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Abstract: With the development of underwater exploration, underwater networking is in urgent
demand. At present, underwater wireless optical communication (UWOC) is primarily based on
line-of-sight (LOS) communication links. However, the underwater environment is so complicated
that LOS communication links are easily affected by a couple of factors such as air bubbles, turbidity,
oceanic turbulence, and so on. We put forward novel UWOC links using the total reflection at the
air-water interface, which can mitigate those phenomena. This paper aims to investigate a UWOC
link based on the total reflection at the air-water interface. In our work, we achieved the maximum
data rate of 300 Mb/s and a bit error rate (BER) of 3.10 x 10~3 under the forward error correction
(FEC) with the total reflection angle of 7°. Furthermore, we verified the performance of the total
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1. Introduction

Recently, underwater wireless optical communication (UWOC) has attracted the atten-
tion of researchers due to its large bandwidth, high data rates, and lack of electromagnetic

interference [1,2]. Traditionally, underwater acoustic communication (UAC) and radio
frequency (RF) communication are the two main methods of underwater wireless com-
munication (UWC). Although UAC has the overwhelming advantage of long-distance
transmission [3], it is hard to achieve high-speed communication because of the narrow
bandwidth of the acoustic wave. Compared to UAC, RF communication can offer a larger
bandwidth and a higher data rate. However, RF communication is limited to short-distance
transmissions because of the high conductivity of seawater to radio frequencies [4,5].

As novel underwater wireless communication technologies, UWOC can balance long-
distance transmission and high data rates [6-11]. When targeting long-distance UWOC, it
is possible to exploit the low-attenuation window in the electromagnetic spectrum, which
locates in the visible spectrum the approximate peak wavelength of 522 nm, as shown
in Figure 1. With the expansion of Internet-of-Things (IoT) technology, the ocean will
be explored deeply by humans. Ocean buoys, satellites, aircraft, vessels, and vehicles
have formed the satellite-terrestrial network, which will cover the ocean using the UWOC
network in the near future [12].
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Figure 1. Underwater attenuation at different wavelengths.

Despite UWOC having significant achievements, the complexity of the underwater
environment still raises challenges for UWOC. There are a couple of unforeseen factors
such as fish schools, seabed rocks, turbidity, and oceanic turbulence [13-16]. These greatly
degrade the performance of the UWOC links, which primarily utilize line-of-sight (LOS)
communication [17-20]. For example, seabed rocks block the communication link so
that the UWOC transmission is interrupted, as shown in Figure 2. To keep UWOC links
reliable and robust, many researchers have made some progress in non-line-of-sight (NLOS)
UWOC [21-27]. Sun et al. experimentally demonstrated a UWOC system at a data rate of
85 Mb /s within a transmission distance of 30 cm in emulated highly turbid harbor water
by using an NLOS link [28]. Noha Anous et al. evaluated the proposed models of LOS and
NLOS vertical underwater transmission links [20]. Tang et al. discussed the path loss of
NLOS on UWOC links [29]. Liu et al. proposed an NLOS-scattering-channel model for the
UWOC system [30]. In this paper, we demonstrated a novel NLOS UWOC link using the
total internal reflection at the air-water interface and further investigated the impact on the
UWOC links when the frequency and amplitude of the waves varied.

Figure 2. Illustration of underwater vehicles using total reflection communication links at the air-
water interface.

2. Materials and Methods

InGaN green micro-LEDs with a size of 80 pm x 80 um were fabricated from commer-
cial IlI-nitride LED wafers grown on a c-plane sapphire substrate by metalorganic chemical
vapor deposition (Xiamen Changelight Co., Ltd., Xiamen, China). The LED had a typical
p-i-n structure with an u-GaN buffer layer, n-GaN layer, InGaN/GaN multiple quantum
wells (MQWs), and a p-GaN layer. Photolithography and inductively coupled plasma
(ICP) etching, with 5iO; as a hard mask, were performed to define the mesa structure [31].
Then, current spreading layer (CSL) was deposited with a 100 nm indium-tin-oxide (ITO)
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layer by sputter. In order to achieve ohmic contact between CSL and p-GaN, rapid thermal
processing (RTP) was used in an atmosphere of nitrogen and oxygen. A Ti (20 nm)/Al
(100 nm)/Ti (20 nm)/Au (50 nm) stack layer was evaporated onto the CSL and n-GaN as
the p-electrodes and n-electrodes by E-Beam Evaporator. The pictures of the 80 pm x 80 um
InGaN-based micro-LED are shown in Figure 3.

Figure 3. Image of the 80 pm x 80 um InGaN-based Micro-LED: (a) schematic diagram, (b) micro-
scope image.

Figure 4 demonstrates the UWOC system using an InGaN-based micro-LED light
source and non-return-to-zero on-off keying (NRZ-OOK) modulation. At the transmitter
end, the micro-LED was driven by a bias tee (mini-circuits ZFBT-6GW+) that combines a
direct current (DC) from KEYSIGHT B2902A with pseudo-random binary sequences (PRBS)
from Agilent J-BERT E8403A. The emission light was collimated by a plano-concave lens
and then transmitted through a water tank of dimensions 1.8 m x 0.5 m x 0.3 m. In the
water tank, we achieved the communication links by utilizing the total internal reflection
at the air-water interface. At the receiver end, the optical output signal was focused by
a Convex lens and then captured by a 100 MHz bandwidth photodetector (Hamamatsu
C12702-11). The distance between the light source to the lens, the lens to tank entrance,
tank length, tank end to collection lens, and collection lens to the detector were 1 cm, 10 cm,
180 cm, 10 cm, and 4 cm, respectively. The electrical output signal of the detector was
amplified by the power amplifier (mini-circuits ZHL-6A-S+) and then tested by Agilent
E8403A error detector to obtain BER. In this proposed UWOC system, a wave generator
(SCP-150M) was used to achieve waves. Its power consumption is 50 W at maximum. It
can make square waves or sine waves by changing the frequency and the magnitude.
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Figure 4. Experiment setup of the proposed UWOC system based on an 80 um x 80 um InGaN-based
Micro-LED: (a) schematic diagram, (b) transmitter side, (c) image of the proposed UWOC system
based on a 80 um x 80 um InGaN-based MFicro-LED, (d) receiver side.
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3. Results and Discussion
3.1. Characteristic of InGaN-Based Micro-LED

The results of the light-output power versus current (LI) and current versus voltage
(IV) test of InGaN-based Micro-LED are shown in Figure 5a. It can be observed that the
threshold voltage of the micro-LED is about 2.4 V, and as the voltage increases, the LI curve
gradually becomes linear. When a small AC modulated signal is added, the optical power
will change linearly; therefore, micro-LED modulation performance is very suitable for
UWOC systems [32,33].
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Figure 5. (a) The I-V and L-I characteristics of the InGaN-based Micro-LED, (b) electroluminescence
spectra of the InGaN-based Micro-LED.

The electroluminescence (EL) spectra in Figure 5b were measured using a JETI Spec-
traval 1501 Spectrometer. The experimental results show the InGaN-based mcro-LED peak
wavelength at 80 mA is around 522 nm with a full-width at half-maximum (FWHM) of 33 nm.

Figure 6a presents the performance of the InGaN-based micro-LED frequency response
and summarizes the characteristic of —3 dB modulation bandwidth at different injection
currents from 10mA to 100 mA [34,35]. The dashed line indicates the —3 dB bandwidth
level. Figure 6b shows that with the injection current increasing from 10 mA to 100 mA;
the —3 dB bandwidth is also increasing from 26.3 MHz to 98.1 MHz. Note that the APD
photodetector used for the frequency response test only has a bandwidth of 100 MHz,
which limits the maximum measured —3 dB modulation bandwidth of the InGaN-based
micro-LED. In consideration of the working life of the InGaN-based micro-LED, we chose
80 mA, which corresponds to a voltage of 5.1 V combined with the alternating voltage of
1.4 V for the operation point of the UWOC system.
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Figure 6. (a) Normalized frequency responses of the InGaN-based micro-LED and (b) the extracted
—3 dB modulation bandwidth characteristics of the InGaN-based micro-LED at different bias currents
from 10mA to 100 mA.
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Moreover, we put forward a UWOC system using InGaN micro-LED arrays, including
5000 pixels packaged by flip-chip technology. The pitch size of the micro-LED is 15 pm by
15 pm. The InGaN micro-LED arrays in parallel have an optical power of up to 3.5 mW at
a 300 mA drive current. The system achieved a high data rate of 92 Mb/s with a BER of
3.41 x 1073 and was estimated to reach 50 m in tap water and 10 m in seawater. Thus, we
balanced the high bandwidth and the optical power in UWOC links.

3.2. Selection of Total Reflection Angle

To select a suitable total reflection angle, we firstly conducted a total-reflection-angle
test experiment. A tilt was used to achieve total reflection. By adjusting the distance
between the transmitter and the receiver, and using the long or short sides of the water
tank, we achieved a UWOC link based on a random total internal reflection angle. In this
experiment, 0° to 40° were chosen for the total-reflection experiment test; the experimental
results are shown in Figure 7.
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Figure 7. BER versus data rate at the total reflection angle of 0° to 40°.

Figure 7 shows that total reflection angles of 0° to 40° has little effect on the experi-
mental results. Therefore, any total reflection angle from 0° to 40° will have a similar effect
on the performance of the UWOC system. We selected a UWOC link with a total reflection
angle of 7° for the following frequency and amplitude experiments. In order to compare
the results with the subsequent experiments under non-ideal conditions, the optical power
curve and waveform under ideal 7° experimental conditions were tested. The experimental
results are shown in Figure 8, we obtained the optical power as 80 pW, the amplitude of
the waveform diagram is between —0.4 V and 0.4 V.
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Figure 8. The experimental data of the UWOC link with total reflection angle of 7°: (a) optical power
curve, (b) waveform diagram.
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3.3. Research on Wave Frequencies

To investigate the impact of wave frequency on the UWOC link, waves of different
frequencies were obtained by adjusting the flow pump power. Since the power of the flow
pump is not continuously adjustable, we finally obtained three different frequencies, 0.4 Hz,
1 Hz, and 2.2 Hz. Based on these three different frequency conditions, the performance
of the UWOC link with a total reflection angle of 7° was experimentally proved; Figure 9
shows the test results.
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Figure 9. Optical power variation curve versus different waves frequencies of (a) 0.4 Hz, (b) 1 Hz
and (c) 2.2 Hz; waveform diagram versus different optical power frequencies of (d) 0.4 Hz, (e) 1 Hz
and (f) 2.2 Hz at a data rate of 240 Mb/s.

The corresponding optical power curves at three wave frequencies are illustrated
in Figure 9a—c, and the amplitude variation ub the optical power at this experimental
condition is 20 pW. Due to the periodic fluctuations of waves, the optical power curve also
shows periodic changes, and the value of the optical power directly affects the photoelectric
conversion of the photodetector. Figure 9d—f shows the waveform diagram with a data rate
of 240 Mb/s at frequencies of 0.4 Hz, 1 Hz, 2.2 Hz, respectively. Note that the change in the
waveform is very similar to the change in the optical power curve.
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Figure 10 presents the relationship between data rates and BER under experimental
conditions where the frequencies of optical power are different. Note that, in this part of the
experiment, we controlled the optical power amplitude; only the frequency of the optical
power was different. In Figure 10, we can clearly see that, although the frequency of optical
power has changed, the relationship between data rate and BER is basically the same.
Compared to Figure 7, the maximum data rate in the case of water surface fluctuations is
only about 230 Mb/s, which is lower than 300 Mb/s when the water surface is stationary.
Therefore, we draw a conclusion that the frequency variation of the optical power has an
impact on the performance of the UWOC link, but the influence of different frequency
variations on the UWOC link seems similar.
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Figure 10. BER versus data rate at the different optical power frequencies and same amplitude.

3.4. Research on Wave Amplitudes

Since different optical power fluctuation frequencies have little effect on the UWOC
link, we further studied the influence of the optical power amplitude on the UWOC link.
Over time, the waves will become increasingly smaller fluctuations, but the frequency
variation of the waves is basically the same. Damped vibration can be used to explain this
phenomenon. We finally observed three optical power variation amplitudes, 10 uW, 20 uW,
and 40 uW. Based on these three different optical power variation amplitudes, we verified
the performance of the UWOC link with a total reflection angle of 7°. The experimental
results are shown in Figure 11.

Figure 11a—c shows the optical power variation curve with the optical power frequency
of 1 Hz and the amplitude variation of 10 uW, 20 uW, and 40 uW, respectively. Figure 11d—f
is their corresponding waveform diagram, respectively. Note that the data rate in Figure 11d
is 290 Mb/s, the data rate in Figure 11e is 240 Mb/s, and the data rate in Figure 11f is
210 Mb/s.

Figure 12 shows the relationship between the data rate and BER under experimental
conditions where the optical power vibration is at the same frequency but the optical power
amplitude vibration is different. Due to the different magnitudes of the optical power
amplitude, the maximum data rate that the UWOC link with a total reflection angle of 7°
can reach under different experimental conditions of amplitude vibration is also different.
Under the experimental condition where the optical power frequency is 1 Hz, the maximum
achievable data rates of up to 280 Mb/s, 230 Mb/s, and 200 Mb/s were obtained at the
optical power amplitudes variation of 10 pW, 20 uW, and 40 uW with the corresponding
BERs of 2.63 x 1073,3.42 x 1073, and 2.57 x 1073, respectively.
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4. Conclusions

In summary, we employed a single InGaN-based micro-LED with an 80 um diameter
and a 522 nm peak emission wavelength to build a UWOC link based on the total reflection
at the air-water interface. It offered an alternative way to transmit data when the LOS
UWOC link was interrupted. With the 7° total reflection angle, a maximum data rate of
300 Mb/s UWOC link was achieved at a BER of 3.10 x 1073. A flow pump was applied to
simulate waves to create frequency and amplitude variation at the air-water interface. The
experimental results showed that the highly controlled water with its waves can result in
limited data rates of 200 Mb/s and a BER of 2.57 x 1073. For data-rate performance, an
NLOS optical link approach for seawater conditions is very challenging and will require
a future detailed investigation. Since the modulation mode in this experiment was NRZ-
OOK, the amplitude would affect the SNR and the BER of UWOC links easily. Furthermore,
we will bring in the PPM modulation mode to improve the communication performance of
our UWOC system, which is insensitive to amplitude variation.
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