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Published: 17 January 2017 To e.nable high-speed und.erwater wireless optical communlca.tlon (UWQC) in tap-water and seawater
. environments over long distances, a 450-nm blue GaN laser diode (LD) directly modulated by pre-

leveled 16-quadrature amplitude modulation (QAM) orthogonal frequency division multiplexing
(OFDM) data was employed to implement its maximal transmission capacity of up to 10 Gbps. The
proposed UWOC in tap water provided a maximal allowable communication bit rate increase from 5.2 to
12.4Gbps with the corresponding underwater transmission distance significantly reduced from 10.2 to
1.7 m, exhibiting a bit rate/distance decaying slope of —0.847 Gbps/m. When conducting the same type
of UWOC in seawater, light scattering induced by impurities attenuated the blue laser power, thereby
degrading the transmission with a slightly higher decay ratio of 0.941 Gbps/m. The blue LD based UWOC
enables a 16-QAM OFDM bit rate of up to 7.2 Gbps for transmission in seawater more than 6.8 m.

. Emerging underwater communication technology developed for commercial sea resource exploration, military
: warship-to-submarine communication, and satellite-to-submarine communication' is a compelling research
. topic. Figure 1 presents three carriers, namely acoustic waves, microwaves, and optical waves, all of which are
. applicable for underwater communication, but also exhibit specific practical problems. Among these, the under-
: water acoustic wave (UWAC) system can be applied only in low-noise environments for low-speed content.
- This is because of its strong attenuation in seawater, exhibiting inverse proportionality to the wavelength, as
. well as its significant propagation delay and the low signal-to-noise ratio (SNR) of data in the context of back-
: ground ocean noise. In 1996, Stojanovic et al. proposed a UWAC system at 40 kbps2. In 2002, Zielinski et al.
© constructed an 8-kbps digital UWAC system over 13 km in length and 20 m in depth®. In 2005, Ochi et al. pre-
. liminarily employed 32-quadrature amplitude modulation (QAM) to construct a 125-kbps UWAC system with
. a symbol error rate of 107*4. Zakharov et al. demonstrated the UWAC system with an orthogonal frequency
: division multiplexing (OFDM) data stream®. In addition, Li et al. proposed a UWAC system that applies the
* multiple-input-multiple-output technique®. Moreover, Song et al. demonstrated a UWAC system with 60-kbps
. 32-QAM data covering a bandwidth of 32 kHz in a seawater environment more than 100 m deep with a distance
of over 3-km’. However, despite the aforementioned research, the transmission rate of the UWAC system is lim-
ited by its narrow modulated bandwidth.

To overcome the insufficient data bandwidth of the UWAC system, Moore et al. proposed a preliminary sim-
ulation to demonstrate that a microwave with tens of kilowatts power can transmit over tens of kilometers on the
surface of seawater®. In 2004, Al-Shamma’a et al. employed a microwave carrier at a frequency of several MHz for
underwater microwave communication (UWMC) with a horizontal distance of 85m and a marked attenuation
of 80 dB®. In 2006, Shaw et al. demonstrated a UWMC system with a transmission data rate of 500 kbps over
90m'?, and Uribe et al. proposed an UWMC system with an improved transmission capacity of 10 Mbps over
100 m for underwater sensing networks!!. However, the high-frequency (short-wavelength) carrier induced high

© attenuation in seawater that also limited the transmission capacity and distance of the system'2. In comparison, at
. higher frequencies, a microwave carrier enables wider data bandwidth than the acoustic wave does. However, the
: transmission distance of the UWMC system is notably short because of its extremely high attenuation.

To satisfy the requirement of high-capacity underwater machine-to-machine data transmission, a high-speed
underwater optical communication (UWOC) system is highly effective compared with currently available carriers
such as microwaves and acoustic waves. In contrast to acoustic wave and microwave carriers, light emitting diodes
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Figure 1. Schematic of underwater communication system. Schematic of acoustic wave-, microwave-, blue
LED-, and blue LD-based underwater communications.

(LEDs) with lower attenuation were proposed for implementation in the UWOC system to provide a transmission
data rate of up to several tens of Mbps'*~'’. This is because blue waves exhibit the lowest attenuation coefficient
among all visible wavelengths in seawater'®!?. In 2013, Rashed et al. examined the transmission performances
of a short-reach UWOC system in different types of seawater collected from several oceans. Transmission in
pure seawater revealed a higher performance level than the other available carriers did*. In addition, Chen et al.
employed a double freeform reflector to collimate the LED light for improving the throughput power and SNR of
the UWOC system?'. In 2015, Liu et al. demonstrated an LED-based single-input-multi-output UWOC system
that enabled an effective transmission distance of over 60 m?2. Moreover, a variable-focus LED was utilized to
construct both fresh-water and seawater UWOC links®.

As usual, the proposed LED-based UWOC system inevitably suffered from an insufficient modulation band-
width, thereby decreasing the allowable data rate and the reachable transmission distance. Therefore, a laser
diode (LD) with a high coherence for providing large modulation bandwidths and small beam divergence was
proposed to construct high-speed UWOC networks?*-%8. In 2008, Hanson et al. employed a frequency-doubled
green laser at 532 nm to implement a UWOC link at 1 Gbps over a 2-m long water pipe®. In 2015, Nakamura et al.
applied a directly OFDM-modulated blue LD at 405 nm to enact a 4.8-m underwater transmission at 1.45 Gbps™.
Subsequently, Oubei et al. demonstrated a UWOC system with a nonreturn-to-zero on-off-keying (NRZ-OOK)
data format at 2.3 Gbps over 7m by utilizing a TO-can packaged LD at 520 nm*'. Moreover, a blue LD-based
UWOC system for transmitting 2.488-Gbps NRZ-OOK data over 1 m was reported by Najda et al.’>. More
recently, Oubei et al. demonstrated a 450-nm LD-based UWOC system for carrying 4.8-Gbps 16-QAM OFDM
data®®, and Xu et al. proposed a 4.883-Gbps UWOC system for transmitting 32-QAM OFDM data over 6 m*.
Previous studies have demonstrated that both the transmitted data rate and the distance of blue LD-based UWOC
have potential for being upgraded through improving the bandwidths of direct modulation and detection. In
particular, the over-bias of the blue LD and the pre-emphasis of the QAM OFDM format can play crucial roles in
enhancing the allowable bandwidth of direct modulation.

In this study, the OFDM subcarrier amplitude pre-emphasized data format was employed to directly modulate
the blue LD at 450 nm and optimize its transmission performance to more than 10.2 m in both tap-water and
seawater environments. The blue LD was observed to be overly biased for carrying 16-QAM OFDM data. After
over-biasing and pre-emphasizing, the transmitted error vector magnitudes (EVMs), SNRs and bit-error-rates
(BERs) of the received data format at different biased currents and pre-leveling slopes were compared and dis-
cussed. With the reflector-folded underwater path scheme, three underwater transmitting distances of 3.4, 6.8,
and 10.2m were selected to characterize the maximal allowable transmission data rates before and after OFDM
subcarrier amplitude pre-leveling.

Results

Optimization of transmission performance of a 450-nm blue LD-based UWOC system over a
1.7-m tap-water channel. The temperature-controlled package of a 450-nm blue LD in TO-can is illus-
trated in Fig. 2(a). It consists of a copper mount, a TE cooler, and a thermistor for maintaining the temperature
at 25°C to stabilize the output dynamics of the blue LD. The optical spectrum and the power-to-current (P-I)
response illustrated in Fig. 2(b) reveal that the blue LD exhibited a peak wavelength at 454 nm, a threshold current
of 31 mA, and a spectral linewidth of 6.52 nm. The dP/dI slope and external quantum efficiency were calculated as
0.7 W/A and 0.25, respectively. From the frequency response of the 450-nm blue LD shown in Fig. 2(c), it can be
observed that the relaxation oscillation frequency was continuously up-shifted by increasing the bias from 65 to
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Figure 2. Output characteristics and optimization of TO-can-packaged 450-nm blue LD. (a) Image of
the temperature controlled 450-nm blue LD. (b) P-I curve and optical spectrum of the 450-nm blue LD.
(c) Frequency responses of the 450-nm blue LD at different bias currents. (d) Average EVMs and related
constellation plots of the 16-QAM OFDM data at 8 Gbps carried by the 450-nm blue LD at different bias
currents.

100 mA to suppress the relative intensity noise (RIN) level at the cost of inevitably sacrificing the intensity slope
and flatness of the modulated throughput spectrum. After optimizing the bias current of the 450-nm blue LD,
the 3-dB bandwidth was 1.5 GHz at a bias current of 95mA (equivalent to 3I). To carry 16-QAM OFDM data
at 8 Gbps covering a bandwidth of 2 GHz for transmission over the 1.7-m long UWOC system, the bias current
was increased from 70 to 95 mA. The received constellation plot revealed an EVM reduction from 13.3% to 12.6%
resulting from significant RIN suppression and appropriate data-clipping, as shown in Fig. 2(d). However, con-
tinuously increasing the bias current to 100 mA degraded the EVM to 13.1% because of the decreased throughput
intensity and insufficient modulation depth. The upper limit of EVM was 17.4% for passing the forward error
correction (FEC) criterion.

To enlarge the allowable transmission bit rate of the 450-nm blue LD-based 1.7-m UWOC system, the
16-QAM OFDM data bandwidth was gradually increased to evaluate the trend of EVM degradation, as shown
in Fig. 3(a). Increasing the data bandwidth from 2 to 3 GHz significantly degraded the EVM of the received con-
stellation plot from 12.6% to 16.6%, approaching the upper limit set by the FEC criterion. Encoding the broad-
band 16-QAM OFDM data beyond 3.1 GHz resulted in a distorted constellation with an EVM of 18.5%, which
exceeded the upper limit of the FEC criterion (17.4%). At a distance of 1.7 m in a tap-water environment, the max-
imum transmission bit rate, SNR, and BER of 12 Gbps, 15.6 dB, and 2.7 x 1073, respectively, were obtained with
corresponding subcarrier SNR spectra and constellation plots, as shown in Fig. 3(b). Subsequently, pre-leveling
of the OFDM subcarrier power spectrum was employed to compensate the significant SNR declination of the
received QAM data at high OFDM subcarrier frequencies, as shown in Fig. 3(c). Consequently, the average EVM
was effectively decreased from 17.4% to 16.8% by monotonically increasing the power pre-leveling slope from
0.38 to 1 dB/GHz. Conversely, excessively increasing the power pre-leveling slope to 1.3 dB/GHz degrades the
average EVM to 17% because over pre-leveling inevitably sacrifices the SNR of the received QAM data at low
OFDM subcarrier frequencies®*®, When enlarging the bandwidth of 16-QAM OFDM data to 3.1 GHz, the sub-
carrier SNR response and corresponding constellation plots before and after pre-leveling with a slope of 1 dB/GHz
are presented in Fig. 3(d). The clean constellation plot of the received QAM data with its average SNR improved
from 14.7 to 15.5dB and BER suppressed from 5.8 x 1072 to 2.9 x 1073, verified the blue LD-based UWOC system
for 12.4-Gbps QAM-OFDM transmission over 1.7 m.

450-nm blue LD-based UWOC system for increasing the underwater transmission distance to
up t010.2m. To enhance the applicability of the 450-nm blue LD-based UWOC system, the underwater
distance was increased in turn from 1.7 to 3.4, 6.8, and 10.2 m to analyze the maximum allowable transmission
capacities at different distances. Images of the blue LD-based UWOC system with the longest distance of 10.2m
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Figure 3. Maximal allowable data bandwidth and related transmission parameters of 450-nm blue LD-
carried 16-QAM OFDM data through a 1.7-m tap-water channel. (a) EVMs and related constellation plots of
16-QAM OFDM data at different bandwidths transmitted through tap-water over 1.7 m. (b) Subcarrier SNRs
and corresponding constellation plots of 12-Gbps 16-QAM OFDM data after 1.7-m transmission under tap-
water. (c) EVMs of 12.4-Gbps 16-QAM OFDM data after 1.7-m underwater transmission. (d) Subcarrier SNR
spectra and related constellation plots of 1.7-m tap-water transmitted 12.4-Gbps 16-QAM OFDM data without
and with pre-leveling.

is presented in Fig. 4(a), and the Fig. 4(b) illustrates the average EVMs and allowable modulation bandwidths for
the blue LD-based UWOC link with propagation distances of 3.4, 6.8, and 10.2 m when carrying 16-QAM OFDM
data. For the 3.4-m UWOC link, the EVM was degraded from 15.4% to 19.1% by enlarging the modulation band-
width from 2.5 to 3 GHz. To fit within the limits of the FEC criterion, only 2.9-GHz 16-QAM OFDM data with
an average EVM of 17% was allowe to achieve a raw data rate of 11.6 Gbps. Increasing the underwater distance
to 6.8 m decreased the modulation bandwidth to 2.2 GHz for a raw data rate of 8.8 Gbps. By further increasing
the underwater distance to 10.2m, the transmittable raw data rate was reduced to 5.2 Gbps (with a bandwidth
of only 1.3 GHz). Evidently, the increased underwater distance induced additional propagation loss, dispersion,
radio frequency (RF) power fading, and reflective loss degrading the SNR and the BER. The constellation plots
and related subcarrier SNRs of 16-QAM OFDM data at 11.6, 8.8, and 5.2 Gbps after 3.4-, 6.8-, and 10.2-m under-
water transmissions, respectively, are presented in Fig. 4(c). The blue LD-based UWOC system enables 11.6-Gbps
16-QAM OFDM transmission over 3.4 m with an average SNR of 15.4 dB and a BER of 3.2 x 107°. The penalty for
expanding the underwater distance to 6.8 m is a decrease in the data rate to 8.8 Gbps, with corresponding SNR of
15.2dB and BER of 3.8 x 10~*. Under the FEC criterion, 5.2-Gbps data with an average SNR of 15.2dB and a BER
0f 3.6 x 1073 was obtained after propagation over 10.2 m. With the OFDM subcarrier intensity pre-leveling slopes
of 0.51, 0.51, and 1dB/GHz, the 3.4-, 6.8-, and 10.2-m UWOC links were able to further increase their data rates
to 12, 9.2, and 5.6 Gbps, respectively, thereby providing improved EVMs, SNRs, and BERs, as shown in Fig. 4(d)
and (e). Notably, the long-distance underwater transmission-induced dispersion and RF fading effects severely
degraded the high-frequency SNRs without increasing the required pre-leveling slopes.

Table 1 summarizes the allowable data rates at different propagation distances and their corresponding EVMs,
SNRs and BERs with the required pre-leveling slopes. A transmission of up to 12 Gbps was guaranteed within a
3.4-m UWOC link, whereas only 9.2- and 5.2-Gbps transmissions could be performed as the distance increased
to 6.8 and 10.2 m, respectively. These results indicate a bit rate-to-distance decay ratio of 0.847 Gbps/m. As five
reflective mirrors (with 95% reflectance each) were employed in the 1.7-m water tank to increase the underwater
distance to 10.2 m, the demonstrated UWOC link induced an additional loss of 3 dB, as shown in Fig. 5. If the
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Figure 4. Optimized transmission performance and capacity of UWOC based on 450-nm blue LD after
3.4-, 6.8-, and 10.2-m underwater transmissions. (a) Image of 450-nm blue LD-based UWOC over 10.2m.
(b) EVMs of blue LD carried 16-QAM OFDM data at different bandwidths and underwater distances. (¢)
Subcarrier SNRs and corresponding constellation plots of 16-QAM OFDM data at 11.6, 8.8, and 5.2 Gbps after
3.4, 6.8, and 10.2 m transmissions, respectively. (d) Average EVMs of 16-QAM OFDM data at different pre-
leveling slopes after 3.4-, 6.8-, and 10.2-m transmissions. (e) SNR responses and related constellation plots of
pre-leveled 12-, 9.2-, and 5.6-Gbps 16-QAM OFDM data after 3.4-, 6.8-, and 10.2-m underwater transmissions,
respectively.

reflector-induced loss was released, the transmitted carrier could retain greater power for a longer propagation
distance and a higher transmission capacity (over 10 Gbps).

450-nm blue LD-based UWOC in seawater more than 6.8 and 10.2m. To perform undersea trans-
mission, the tap water was mixed with commercially available sea salt purchased from an aquarium store to
replicate seawater, as shown in Fig. 6(a). A specific gravity meter was employed to confirm the composition of
seawater after reduction, indicating a specific gravity of 1.023. In addition, a simple test for understanding the
albedo, refractivity and reflectivity of used tap water and seawater was conducted. The albedo is defined as the
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1.7m 12.4 1 16.8 15.5 29x1073
3.4m 12 0.51 17.1 15.4 33x%x1073
6.8m 9.2 0.51 17 15.4 32x107°
10.2m 5.6 1 16.8 15.5 29%x10°3

Table 1. Transmission parameters of UWOC at various tap-water transmission distances.
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Figure 5. Power-to-distance response of proposed UWOC system with and without reflective mirrors. (a)
Scheme of UWOC system with and without reflective mirrors. (b) Received power of 450-nm blue LD with and
without reflective mirrors under different underwater transmission distances.

power ratio of the reflected radiation to the incident radiation. In the experiment, a blue laser beam with a power
0f 26.15mW and an incident angle of 67° illuminated the air-tap-water interface. As a result, a reflected blue light
with a power of 2.74 mW and a reflected angle of 67° was observed to indicate an albedo of 11.7%. By comparison,
the reflected power and measured albedo on the seawater surface under an incident angle of 48° were approxi-
mately 2.37mW and 9.97%, respectively. By applying Snell’s equation, the refracted light for the tap-water and
seawater with refracted angles of 44° and 42° revealed refractive indices of 1.325 and 1.11, respectively. Moreover,
for s-polarized (or p-polarized) light, the reflectances of the tap water and seawater were 5.1% and 7.1% (or 1.59%
and 0.1%), respectively. These were calculated using the Fresnel equation.

For 6.8-m transmission in seawater, the affordable OFDM bandwidth was degraded to 1.7 GHz to allow a
raw data rate of only 6.8 Gbps with an average EVM of 16.8%, as shown in Fig. 6(b). Increasing the propagation
distance to 10.2m in seawater further reduced the allowable data rate to 3.6 Gbps with a corresponding average
EVM of 15.7%. Based on the constellation plots and related SNR responses illustrated in Fig. 6(c), the 6.8-Gbps
data received after 6.8-m transmission in seawater exhibited an average SNR of 15.5dB and a BER 0f 2.9 x 107°.
The added sea salt polluted the tap water to induce the scattering of impurities and attenuate the transmitted
power of the blue LD carrier. Under an identical distance of 6.8 m, the maximal transmittable data rate of 6.8 Gbps
in seawater was less than that of the 8.8 Gbps recorded in tap water. The encodable data bandwidth was sup-
pressed from 1.7 to 0.9 GHz as the underwater distance increased from 6.8 to 10.2m, thereby achieving a raw data
rate of 3.6 Gbps with an average EVM of 15.7%, an average SNR of 16.1dB, and a BER of 1.6 x 1073. Similarly,
the OFDM subcarrier intensity pre-leveling technique was adopted to optimize the transmission capacity of the
seawater-based UWOC system at different transmission distances. Pre-leveling the OFDM subcarriers somewhat
improved the 6.8- and 10.2-m transmissions from 6.8 to 7.2 Gbps and from 3.6 to 4 Gbps, respectively, as shown
in Fig. 6(d). This required a larger pre-leveling slope to compensate the SNR declination at higher frequencies.
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Figure 6. Maximal allowable capacities and optimized transmission parameters of 6.8- and 10.2-m UWOC
links by changing tap water to seawater. (a) Image of seawater. (b) EVMs of 16-QAM OFDM data at different
bandwidths for blue LD-based UWOC system in seawater. (c) SNR responses and related constellation plots

of 6.8- and 3.6-Gbps 16-QAM OFDM data after 6.8- and 10.2-m seawater transmissions, respectively. (d)
Average EVMs of 7.2-Gbps/6.8-m and 4-Gbps/10.2-m UWOC system-delivered 16-QAM OFDM data at
various pre-leveling slopes. (e) Subcarrier SNRs and corresponding constellation plots of 7.2-Gbps/6.8-m and
4-Gbps/10.2-m pre-leveled 16-QAM OFDM data. (f) Data rate to distance responses of tap water and seawater-
based UWOC systems.

After pre-leveling optimization, the 7.2-Gbps/6.8-m and 4-Gbps/10.2-m UWOC systems provided average EVMs
of 16.4% and 16.3%, respectively, and both cases provided distinguishable constellation plots with the same SNR
of 15.7dB and BER of 2.4 x 1073, as shown in Fig. 6(e). The allowable data rates and related transmission perfor-
mances of the seawater-based UWOC system at various transmission distances are summarized and compared
in Table 2. The bit rate-to-distance decay ratio was 0.941 Gbps/m for the UWOC link in seawater, as shown in
Fig. 6(f). For the 6.8-m and 10.2-m transmissions, replicating seawater in the water tank inevitably degraded the
data rates from 9.2 to 7.2 Gbps and from 5.6 to 4 Gbps, respectively. These results reveal that the transmission
performance was strongly correlated with the output power of blue LD and propagation loss in the underwater
environment. The reflector-induced loss could be excluded in a real case to the extent that the aforementioned
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6.8m 7.2 1 16.4 15.7 24x107°
10.2m 4 0.71 16.3 15.7 24x1073

Table 2. Transmission parameters of UWOC at various seawater transmission distances.
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Figure 7. Experimental setup of 450-nm blue LD-based 10.2-m UWOC system. 10.2-m UWOC system
based on a 450-nm blue LD.

transmission quality of the reflector-free UWOC link could be further improved. By comparison, our previous
study employed a blue LD to demonstrate a tap water-based UWOC system for achieving a data rate of 4.8 Gbps
over a 5.4-m distance®, which revealed a bit rate-distance product of 25.92 Gbps-m. A pair of plano-convex lenses
with a 25.4-mm diameter and a 25.4-mm focal length was employed to collimate the laser beam for transmission
and receiving. In contrast, the current study enabled the blue LD-based high-speed UWOC to be employed in
tap-water for 1.7-m and 10.2-m transmissions at 12.4 and 5.6 Gbps, respectively. Moreover, for transmission over
10.2m in a seawater environment, the proposed system achieved a raw data rate of up to 4 Gbps. In addition, the
allowable bit rate-distance products of 57.12 and 40.8 Gbps-m were respectively obtained for the tap-water and
seawater environments. In comparison to the previous study that employed the plano-convex lens, the present
study employed an objective lens pair with a 5.5-mm aperture and a 11-mm focal length to minimize the beam
spot size for enhancing the effective laser beam intensity. This improves the SNR and BER of the data received by
the p-i-n photodiode.

Discussion

By directly pre-leveling the 16-QAM OFDM encoded data, the blue LD-based high-speed UWOC system was
successfully demonstrated in tap-water and seawater environments at 5.6-12.4 Gbps over 10.2-1.7 meters, and
4-7.2 Gbps over 10.2-6.8 meters, respectively. The pre-leveled OFDM subcarrier power spectrum facilitated the
compensation of the significant SNR decline of the received QAM data at high OFDM subcarrier frequencies.
After pre-leveling, the tap water-based UWOC system after 1.7-m underwater transmission enabled 12.4-Gbps
data delivery with an average EVM, SNR, and BER of 16.8%, 15.5dB, and 2.9 x 1073, respectively. For the pro-
posed UWOC system in the tap-water environment, under the limits of the FEC criterion, a further increase of
the underwater distance from 3.4 to 10.2 m revealed that the maximal allowable transmission capacity was slightly
reduced from 12 to 5.6 Gbps. Moreover, the bit rate-to-distance decay ratio on the transmission capacity was
0.847 Gbps/m for the UWOC data transmission in tap water. If reflector-induced loss can be released, the trans-
mitted carrier can retain higher power for a longer propagation distance and a higher transmission capacity. By
replacing tap water with seawater in the water tank, the proposed UWOC system achieved data rates of 7.2 Gbps
over 6.8 m and 4 Gbps over 10.2 m after introducing the OFDM subcarrier pre-leveling technique, which indicates
a bit rate-to-distance decay ratio of 0.941 Gbps/m. Note that the seawater-based UWOC system exhibited a higher
bit rate-to-distance decay ratio on the transmission capacity than the tap water-based system did. This is because
the impurities in the seawater induced light scattering, thereby attenuating the transmitted blue LD power. The
UWOC transmission performance exhibited a strong correlation with the blue LD carrier power and the under-
water propagation loss. A transmission capacity above 10 Gbps was expected for the blue LD-based UWOC link
after excluding reflector loss. This is a breakthrough for exploiting high-speed underwater communication.

Methods

Experimental setup of 450-nm blue LD-based UWOC in tap water or seawater. The experimen-
tal setup of the proposed UWOC system based on a 450-nm blue LD (OSRAM Opto Semiconductors, PL450B)
for pre-leveling 16-QAM OFDM data transmission over 10.2 m is illustrated in Fig. 7. The 450-nm blue LD was
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controlled at a room temperature of 25 °C for maintaining high external quantum efficiency. For data transmis-
sion, the applied 16-QAM OFDM data with a fast Fourier transform size of 512, a cyclic prefix length of 1/32 and
various subcarrier numbers were inputted into an arbitrary waveform generator (AWG, Tektronix 70001 A) with a
symbol resampling rate of 24 GS/s. After passing through a 10-dB preamplifier (Picosecond, 5828 A) with a noise
figure (NF) of 6 dB, the electrical 16-QAM OFDM data was sent into a bias tee (Mini-circuit, ZX85-12G-S+) to
combine with the DC bias current for direct encoding of the 450-nm blue LD. The divergent blue laser beam car-
rying 16-QAM OFDM data was collimated to a parallel laser beam through an objective lens (Newport, F-LA22)
with 5.5-mm aperture and 11-mm focal length, and launched into a 1.7-m water tank filled with tap water or
seawater. Subsequently, the parallel blue LD beam was folded several times with five reflective mirrors (UNICE
E-O Services, 1235 A, reflectivity of 95%) to increase the underwater distances from 1.7 to 3.4, 6.8, and 10.2m.
After underwater transmission, the parallel blue laser beam was focused with an objective lens and received by a
p-i-n photodiode (PD, Thorlabs, FDS025) with an effective bandwidth of 3 GHz. After optoelectronic conversion,
the received electrical 16-QAM OFDM data was sent into a broadband amplifier (Newfocus, 1422) with a power
gain of 18 dB and an NF of 8 dB, and subsequently captured by a 100-GS/s digital serial analyzer (DSA, Tektronix,
71604 C), before being decoded using a homemade MATLAB decoding program.
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