space link target. A set of fiber collimators with
convex lenses might be adopted to substitute for a set of doublet
lenses and establish a 500-m free-space link. Nonetheless, it is a
challenge to establish a 500-m free-space link utilizing a set of
fiber collimators with convex lenses. The collimated laser beam
emitted from a fiber collimator with a convex lens will spread as
it travels through a certain free-space distance. In a free-space
link of 500 m, the laser beam’s diameter will be larger than that
of doublet lens 2 (>50.8 mm). With a large beam diameter,
the convex lens with a fiber collimator will accumulate less
transmitted light. An obvious decrease in the received optical
power occurs, which is followed by poor BER performance.

III. EXPERIMENTAL RESULTS AND DISCUSSIONS

FSO communications are influenced by atmospheric turbu-
lence, which will produce atmospheric attenuation as the optical
signal passes through the free-space link. For FSO communi-
cations, the atmospheric attenuation coefficient changes with
different weather types. Atmospheric attenuation is determined

by the atmospheric particle size in relation to the optical wave-
length. In clear weather, the atmospheric particle size is compar-
atively small, whereas it is comparatively large in bad weather.
Through 500 m free-space transmission, the atmospheric atten-
uation varies from 1.2 dB (good weather) to 50 dB (bad weather)
[32]. The performance of FSO communications is susceptible to
bad weather, it deteriorates during heavy fog, heavy snow, and
heavy rain scenarios. Serious atmospheric turbulence due to bad
weather will severely influence the link availability of FSO com-
munications and lead to poor BER [33]. During heavy fog, heavy
snow, and heavy rain scenarios, however, the millimeter-wave
(MMW) connection can be employed as an alternate solution
[34]. In this work, an atmospheric attenuation of around 1.5 dB
occurs owing to 500 m free-space transmission, and an atmo-
spheric link loss of about 0.8 dB occurs because of noise from
environmental lights. The actual loss of the atmospheric link
is increased as other lights from the environment are received.
Thus, an actual loss of the atmospheric link of 2.3 dB (1.5+ 0.8)
exists, which is considerably less than the worst case of 50 dB/
500 m. Conclusively, a 500-m free space transmission with a set
of doublet lenses meets the target of high link availability.

In an underwater channel, the overall underwater losses can be
expressed by the attenuation coefficient c(λ) (= a(λ) + b(λ)) at
a certain wavelength λ. a(λ) and b(λ) are the absorption and the
scattering coefficients, respectively. These coefficients change
with different water types and optical wavelengths [35]–[38].
In a clear ocean underwater channel, the coefficients of a(λ),
b(λ) and c(λ) in blue-violet-light/blue-light wavelengths (400–
450 nm) are 0.114, 0.037, and 0.151 (m−1), respectively [39]–
[41]. The absorption coefficient a(λ) offers 3.1 times the value of
scattering coefficient b(λ) (0.114/0.037 ∼ 3.1), signifying that
absorption is the main contributor in a clear ocean underwater
link. Due to the product conservation of beam size and beam
divergence, a laser beam reducer for beam size reduction will
expand the beam divergence. For a clear ocean underwater
channel, given that the ratio of the scattered light is small,
a small beam size that follows a large beam divergence will
not produce large performance degradation. Moreover, optical
misalignment in UWOC systems will severely affect its link
and reliability. A transmissive SLM with short response time
is thereby adopted to mitigate these problems, which not only
allows the laser beam to be adaptively transmitted to develop
a practical FSO–UWOC integration, but also conquers oceanic
engineering problems to construct a reliable UWOC link [42].
Given that the average speed of an ocean current is ∼1.5 m/sec,
the response time of a transmissive SLM (∼5 ms) can certainly
meet the target for adjusting the laser beam in UWOC systems.
Oceanic turbulence induced by flow of ocean becomes strong
enough to influence the UWOC link when strong ocean current
(>2.5 m/sec) occurs. Because the transmissive SLM response
time is not short enough, oceanic turbulence due to strong ocean
current will strictly affect the UWOC link and result in worse
BER performance.

The optical transmittance with particle concentrations of 0.3
(piped water), 3.86 (clear ocean water), 23.54, and 30.24 g/m3

(turbid water) are presented in Fig. 5. It is to be found that as
the particle concentration increases, the optical transmittance
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Fig. 5. The optical transmittances with different particle concentrations: 0.3 (piped water), 3.86 (clear ocean water), 23.54, and 30.24 g/m3 (turbid water).

Fig. 6. Optical spectra of (a) LD1 in free-running state, (b) LD2 with light injection and optoelectronic feedback techniques locked at 405.01 nm, (c) LD3 with
light injection and optoelectronic feedback techniques locked at 405.01 nm, (d) LD4 in free-running state, (e) LD5 with light injection and optoelectronic feedback
techniques locked at 450 nm, and (f) LD6 with light injection and optoelectronic feedback techniques locked at 450 nm.

decreases [43]. With 3.86 g/m3 particle concentration (clear
ocean water), the optical transmittance in 405 nm/450 nm
blue-violet-light/blue-light wavelength is higher than that in
630–680 nm red-light wavelength. With 30.24 g/m3 particle
concentration (turbid water), however, the optical transmittance
in the 405 nm/450 nm blue-violet-light/blue-light wavelength
is lower than that in 630–680 nm red-light wavelength. Results
reveal that 405 nm blue-violet-light and 450 nm blue-light LDs

are appropriate for a clear ocean underwater channel, whereas
630–680 nm red-light laser is appropriate for a turbid underwater
channel [44], [45].

Fig. 6(a)/Fig. 6(d) shows the LD1/LD4 optical spectrum in
free-running state. Fig. 6(b)/Fig. 6(e) exhibits the LD2/LD5
optical spectrum with light injection and optoelectronic feed-
back techniques locked at 405.01 nm/450 nm. The injection-
locked LD2/LD5 optical spectrum moves to a relatively longer
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Fig. 7. (a) The 3-dB bandwidths for the free-running (LD1), one-stage light injection and optoelectronic feedback (injection-locked LD2), and two-stage
light injection and optoelectronic feedback (injection-locked LD3) scenarios. (b) The 3-dB bandwidths for the free-running (LD4), one-stage light injection and
optoelectronic feedback (injection-locked LD5), and two-stage light injection and optoelectronic feedback (injection-locked LD6) scenarios.

wavelength (404.88 nm/449.87 nm → 405.01 nm/450 nm).
First-stage light injection and optoelectronic feedback behav-
iors happen as a master laser (LD1/LD4) is slightly adjusted
to a wavelength that is longer than that of the slave laser
(LD2/LD5). Moreover, it is to be observed that the peak pow-
ers of injection-locked LDs (LD2 and LD5) are obviously
increased. Fig. 6(c)/Fig. 6(f) presents the LD3/LD6 optical spec-
trum with light injection and optoelectronic feedback techniques
locked at 405.01 nm/450 nm. The injection-locked LD3/LD6
optical spectrum moves to a relatively shorter wavelength
(405.13 nm/450.12 nm → 405.01 nm/450 nm). Second-stage
light injection and optoelectronic feedback behaviors happen as
a master laser (LD2/LD5) is slightly detuned to a wavelength that
is shorter than that of the slave laser (LD3/LD6). Furthermore,
it is to be found that the peak powers of injection-locked LDs
(LD3 and LD6) are remarkably increased.

In addition, it should be noted that an LD with two-stage
light injection and optoelectronic feedback techniques attains
a considerable 3-dB bandwidth improvement. 3-dB bandwidth
is an important figure-of-merit that describes the quality of
an LD. Figs. 7(a) and 7(b) exhibit the 3-dB bandwidths for
the free-running (LD1/LD4), one-stage light injection and op-
toelectronic feedback (injection-locked LD2/LD5), and two-
stage light injection and optoelectronic feedback (injection-
locked LD3/LD6) scenarios. Clearly, the operating bandwidth
reaches up to 18.3 GHz/18 GHz (1.8 GHz/1.7 GHz →
18.3 GHz/18 GHz). Two-stage light injection and optoelectronic
feedback is recognized as one of the most favorable solutions
to overcome the bandwidth limitation. The operating bandwidth
can be extensively increased using two-stage light injection and
optoelectronic feedback techniques. Furthermore, the modula-
tion response is performed by descent in the middle frequencies
and a resonance peak in the high frequencies to attain a great
3-dB bandwidth improvement. Because the 18.3 GHz/18 GHz is
located at the resonance peak, the drop in the middle frequencies

will not influence the transmission performance. Provided that
the transmission rate is

√
2 times the bandwidth [18], the max-

imum channel capacity can reach 101.82 Gb/s [18×√
2× 2

(dual-wavelength WDM scenario) × 2 (PAM4 modulation) =
101.82] by adopting dual-wavelength WDM scenario and PAM4
modulation.

Fig. 8(a) presents the BER performances of the 50 Gb/s PAM4
signal at a chosen wavelength of 405.01 nm in the states of
back-to-back (BTB), through 500 m free-space transmission
(500-m FSO), and through 500 m free-space transmission with
5 m clear ocean underwater link (505-m FSO–UWOC). More-
over, Fig. 8(b) presents the BER values of the 50 Gb/s PAM4
signal at a chosen wavelength of 450 nm in different scenarios.
BTB means that the transmitting side and the receiving end are
directly connected, and there is no need to transmit an optical
signal through the free-space transmission with an underwater
link. These two figures show that the BER curves at the chosen
wavelengths of 405.01 and 450 nm are almost similar, revealing
that the influences for transmission performance at these selected
wavelengths are nearly the same. At a BER value of 10−9, a
3.2-dB [Fig. 8(a)]/3.4-dB [Fig. 8(b)] power penalty emerges
between the BTB state and that through a 500-m free-space
transmission. The 3.2 dB/3.4 dB power penalty chiefly results
from the atmospheric attenuation on account of 500 m free-space
transmission, atmospheric link loss owing to the noise from
environmental lights, and coupling loss from the laser beam
coupling to the fiber’s ferrule. A 500-m free-space transmis-
sion causes somewhat atmospheric attenuation and brings on a
reduced BER performance. Moreover, noise is produced when
other lights from the environment are received. Furthermore,
laser beam alignment is critically important to the performance
of FSO communications. It is imperative for a laser beam to
match the fiber collimator’s field of view (FOV) to sustain the
link availability of FSO communications. Laser beam mismatch
that accompanies a large coupling loss will bring on worse
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Fig. 8. (a) BER performances of the 50 Gb/s PAM4 signal at a chosen wavelength of 405.01 nm in the states of BTB, through 500 m free-space transmission
(500-m FSO), and through 500 m free-space transmission and 5 m clear ocean underwater link (505-m FSO–UWOC). (b) BER values of the 50 Gb/s PAM4 signal
at a chosen wavelength of 450 nm in the scenarios of BTB, through 500 m free-space transmission (500-m FSO), and through 500 m free-space transmission and
5 m clear ocean underwater link (505-m FSO–UWOC). BTB, back-to-back.

BER. The key concern is to adapt the beam size to the ferrule’s
active area to avoid large coupling loss. Since the laser beam
is extremely narrow and the ferrule’s active area is very small,
the fiber’s ferrule must be accurately placed at the back focal
point of doublet lens 2 to obtain accepted laser beam alignment.
Laser beam misalignment will lead to obvious BER perfor-
mance degradation. Various performance mitigation techniques,
such as multiple beam transmissions, increasing receiver FOV,
adaptive optics, hybrid FSO/MMW, packet re-transmission, net-
work rerouting, and OAM, can be adopted so as to have high

link availability and reliability in FSO communications [46].
Regarding temperature turbulence, misalignment in the presence
of temperature turbulence will defocus the laser and introduce
signal fading. However, the temperature turbulence becomes
strong enough to affect the free-space transmission when the
temperature variation reaches 100 °C [25], [47]–[49], indicating
that temperature turbulence has a very limited effect on FSO
communications. In addition, with a 10−9 BER operation, a
4.3-dB [Fig. 8(a)]/4.5-dB [Fig. 8(b)] power penalty appears
between the state through a 500-m free-space transmission and
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that through a 500-m free-space transmission and 5-m clear
ocean underwater link (with a laser beam reducer and SLM).
The 4.3 dB/4.5 dB power penalty primarily results from the
absorption owing to the 5 m clear ocean underwater link and
coupling loss for laser beam coupling to the fiber’s ferrule. A
5-m clear ocean underwater link produces absorption to some
extent because absorption is a substantial contributor in the clear
ocean underwater channel, and this condition worsens optical
signal-to-noise ratio (OSNR) and BER.

To have more associations with the laser beam reducer, SLM,
and BER performance, we remove the laser beam reducer and
SLM separately to evaluate the BER performances over 500 m
free-space transmission with 5 m clear ocean underwater link.
With a laser beam reducer and an SLM, BER reaches 10−9.
Without a laser beam reducer but with an SLM, BER achieves
a value of 8.6 × 10−7 [Fig. 8(a)]/9.2 × 10−7 [(Fig. 8(b)]. BER
performance decreases with an increase in beam size. A smaller
beam size that follows a lower absorption contributes more light
being received by the PD with a TIA receiver, which results
in better BER. In addition, the BER seriously declines to 4.7 ×
10−4 [Fig. 8(a)]/4.6 × 10−4 [Fig. 8(b)] when in the state with
a laser beam reducer but without an SLM. After a period of
time, laser beam misalignment because of the flow of ocean
becomes noticeably large. By way of a transmissive SLM with
electrical controller, the laser beam can be adjusted to make up
for the BER degradation on account of laser beam misalignment.
With an SLM, the BER reaches a 10−7/10−9 order of magnitude;
without an SLM, the BER seriously declines to a 10−4 order of
magnitude. A transmissive SLM with an electrical controller
greatly improves the BER performance.

In addition, to verify the relation between the equalizer and
the BER performance, we take away the equalizer at the receiv-
ing end and measure the BER values over 500 m free-space
transmission with 5 m clear ocean underwater link at a filtered
wavelength of 405.01 nm. With a laser beam reducer and an
SLM, BER attains a value of 2.6 × 10−7 in the state without
an equalizer. Whereas BER gets better to 10−9 in the state with
an equalizer. The equalizer’s function is to increase the levels
of high frequencies, compared to the levels of low frequencies,
and bring on an increased SNR and an enhanced BER. Accord-
ingly, for this real-time WDM PAM4 FSO–UWOC integrated
system without employing an equalizer at the receiving end,
a BER value of ≤2.6 × 10−7 satisfies the communication
criterion.

In view of PAM4 eye diagrams, three independent clear eye
diagrams are attained for the state through a 500-m FSO link.
For the state through a 505-m FSO–UWOC link (with a laser
beam reducer and an SLM), eye diagrams with qualified feature
are obtained. For the state through a 505-m FSO–UWOC link
(with a laser beam reducer but without an SLM), however, turbid
eye diagrams are acquired.

IV. CONCLUSION

A laboratory setup of a dual-wavelength WDM PAM4 FSO–
UWOC integrated system through a 500-m free-space trans-
mission and 5-m clear ocean underwater link is established.

Large 3-dB bandwidth enhancement and optical output power
increment are attained using 405 nm blue-violet-light and
450 nm blue-light LDs with two-stage light injection and op-
toelectronic feedback techniques. Combining WDM scenario
and PAM4 modulation, the channel capacity is greatly improved
with a gross transmission rate of 100 Gb/s. With the adoption of
doublet lenses in FSO communications, laser beam reducer and
transmissive SLM in UWOC links, a sufficiently low BER of
10−9 and qualified PAM4 eye diagrams are attained through a
500-m free-space transmission and 5-m clear ocean underwater
link. This demonstrated PAM4 FSO–UWOC integrated system
meets the target of high-speed FSO–UWOC integration given
its practicability for affording a high-transmission-rate over
500 m free-space transmission with 5 m clear ocean underwater
link. It outperforms existing FSO–UWOC integrated systems
and brings critically important developments characterized by
optical wireless communications for affording high aggregate
channel capacity with long-reach optical wireless transmission.
For the future extension of this study, we aim to construct a
high-speed WDM PAM4 FSO–UWOC integrated system in a
real sea or ocean environment to resolve the practical engi-
neering problems and enhance the scenario implemented by the
integration of FSO and UWOC.
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